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PSYCHOPHYSIOLOGICAL PROGNOSIS OF MULTIFOCAL ATHEROSCLEROSIS OF THE PATIENT 
WHO TRANSFERRED ACUTE RADIATION SICKNESS OF THE I DEGREE OF SEVERITY  
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Abstract. A patient, born in 1940, did the work of the shift chief of the plant of thermal automatics and measurements (PTAM) of the 

4th unit of Chernobyl NPP in April 1986. In April 1986, at the age of 45, he suffered ARS of I degree of severity from uniform gamma-beta 

radiation. The total dose to the body, according to electro-paramagnetic resonance (EPR) of the tooth enamel from 2001, was 0,77+-0,25 Gy, on 

neutrophil - 1,2 Gy, in the culture of cells – 0,7 Gy. After the 30-day treatment of the patient’s ARS of I degree, the so-called multifocal 

atherosclerosis (MFA) started being formed dynamically and progressed. As the main manifestations of the adverse forecast served not only 

crisis courses of a hypertensive illness, episodes of the sharp heart failure (HF), rhythm and conductivity violation, myocardial infarction (MI) 

recurrence (2002, 2004, 2011), but also development of failures in non-coronary arterial pools (stenosed atherosclerosis of carotids, occlusion of 

the right internal carotid, cerebrovascular illness, obliterating atherosclerosis of the bottom extremities). The patient, during the first inspection 

on 16.05.1986 and at dynamic supervisions during 25 years (2001,2002,2009,2010) with the aspiration to look in favorable light was a leading 

resistant tendency when testing, showing in answers a strict observance of even insignificant rules and social norms (L=71,6 scale), 

subdepressive and disturbing-depressive tendencies (scale 2 D-71,2, 9Ma-50,0 T-points, F1 = 5,1-7,7,-8,1 walls). The patient’s awareness of the 

changes overstepping the bounds of social norms, in the form of an affective rigidity (scale of 6 Pa = 71,0), psychasthenia (a scale of 7 Pt = 71,8) 

and original thinking (scale of 8 Sch = 68,8), along with the indicators of characterizing a neurologic triad (scales 1 Hs, 2 D, 3 Hy), indicate 

violation not only neurologic, but also psychological adaptation, subdepressive and disturbing and depressive tendencies, caused by the weight 

of all-somatic and psychosomatic pathology. The subdepressive and disturbing-depressive syndrome in the patient was an independent risk factor 

of the development of multifocal atherosclerosis. 

 

Key words: acute radiation disease, adaptation, atherosclerosis, hypertensive illness, ischemic heart disease, cerebrovascular 

arteriosclerosis. 

Introduction 
The reduction of adaptive capacities by aging 

leads to age-dependent pathology. Traditionally, aging 
is considered to be the mechanical wear and the 
accumulation of mistakes. Random mistakes and 
stress, caused by ecological factors, lead to 
infringement of metabolism, the secrete of free radicals 
and the damage to macromolecules in every cell and 
tissue. Moderate stress stimulates the expression of 
genes of stress-resistance, thereby contributing to the 
prevention or the elimination of new, including 
spontaneous, damage that slows aging. Duration or 
difficulty of stress-factors deplete the compensatory 
mechanisms and lead to a sharp increase in the 
number of injuries and physiological disorders that 
accelerates the aging process of the body [1]. 

The aim of this work is to evaluate the psycho-
physiological adaptation of a patient with heavy 
psychosomatic and somatic cardiovascular and 
cerebrovascular pathology, who suffered the ARS of I 
degree, from the general uniform gamma-beta 
irradiation according to his individual peculiarities of 
mental adaptation and periods of the stages of mental 
adaptation. 

 

Material and method 
The patient, born in 1940, did the work of the shift 

chief of the plant of thermal automatics and 
measurements (PTAM) of the 4th unit of Chernobyl 
NPP in April 1986. In April 1986, at the age of 45, he 
suffered ARS of I degree of severity from uniform 
gamma-beta radiation. The total dose to the body, 
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according to electro-paramagnetic resonance (EPR) of 
the tooth enamel from 2001, was 0,77+-0,25 Gy, on 
neutrophil - 0,2 Gy, in the culture of cells – 0,7 Gy. For 
25 years, from 26 April 1986 to 5 March 2011, he was 
examined and treated in the Clinic of SSC Biophysics 
Institute - KB №6, from 2008 - in FGBU GNC FMBC 
of A.I. Burnazyan FMBA of Russia, for the acute and 
long-term effects of ARS of I degree of severity and 
severe progressive cardiovascular and cerebrovascular 
pathology. 

The patient was hospitalized in the Clinic on 27 
April, 1986, with ARS of I degree of severity (bone 
marrow form), resulting from the Chernobyl accident. 
During the treatment from 27 April to 24 June 1986,  
in addition to the symptoms of acute radiation sickness 
patient was bothered by, on the 30th day (from June 5 
to June 21 1986) for a short duration of 5-7-10 
minutes, a pain in the heart area with irradiation in the 
epigastric region occurred, which coincided with ECG 
changes as ST segment elevation II, aVF, V 5-6 
declining to contour lines on the 52nd day (17.06.86) 
Pain caused by emotional or physical stress, passed 
sometimes by itself. Border hearts were within normal 
limits, muted tones, systolic murmur at the top were 
listened. Blood pressure numbers were recorded 
within the normal values (BP - 130/80 - 140/80 - 
105/60 mm Hg.) with a tendency to hypotension. 

In the re-admission to the Clinic, 6 months after 
the Chernobyl NPP accident (27.10.86 – 21.11.86), he 
continued to present the complaints about pains in the 
heart region and high fatigue. Blood pressure which 
ranged around 130/80 - 120/80 - 115/80 mm Hg, was 
enhanced during the attack, heart pains to 160/110 
mm Hg, took sustak. First initial biochemical signs of 
atherosclerosis were registered, in the form of a 
tendency to increase of cholesterol to 7,2 – 5,4 mmol/l 
(norm – 3,9 - 6,5 mmol/l), beta-lipoprotein – 9,2 – 8,0 
g/l (norm - 3,5 - 5,5 g/l, triglycerides – 2,05 mmol/l 
(norm – 0,45 – 1,9 mmol/l, glucose 5,22 – 4,05 
mmol/l (norm 3,2 – 5,6 mmol/l), remained elevated 
indicators АСТ to 33-79 units (norm 8 - 30), АLТ - 19 - 
37 units (norm 7 - 27 units), total bilirubin - 18 - 125 
mmol/l (norm 4.6 - 15.1 mmol/l). ECG from 28.10.86 
was marked sinus bradycardia 57 bpm. The rise of ST 
II, aVF, V 5-6 - above contours. The need to exclude of 
myocardial damage on the front wall of the left 
ventricle was expressed. On ECG dynamically - 
syndrome of early ventricular repolarization. Data 
from previous and present clinical and laboratory 
examinations allowed us to detect also ARS of I degree 
(bone marrow syndrome in the phase of recovery). 
Asthenic syndrome of moderate degree of severity. 
Initial signs of atherosclerosis coronarocardiosclerosis. 
Chronic cholecystitis. Hepatitis. 

 

Results and discussion 
Psychophysiological examination of patient using 

the MMPI test, Cattle, Raven tests, sensorimotor 
reactions were carried out 15 years after radiation 
accident at Chernobyl (1986), dynamically, in 2001, 
2002, 2009, 2010. Clinical observation, examination 
and treatment were conducted for 25 years. As the 
result of investigations, it can be noted that most of the 
indicators characterizing the personality profile of the 
patient are located within the borders of social 
statistical norm (<70 >30) on the scale of T-points, 

with the exception of certain indicators in 2001, 2002 
and 2009 (fig. 1). 

 
Fig.1 Psychological profile of multilateral study of personality 
(MMPI) patient with distant effects ARS I degree of severity,    

for the period 2001-2009 

In 2001, according to the MMPI (2002-2010), the 
patient mentioned changes, manifested unstable 
passion, which was accompanied by the shift of short 
and hazily (unsharply) expressed periods of lowered 
and elevated mood, the profile of which was 
characterized by simultaneous slopes on the second 
(scale 2 - D – 56,8 T - points) and ninth scale ( 9 - Ma 
– 59,5 T - points). The psycho-physiological 
examination in 2002 (14.03.2002) revealed the 
combined increase in the profile of the person on the 
first, second, seventh, and zero scale, with a 
predominant rise for a second and a moderate 
decrease in the ninth scale, indicating disharmonious 
combination of hypochondriac and depressive 
tendencies, with a predominance of anxiety (scale 2 - D 
– 71,2 T - points), characteristic for subdepressive 
personality (fig.1). The patient’s tension of 
psychophysiological adaptation, primarily due to the 
prevalence of anxiety (14.03.2002), coincides with 
identifying in him, on electrocardiogram (ECG) on 
22.03.2002, a painless form of acute myocardial 
infarction without paddle Q front-apical and front-side 
region of the left ventricle. Another (Re)-acute 
myocardial infarction the patient endured on 7 July 
2004, the third re-acute myocardial infarction with 
paddle Q bottom localization is from 21.01.2011. 
According to the data on the Cattle test (fig.2), in the 
patient were dynamically detected (2002-2010) a 
significant increase of emotions (factor a=7 walls), a 
decrease of intelligence (factor B=5-2-4 wall), a 
reduction of integrity and sthenos of behavior (factor 
C=6-4 wall), dominance (factor E=4-2-3 wall ), free 
and active spontaneous behavior (factors, F,H, F2= 1-2 
3-4 and 1-2 walls accordingly) and reduction of 
conscious self-control (factor Q3=9-8-5 walls). 

 
Fig.2 Characteristic features of personality according to the 

Cattle test patient with distant effects ARS I degree of severity, 
for the period 2002-2010 
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At the same time the factors characterizing anxiety 
(F1= 5,1-7,7-8,1 walls, rigid effect (L= 7-9-7 walls), 
dissatisfaction with the situation and his own position 
in it (O= 5-9 walls), orientation to his own criteria 
(Q2= 8-9 walls) and frustrated tension (Q4= 5-6 walls) 
were increased. 

According to the Raven test, difficulties in 
analytical and synthetic thinking activity (19.03.2002) 
were noted. In a psychophysiological examination in 
2009, according to the MMPI, the profile personality 
of the patient registered above the borders of social 
statistical norm (<70 >30) on the scale of T-points 
(fig.1), indicating persistent violations of 
psychophysiological adaptation. Leading peaks on O 
scale and scale 1Hs testify about the limitation of the 
scope of communication in connection with somatic 
sense trouble (74,6 and 56 accordingly). It is necessary 
to note that the patient appeared to have a desire to 
attract attention to his own difficulties and problems 
(scale K= 38,2-46,0) and to show anxiety and the need 
for assistance (scale F= 70,8), in a person who, during 
the 25 years of observation in the Clinic (since May 16, 
1986), a leading steady trend when testing was to 
appear in a positive light, displaying in the answers a 
strict observance of even minor rules and social norms 
(scale L= 71,6). Registration of patient changes in 
2009, that are beyond human limits, in the form of 
affective rigidity (scale 6 Pa= 71,0), psychasthenia 
(scale 7 Pt= 71,8) and original thinking (scale 8 Sch = 
68,8), along with the indicators, characterizing a 
neurological triad (scales 1 Hs, 2-D, 3 Hy), disclose a 
violation not only of neurological and psychological 
adaptation, due to the severity of somatic and 
psychosomatic pathology. 

Anxiety-depressive disorders (ADD) are considered 
as an independent risk factor for the development and 
progression of cardiovascular disease. Overtension, 
caused by long-lasting negative emotions, is recognized 
as one of the leading factors in the formation of 
hypertensive disease (HD) and IHD [7. 8]. In general, 
ADD are associated with a crisis wave GB, more 
significant violations of daily blood pressure profile in 
the form of insufficient reduction at nighttime (non-
dipper), higher values to the daily average blood 
pressure according to daily monitoring, bigger loading 
of pressure, the variability of BP [9, 10, 11]. The 
modern pathogenetic concept reflects the influence of 
ADD on development of GB by means of the violation 
of function of sympatheticotonic-adrenal, 
hypothalamus - hypophysial adrenal [12. 13], thyroid 
systems, the increased synthesis aldosteron against 
hyper stimulation of bark of adrenal glands, realization 
of anti-inflammatory and hyper coagulative shifts [14, 
15, 16], and also suppression of activity of serotonin 
system [3, 2]. Negative impact of ADD on the clinical 
current of IHD is confirmed by a statistically reliable 
association of depression and pathological anxiety with 
higher class of stenocardia [7], risk of progressing of 
the latter [17] and a bigger lethality after the 
transferred coronary events [19]. 

 

Conclusion 
On the 30th day of the treatment of ARS of I degree 

there were pains in the heart area of squeezing 
character, in 6 months initial biochemical symptoms of 
atherosclerosis were revealed. Data of the previous and 

present clinical-laboratory inspection allowed to 
diagnose, except ARS of I degree (bone marrow 
syndrome in a restoration stage), an asthenic 
syndrome of moderate degree of severity, the initial 
phenomena of atherosclerotic coronary sclerosis 
(1986). In 1 year after the accident on the ChNPP, 
revealed were the fluctuations of BP to level of 160/105 
mm Hg, with pains in heart area of squeezing 
character, changes on an ECG and bicycle ergogeny, 
increase of level of cholesterol, beta lipoproteins, 
triglycerides testified to changes of the cardiovascular 
system, caused by initial manifestations of 
atherosclerosis, hypertensive and ischemic heart 
disease, an angiopathy of vessels of a retina of 
hypertensive type. Thus, in the patient, the so-called 
multifocal atherosclerosis (MFA) started being formed 
dynamically and progressed, designating 
hemadynamicy significant atherosclerotic defeat of 
several vascular pools, defined weight of the disease, 
complicating a choice of adequate medical tactics and 
calling into question a optimistic forecast. As the main 
manifestations of the adverse forecast served not only 
the crisis courses of a hypertensive illness, the sharp 
heart failure (HF), rhythm and conductivity violations, 
recurrence of myocardial infarction (MI), but also the 
development of failures in non-coronary arterial pools 
(stenosic atherosclerosis of carotids, occlusion of the 
right external carotid, the cerebrovascular illness, 
obliterating atherosclerosis of the bottom extremities). 
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Abstract. Our latest advances in studies of actinide and superheavy element (SHE) chemistry using the shape-
consistent two-component small-core relativistic pseudopotential (RPP) method and two-component relativistic 
density functional theory (2c–RDFT) are summarized. The features of these elements due to large relativistic effects 
are emphasized. The RPP model, leaving for explicit correlation treatment both valence and subvalence (outercore) 
electrons, accounts for the finite nuclear size and incorporates relativistic effects (including the bulk of Breit 
interactions), providing a good basis for attaining optimal accuracy/cost ratio in the cases of large and strongly 
interfering relativistic and correlation effects, intrinsic for the heavy-atom compounds. The RPP/2c–RDFT approach 
allows one to solve the outercore-valence many-electron problem with moderate computational expenses while using 
practically exhaustive basis sets, optimized for the case of large differences between  nl(j=l+1/2)  and  nl(j=l-1/2)  one-
electron states. Because of the exceptional role of thermochromatography on gold in the experiments on the “chemical” 
identification of SHEs with atomic numbers Z ≥ 112, the main attention was paid to the description of the SHE – gold 
interactions. Adsorption energies of SHEs on a gold surface were estimated using the cluster model. Its reliability was 
improved by monitoring the charge distributions in the vicinity of the adsorption site, taking account of the effects of 
the relaxation of the cluster compatible with its embedding into the crystal. The resulting desorption energy estimates 
for elements 113 and 120 single atoms from gold surface are substantially lower than the previously reported values. 

Key words: relativistic pseudopotential, relativistic effective core potential, relativistic density functional theory, 
actinides, superheavy elements, correlation effects 
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INTRODUCTION 

First principle based electronic structure modeling 
for molecules or clusters containing superheavy 
element (SHE) atoms require, in general, 
accounting for relativistic effects on equal footing 
with the electronic correlation. The straightforward 
way to do so is to solve the electron correlation 
problem for the Dirac–Coulomb(–Breit) relativistic 
Hamiltonian, implying the use of the four-
component wave functions. However, such a way 
dramatically increases the computational cost 
compared to the corresponding nonrelativistic 
calculations that is particularly tedious in 
simulation of adsorption of a superheavy element 
on a surface. A most attractive alternative is to use 
relativistic pseudopotential (RPP) or Relativistic 
Effective Core Potential (RECP) theory (RPP 
below) since modern formulations of the theory are 
pretty accurate and economical. Another advantage 
of RPP is its good compatibility with well-
developed nonrelativistic DFT versions in contrast 
to the all-electron relativistic DFT formulations. 
Below we discuss some theoretical and 
computational features of RPP practice for such 
objects. 

1. RELATIVISTIC PSEUDOPOTENTIAL METHOD 

The RPP method is most widely used in 
calculations on molecules and clusters containing 
heavy atoms because it drastically reduces the 
computational cost at the integral generation, self-
consistency and integral transformation stages. 
When core electrons of a heavy-atom molecule do 
not play an active role, the effective Hamiltonian 
with RPP can be presented in the form  

.1)]()([
,
 ++=

vv vvv ji jii
v

Ef
v

SchrEf

r
iUihH    (1) 

The Hamiltonian in Eq. (1) is written only for a 
valence subspace of electrons, which are treated 
explicitly and denoted by indices iv and jv (the large 
core approximation). As in the case of non-
relativistic pseudopotentials (PP), this subspace is 
often extended by inclusion of some outermost core 
shells for better accuracy (the small core 
approximation) but below we consider them as the 
valence shells because these outermost core and 
valence shells are not treated here using different 
approximations. In Eq. (1), hSchr is the one-electron 
Schrödinger Hamiltonian  

,
2
1 2

r
Zh icSchr −∇−=  (2) 

where Zic is the charge of the nucleus decreased by 
the number of inner core electrons.  UEf  in Eq. (1) is 
an RPP operator that is usually written in the 

radially-local (semi-local) approximation [1,2,3] 
when the valence pseudospinors are smoothed in 
heavy-atom cores. Among the radially-local RPPs, 
the shape-consistent (or norm-conserving) RPP 
approaches [4] are most widely employed in 
calculations of heavy-atom molecules, though 
“energy-consistent” RPPs by Stuttgart-Dresden 
team are also actively used [5]. In plane-wave 
calculations of solids and in molecular dynamics, 
the separable PPs [6] are more popular now because 
they provide linear scaling of computational effort 
with the basis set size for self-consistent-field-like 
procedures in a more straightforward way than the 
radially-local PPs. Moreover, the nonlocal 
Huzinaga-type “ab initio model potentials” [7] 
conserving the nodal structure for the valence 
spinors are often applied. Contrary to the four-
component wave function used in Dirac-Coulomb(-
Breit) (DC(B)) calculations, the pseudo-wave 
function in the RPP case can be both two- and one-
component. The PP operator simulates, in 
particular, interactions of the explicitly treated 
electrons with those, which are excluded from the 
PP calculations. The use of the effective 
Hamiltonian in Eq. (1), instead of all-electron four-
component Hamiltonians, raises the issue about its 
accuracy. It was shown both theoretically and in 
calculations [8,9,10] that a typical accuracy of the 
radially-local RPPs is within 1000-3000 cm-1 for 
transition energies between low-lying states.  

In our papers [9,11,12], the conventional 
radially-local (semi-local) form of the RPP operator 
(used by many groups up to now but suggested and 
first applied about 50 years ago [1,2,3]) was shown 
to be limited in accuracy, and some nonlocal 
corrections to the RPP operator were suggested 
[11,12,13,14], which have allowed us to improve 
significantly the RPP accuracy [8,9,10,12]. 
Moreover, it is known that the Breit interaction can 
give contributions in excess of one thousand wave 
numbers even to energies of transitions between 
lowest lying states of very heavy elements [15,16]. It 
is also clear that the point nuclear model becomes 
less appropriate when the nuclear charge is 
increased. Therefore, the RPPs designed for 
accurate calculations of actinide and superheavy 
element (SHE) compounds should allow one to take 
into account the Breit interaction and the finite size 
of nuclei. The most economic way is to incorporate 
the corresponding contributions into the RPP 
operator.  

In a series of papers (see Refs. in [17]), a 
Generalized RECP (GRECP) approach was 
developed, that involves both radially-local, 
separable and Huzinaga-type potentials as its 
components in particular cases. Additionally, the 
GRECP operator can include terms of other types, 
known as “self-consistent” and two-electron “term-
splitting” corrections [14], which are important 
particularly for economical (but precise) treatment 
of transition metals, lanthanides and actinides. With 
these terms, the accuracy provided by GRECPs can 
be even higher than the accuracy of the “frozen core” 
approximation (employing the same number of 
explicitly treated electrons) because they can 
account for relaxation of explicitly excluded (inner 
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core) electrons. In contrast to other RECP methods, 
GRECP employs the idea of separating the space 
around a heavy atom into three regions: inner core, 
outer core and valence, which are first treated 
employing different approximations for each. The 
outer core pseudospinors (nodeless) together with 
valence pseudospinors (nodal) are used for 
constructing the GRECP components [18]. Quantum 
electrodynamics effects (QED) (see [15,16]), 
arbitrary nuclear models, and correlation with inner 
core shells [19] can be efficiently treated within 
GRECP. It allows one to attain practically any 
desired accuracy for compounds of lanthanides, 
actinides, and SHEs as well, while requiring 
moderate computational efforts since the overall 
accuracy is limited in practice by possibilities of 
correlation methods. 

2. RPP ACCURACY: EXAMPLE OF CORRELATION 

CALCULATIONS OF THE E120 ATOM   

Main difficulties of quantitative electronic 
structure modeling for SHE-containing compounds 
arise from huge amplitudes of relativistic effects, 
which have no analogues in compounds of elements 
from the remaining part of the Periodic table. From 
the computational point of view, the critical issue is 
the high intensity of magnetic interactions reducing 
the symmetry of the many-electron problem and 
thus leading to a dramatic increase in the amount of 
required calculations in comparison with similar 
non-relativistic or scalar relativistic problem (where 
magnetic interactions switched off). Moreover, the 
neglect of these interactions is unacceptable even 
for constructing reasonable zero-order 
approximations for subsequent perturbative 
treatment of the electronic states under study. 
Furthermore, relativistic contraction of low-
angular-momentum shells (s, p1/2) along with the 
secondary expansion of those with high angular 
momenta (d and f) leads to a strong overlapping of 
radial distributions of shells with different principal 
quantum numbers, so-called blurring of the shell 
structure (see Fig. 1).  

 
Fig. 1 Comparison of the  lowest ns2 → nsnpj, ns(n-1)dj 

exсitation energies (eV) for Ba (n=6), Ra (n=6) and  
E120 (n=8) atoms [20, 23]. 

It is therefore difficult to separate a small subset 
of electronic shells, which can be exempt from the 
correlation treatment without loss of accuracy of the 
calculated characteristics of low-energy processes; 
normally the number of electrons which should be 
correlated turns out to be unexpectedly large. 
Finally, the correlations and magnetic interactions 
strongly interfere and their independent description 
is senseless.  In this situation the use of highly 
accurate ab initio techniques of the wave function 
theory is extremely expensive and thus restricted to 
small systems; relativistic density functional 
theories (RDFT) seem to provide an attractive 
alternative with acceptable reliability/cost ratio. 

Let us compare GRECP [20] and relativistic 
energy consistent pseudopotential (RECPP) [21] on 
the example of the E120 atom, for which the results 
of both all-electron DCB and RPP calculations on 
the excitation energies were recently published by 
different authors [20,21,22,23,24]. The 
contributions from both Breit interactions and the 
finite nuclear size were taken into account in the 
above calculations. Moreover, the calculations 
[21,23] take into account other QED effects (the 
various Lamb-shift terms, i.e. the self-energy and 
vacuum polarization), but their contribution in the 
excitation energies for E120 is about 100 cm-1 (see 
tables IV in [21] and VII in [23]), therefore the QED 
effects can be neglected compared to the level 
“chemical accuracy” (about 1 kcal/mol or 350 cm-1) 
and the level of accuracy of accounting for the 
correlation effects in the vast majority of modern 
molecular calculations. It should be noted that the 
number of electrons explicitly treated in RPP 
calculations is 10 for GRECP (7s27p68s2) and 28 for 
the RECPP (6s26p66d107s27p68s2). (Obviously, the 
computational costs of the calculations increase 
rapidly with the number of explicitly treated 
electrons.) 
Due to the absence of any experimental data for 
E120, (this SHE has not yet been synthesized, 
although attempts to obtain E120 are underway 
[25,26]), the only way to reliably estimate the RPP 
accuracy is a comparison of the results of all-
electron calculation with DCB Hamiltonian (and, of 
course, with accounting for the finite nuclear size) 
and calculation with the corresponding RPP. The 
required all-electron calculations of the excitation 
energies of the E120 atom carried out by different 
authors are presented in Table 1. The correlation 
effects were taken into account by the combined 
method of many-body perturbation theory, 
linearized coupled clusters with single and double 
cluster amplitudes, and configuration interaction 
(MBPT/LCC-SD/CI) in paper [23], by relativistic 
coupled-cluster method in Fock space with single 
and double cluster amplitudes (RCC-SD) [20], and 
by relativistic coupled-cluster method in Fock space 
within the extrapolated intermediate Hamiltonian 
approach (RCC-IH) [21,24]. It should be mentioned 
that the different numbers of electrons were 
correlated in these calculations, see the second line 
in the heading of Tables 1 and 2. One can see from 
Table 1 that the results of the three calculations in 
the 3-5 columns are in good mutual agreement 
(provided that the quite different methods were 
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used to account for the correlations and so on), 
whereas the results from the sixth column [21] are 
significantly different (another order of the atomic 
levels is even predicted). One can see from the third 
column of Table 2 that accounting for the 
correlations of only 10 electrons is already sufficient 
for attaining the “chemical accuracy”. Moreover, the 
GRECP method (the fourth column) allows one to 
reproduce the all-electron results with high accuracy 
(the GRECP errors are comparable with the small 
variations in the three first well-matched all-
electron results in Table 1). The RCC-IH results [21] 
are again strongly deviated.  

 

Table 1 Excitation energies for the E120 atom 
obtained by different authors in all-electron 

correlation calculations (in cm-1) 

Table 2 Excitation energies for the E120 atom 
obtained from equivalent all-electron and RPP 

correlation calculations (in cm-1)  

Leading  
relat.  
config 

Relat. 
term 

DCB 
10e- 
RCC- 
SD 
[20] 

GREC
P 
10e- 
RCC- 
SD 
[20] 

DCB 
28e- 
RCC- 
IH 
[21] 

RECPP
28e- 
RCC- 
IH 
[21] 

8s1/22 (J=0)      
8s1/218p1/21 (J=0) 15012 15278 20820 20792
8s1/218p1/21 (J=1) 17064 17315 23124 23101
8s1/217d3/21 (J=1) 22207 22573 32026 32035
8s1/217d3/21 (J=2) 22259 22646 32065 32036
8s1/217d5/21 (J=3) 22968 23354 32165 32199
8s1/218p3/21 (J=2) 25009 25262 29254 29245
8s1/217d5/21 (J=2) 27271 27615 37529 37511
8s1/218p3/21 (J=1) 27834 28141 33301 33320
8s1/21 (J=1/2) 47120 47453 47358 47371

 

3. MODELING OF ADSORPTION COMPLEXES OF 

SUPERHEAVY ELEMENT ATOMS ON GOLD SURFACE 

Ab initio approaches can be used to 
systematically improve the estimates of physical 
parameters, approaching the precise solution for the 

selected Hamiltonian model. This fact is particularly 
important for the prediction of properties of SHE 
compounds. Thus, it becomes possible to control the 
reliability of the results in the absence of 
experimental data. High-precision ab initio 
relativistic calculations require large computing 
resources, which sharply limits the field of their 
application. The RDFT is an efficient tool for 
calculating properties of systems comprising ~102 
heavy atoms, which is, in particular, sufficient for 
the estimation of the principal adsorption 
characteristics of SHEs on different surfaces 
(including the surfaces of heavy transition metals) 
using the cluster model. 

 

The central practical problem of any Kohn-
Sham-like formulation is the appropriate choice of 
approximate exchange-correlation functional (XCF). 
The non-relativistic form of kinetic energy and 
electron-electron repulsion operators in RPP 
Hamiltonian would justify the straightforward use 
of conventional non-relativistic XCFs in the frames 
of the RDFT. However, there are at least two 
stumbling blocks on this way. First, the non-
relativistic XCFs normally depend on both charge 
and spin density, but the latter entity fully loses its 
invariant sense for systems with strong spin-orbit 
interactions. Theoretically, relativistic energy should 
be a functional of charge density and three 
components of vector magnetization density; in 
practice, the dependence on the three components is 
replaced by that on the absolute value of spin part of 
the magnetization density (non-collinear 
approximation).  Second, although DFT is 
commonly classified as the first principles based 
approach, the construction of most popular 
approximations for the exchange-correlation 
functional took into account experimental (mainly 
thermodynamical) data on light element 
compounds. Therefore their use in the studies of 
SHE chemistry is a pure (and therefore dangerous) 
extrapolation. 

The data on SHE compounds required for the 
exchange-correlation functional calibration can be 
obtained from highly accurate ab initio calculations. 
Since fully relativistic high-level correlation 
methods are practically applicable only to very small 
molecules and while reliable calibration requires the 
information of rather complex systems, the most 
straightforward way to get the input data consists in 
using combined ab initio / RDFT schemes [27]. The 
potential energy of the electronic ground state of the 
system as a function of geometric parameters of the 
molecule or the cluster, which are evaluated by 
high-precision ab initio calculations with the scalar 
part of the Hamiltonian (1), is corrected for 
magnetic (effective spin-orbit) interactions. This 
correction, which also depends on the geometric 
parameters, is estimated by comparing the results 
obtained by RDFT with the total and scalar 
Hamiltonians. It is essential that the corrections 
depend on the particular approximation for the XCF 
to a much lesser extent than the binding energies. 
The combined scheme provided the most reliable 
data on interactions of the element 112 (Cn) and 

Leading  
relat.  
config 

Relat. 
term 

DC(B) 
MBPT 
/LCC- 
SD/CI
[23] 

DCB 
52e- 
RCC- 
IH 
[24] 

DCB 
28e- 
RCC- 
SD 
[20] 

DCB 
28e- 
RCC- 
IH 
[21] 

8s1/22 (J=0)      
8s1/218p1/21 (J=0) 15936  15648 15328 20820
8s1/218p1/21 (J=1) 17920 17587 17382 23124

8s1/217d3/21 (J=1) 22865 
2290
3 

22337 32026

8s1/217d3/21 (J=2) 23283 
2303
4 

22494 32065

8s1/217d5/21 (J=3) 23813 23782 23377 32165
8s1/218p3/21 (J=2) 25651 25192 25308 29254
8s1/217d5/21 (J=2) 27477 27247 27652 37529
8s1/218p3/21 (J=1) 27669 27513 28304 33301
8s1/21 (J=1/2) 47682 47089 47633 47358
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element 113 (E113) atoms with small (up to 4 atoms) 
gold clusters [28, 29]. These cluster sizes are 
obviously insufficient to reliably evaluate the 
adsorption energy on gold surface in the frames of 
the combined scheme. Such estimations are very 
popular among experimentalists, since the 
thermochromatography on gold has been proved to 
be a unique method of chemical detection of 
heaviest elements. The adsorption of single atoms of 
elements 112 (copernicum, Cn) and 114 (flerovium, 
Fl) on a gold surface has been recently studied by 
this technique [30, 31]. The desorption energy 
values derived from the results of these experiments 
are 0.54 eV for Cn and 0.39 eV for Fl.  According to 
fully relativistic (four-component) DFT calculations 
of Cn and Fl  single atoms with gold systems, from 
an atom to an Aun cluster simulating the Au (111) 
surface, Fl should be more reactive than Cn [32]. 
Article [28] deals with the problem of finding the 
origin of this disagreement between the RDFT 
results and the estimations based on experimental 
data for Cn and its lighter homolog, Hg, atoms on 
gold surface. In this area further efforts are needed. 

 Nowadays, investigation of element 113 
(E113) chemical properties is of top interest, and 
the first  thermochromatographic experiment in this 
area has already been carried out [33]. Adsorption 
of E113 and E120 single atoms on the stable Au 
(111) surface was studied in the framework of the 
cluster model [34, 35]. We used gold clusters with 
up to 58 atoms to simulate the adsorption site. The 
equilibrium distances between the adatoms and the 
gold surface and the corresponding binding 
energies were calculated using the non-collinear 
two-component RDFT formulation [36]. The 
stability of the net Bader charge of SHE atom and 
the neighboring Au atoms with respect to increase 
of n indicated the cluster size used was appropriate. 
The resulting desorption energies estimates lie 
within the 1.0 – 1.2 eV range for E113 [34] and 
2.50 eV for E120 [35], being substantially lower 
than previously reported values, obtained from 
simple semiempirical models (1.65 eV for E113 
[37] and 3.67 − 3.71 eV [35, 38] for E120). More 
accurate RDFT desorption energies estimates can 
be used to parametrize semiempirical models. 

4. CONCLUSIONS 

Experimental data on the chemical properties of 
SHEs with atomic numbers of 112 and higher 
include only few events of gas 
thermochromatography. The correct and detailed 
interpretation of the available experimental data 
cannot be performed without using theoretical 
modeling. The criterion of the reliability of these 
models, along with the evident requirement of the 
reproduction of experimental data (which may be 
accidental due to the sparsity of the latter), is the 
agreement between the results obtained with the 
use of different theoretical approaches. Two-
component density functional theory in its non-

collinear formulation combined with the accurate 
relativistic electronic structure model defined by 
shape-consistent small-core pseudopotentials 
(RDFT/PP) provides a robust basis of efficient 
computational schemes for predicting energetic and 
structural properties of complex polyatomic systems 
including superheavy elements. However, since the 
direct first-principles simulation of 
thermochromatographic experiments is possible 
only in the frames of RDFT, the estimation of the 
reliability of these methods and the elucidation of 
the scope of their applicability are worthy of 
particular attention. 
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Abstract.  Perfluorinated  organic compounds belong to the class of especially persistent anthropogenic pollu-
tants of natural environment. They are practically not biodegraded, and among advanced oxidation/reduc-tion 
processes employed for their decomposition, as the most efficient, so far, was reported sonolysis. In this work 
the radiolytic decomposition of  a commonly occurring perfluorooctanoic acid (PFOA) was examined as result 
of treatment with γ  radiation and electron beam. It was found that among the radicals produced from the 
radiolysis of water, in diluted aqueous PFOA solutions,  the fastest reaction takes place with hydrogen radicals, 
for which reaction rate-constant with PFOA was determined using the pulse radiolysis with spectrophotometric 
detection as  9.0 x 107 M-1s-1. 
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1. INTRODUCTION - ENVIRONMENTAL IM-
PORTANCE OF PERFLUORINATED COMPO-
UNDS  
 
Perfluorinated compounds are widely used on 

industrial scale in fire extinguishers and for impreg-
nation of numerous materials, and also in cosmetics 
and household products [1-3]. Since beginning of 
1990-ties it is known that they occur practically all 
over the globe, as they were detected in surface waters 
in the most remote regions on the Earth [4], and in 
organisms of wild animals in all continents, and also 
in tissues of fishes and birds [5]. They are commonly 
detected in human organisms [6], being a serious 
health threat because e.g. of destruction of lipid 
balance and possibility of their incorporation into a 
bilayer lipid cell membranes. The most com-monly 
detected compounds in environment are 
perfluoroctanoic acid (PFOA) and perfluorooctane-
sulfonic acid (PFOS). 

The environmental proliferation of perfluorina-ted 
compounds (PFC) in global scale, their presence in 
organisms of animals and humans even in very 
remote locations, and including them into Persistent 
Organic Pollutants [7], are the main reasons stimu-
lating an intensive development of analytical me-
thods for their determination. The analysis of PFCs in 
different matrices is a very tough challenge for 
analytical chemists [8]. Most commonly employed 
methods are predominated by the chromatographic 

ones, mostly with mass spectrometry detection. A 
large variety of those compounds in analyzed samples, 
makes their determinations very difficult and time 
consuming, hence it seems that for common 
monitoring a very helpful alternative can be 
evaluation of such total indices as Extractable Organic 
Fluorine, or Total Organic Fluorine [9]. The trend 
observed in last years is also an increasing interest in 
determination of PFCs in foods for tracking the 
pathways of human exposure. 

The common occurrence of perfluorinated sur-
factants in environment is a reason of increasing 
interest in development of methods of their removal 
from waters and wastes [10]. The classical methods of 
their removal from waters include reverse osmosis, 
sorption on activated carbon, but also sonochemical 
pyrolysis or incineration. The decom-position of 
perfluorinated compounds with release of total 
fluorine can be carried out with various combustion 
methods [11], or by the use of very strong reducing 
agents such as e.g. metallic magnesium in 
supercritical carbon dioxide, sodium in dry ammonia 
or sodium biphenyl. These methods, because of high 
cost of instrumentation and reagents, are employed 
mostly in microscale, for instance, for analytical 
purposes. For technological purposes, including 
environmental protection, the studies on 
biodegradation [12], and the use of advanced 
oxidation/reduction processes with application of 
radical reactions are carried out [13, 14]. As especially 
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effective, for instance, the sono-lytic conversion of 
PFOA and PFOS into inorganic products was reported 
[15]. Recently also reductive defluorination e.g. of 
perfluorooctane sulfonate (PFOS) with Ti(III)-citrate 
and vitamin B12 as catalyst was reported [16]. The 
obtained results suggest that microbial 
transformation of some PFOS isomers might be 
possible in anaerobic environ-ments. As generally the 
fate of PFOS and PFOA in e.g. drinking water 
treatment processes is reco-gnized [17], still 
numerous attempts for their removal from waters and 
wastes are investigated. 

The application of ionizing radiation (γ from 60Co 
or 137Cs sources, or accelerated electron beam) is quite 
intensively investigated in recent decades as one of 
the most efficient advanced oxida-tion/reduction 
processes (AO/RP) for the removal of organic 
pollutants from waters and wastes. Recent papers 
published on their applications concerned e.g. 
removal of pharmaceutical residues [18-22], 
environmental pesticide residues [19-23], and 
environmental pollutants of industrial origin [24,25]. 
There are also studies undertaken on opera-tion of 
industrial-scale electron beam wastewater treatment 
plant [26], and decontamination of pesti-cide residues 
in vegetable and fruits [27]. 

 
 

Table 1  Literature data on reaction rate constants for 
perfluorinated surfactants with OH radical and hydrated 

electron 

 
Decomposed 

compound 
Reactive 
reagent 

Reaction rate-
constant, M-1 s-1 

Refe-
rence 

PFOA OH ≤ 1 x 105 
3 x 107 

[10]
[28] 

PFOA eaq- 1.3 – 5.1 x 107 
1.7 x 107 

[28]
[29] 

PFOS eaq- 7.3 x 107 [28]

 
 
Until now, the studies on the radiolytic decom-

position of perfluorinated alkyl compounds are 
undertaken sporadically, mostly in order to deter-
mine the rate-constant values for their reactions with 
active products of water radiolysis. The values 
reported so far and listed in Table 1 show quite large 
discrepancy of their magnitude, and also indicate that 
they are about 2 to 3 orders of magnitude smaller, 
than the rate-constants for reactions of other classes 
of organic environmental pollutants (see some 
examples in Table 2). This is the evidence of their 
particular chemical resistance. 

Described above attempts on decomposition of 
PFCs in oxidative conditions [10,30,31], the repor-ted 
rate-constant for PFOA reaction with •OH radical 
[28], and also reported earlier application for this 
purpose of persulfate [13,32], implied our first 
attempts on PFOA decomposition in oxidative con-
ditions [33]. Because of the use of capillary electro-
phoresis for the monitoring of decomposition yield, 
the studies were carried out at relatively high initial 
concentration 5 mM PFOA. Under the most favora-ble 
conditions, in the presence of 27 mM sodium 
persulfate, at absorbed dose as large as 192 kGy with 
EB irradiation, 24% of PFOA was decomposed, only 
[33]. 

 
 

2. EXPERIMENTAL 
 
During this study the examined aqueous solu-

tions of PFOA were irradiated under different condi-
tions using gamma 60Co source Gamma Chamber 
model GC-5000 (BRIT/BARC, Mumbai, India) with a 
dose-rate 4.8 kGy/h, and electron beam accele-rator 
10 MeV with mean beam power 10 kW.  

The analytical determination of perfluorinated 
analytes and fluoride ion released during the 
irradiation were carried out using ion-chromato-
graph Dionex model 2000i/SP, equipped with an 
electrochemical anion self-regenerating suppressor 
model Dionex ASRS 300, and conductivity detector 
model Dionex CDM-II. Determinations of PFOA and 
PFOS were carried out using Kromasil C18 reversed 
phase column with the mixture of 20 mM boric acid 
and 4.0 mM NaOH adjusted to pH 8.0 with 38% 
acetonitrile as eluent, while determinations of fluoride 
were carried out using Dionex Ion Pac AS9HC 
analytical column and Ion Pac AG9HC guard column, 
and using 9.0 mM solution of Na2CO3 as eluent.  

The pulse radiolysis was carried out in the nano-
second pulse radiolysis facility based on the electron 
accelerator model LAE 10. It allows carrying out the 
pulse radiolysis experiments with the pulse duration 
(4-10 ns, 100 ns), electron energy 10 MeV, and beam 
power 0.2 kW. 

 
 
3. RESULTS AND DISCUSSION 
 
The application of chromatographic monitoring of 

radiolytic decomposition of PFOA using sup-pressed 
ion-chromatography with conductivity detection  
allowed the tracing out the decomposition processes 
taking place at initial PFOA concentration 1 mg/L (2.4 
μM).  The investigation of the yield or decomposition 
in function of the absorbed dose of γ radiation was 
carried out in the absorbed dose range up to 50 kGy, 
comparing the irradiation under different conditions. 

In irradiated diluted aqueous solutions the main 
reactive species are products of water radiolysis, 
namely •OH, eaq- and •H. In aerated neutral solution 
hydrated electrons and hydrogen radicals are effect-
tively scavenged by the dissolved oxygen in reac-tions 
with rate-constants 1.2 x 1010 and 1.9 x 1010 M-1s-1, 
respectively, hence the main reactive species under 
those conditions are •OH, superoxide radical anion 
O2

•- and perhydroxyl radical HO2
•. When OH radicals 

are scavenged by added t-butanol in argon saturated 
solutions, at pH 2.0 the predominated species are •H 
radicals, while at pH 7.0 hydrated electron eaq-. These 
three irradiation conditions were used in this study to 
examine the efficiency of radio-lytic decomposition of 
PFOA.   

In Fig.1 a changes of PFOA concentration mea-
sured by suppressed ion-chromatography with con-
ductivity detection are shown together with the 
increase of the concentration of released fluorine as 
fluoride ion. The most effective decomposition of 
PFOA was observed in conditions where hydrogen 
radical predominates, and at 5 kGy absorbed dose 
80% yield of decomposition is observed. The 
application of ten times larger radiation dose 
increases this yield up to 90%, only (Fig.1B). The 
obtained results of the released fluoride ion concen-
tration in function of absorbed dose are difficult to 
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interpret. While in aerated solution of pH 7.0 a 
monotonous  increase  of  this concentration was ob- 
 

 
 

 

 
 

Fig. 1  The effect of the absorbed dose of γ-radiation on the 
yield of decomposition of PFOA and release of fluoride ion 
both determined by ion-chromatography in aqueous solu-

tions of initial concentration 1 mg/L in: A -aerated solution 
of  pH 7.0, B – argon saturated solution of pH 2.0 contain-
ing 20 mg/L  t-butanol, and C – argon saturated solution of 

pH 7.0 containing 20 mg/L t-butanol.  
 

 
served, in reductive conditions an increase was 
observed only up to 25 kGy absorbed dose, and then 
even slight decrease was noted, which can be partly 
connected to the protonation of fluoride in applied 
conditions (Fig.1B).  

In pulse radiolysis measurements the rate 
constant for pseudo first order reaction between 
PFOA and hydrogen radical was determined. 
Measurements were carried out at 270 nm, where the 
formation of reaction product was detected. They 
were conducted in 1.0 mM PFOA aqueous PFOA 
solution of pH 1.0 saturated with argon, and with 
addition of 0.1 M t-butanol. For 20 Gy absor-bed dose 
the value of rate constant was evaluated as 9.0 x 104 s-

1. 
In case of the necessity of applying larger doses of 

radiation (>10 kGy), and especially in techno-logical 
applications, it is advantageous to employ rather 
electron beam (EB) irradiation instead of gamma 
radiation from cobalt or cesium sources. It can be 
associated, however, with certain dose-rate effect, 
which was reported earlier in similar studies e.g. for 
radiolytic decomposition of perchloroethy-lene [34], 
benzene, toluene, phenol and chloroform [35], and 
also antineoplastic drug cyterabine [36].  A high dose 
rate may increase the inter-radical reac-tions, hence, 
as it was observed for e.g. cyterabine, that gamma 
radiation was more efficient at elevated dose rates 
[36].  

 
 

Fig.2  The effect of the absorbed dose of γ-irradiation () and 
accelerated electrons using electron beam irradiation () on 
the yield of PFOA decomposition (A) and fluoride ion release 
(B). Irradiations carried out in 1 mg/L aqueous solutions of 

PFOA of pH 7.0 saturated with argon and with added 20 
mg/L t-butanol.  

 
In case of perchloroethylene, however, it was 

demonstrated that gamma irradiation (low dose rate) 
was more efficient than EB irradiation (high dose 
rate). Similar comparison was conducted in this work 
for PFOA decomposition in reductive con-ditions. 
Fig.2 shows such a comparison for condi-tions, were 
during irradiation the hydrated electrons 
predominate, while in Fig.3 when hydrogen radicals 
predominate.  

 

 

 
 

Fig.3  The effect of the absorbed dose of γ-irradiation()  and 
accelerated electrons using electron beam irradia-tion() on 

the yield of PFOA decomposition (A) and fluo-ride ion 
release (B). Irradiations carried out in 1 mg/L aqueous 

solutions of PFOA of pH 2.0 saturated with argon, and with 
added 20 mg/L t-butanol.  

 

 
Generally, when two different types of employed 

ionizing radiation are compared - accelerated elec-
trons and gamma irradiation - the 80-90% yield of 
radiolytic decomposition is obtained at much smaller 
absorbed doses when gamma radiation was used 
compared to EB. The application of EB is, however, 
much more efficient in case of complete release of 
fluorine from organic compounds with formation of 
fluoride ions, where monotonous incre-ase of 
concentration with absorbed dose was found. 

Comparison of courses of radiolytic PFOA 
decomposition is also shown on the plot, which was 

C 
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used for determination of initial values of radio-
chemical yield Go and dose constant (Fig.4), accor-
ding to commonly used procedures [37]. 

With the lack of linear dependence of ln(CD/CO) 
values on the absorbed dose magnitude, the dose 
constant was determined from the initial experi-
mental values for the smallest applied dose. The 
obtained values are compared in Table 2 with those 
obtained in our earlier studies for other an-
thropogenic organic pollutants of environment, which 
demonstrates a particular resistance of PFOA against 
radicals formed during irradiation of aqueous 
solutions. 

 
                               

 
 

 
Fig.4  The dose-rate effect in radiolytic decomposition of 

PFOA examined by comparison of yield of irradiation in the 
processes with γ-irradiation (,)  and EB irradiation   ( , ) 
of 1 mg/L aqueous solution of PFOA. Irradiations carried in 
argon saturated solutions of pH 2.0 with 20 mg/L t-butanol  

(,), and argon saturated solutions of  pH 7.0 with 20 mg/L 
t-butanol (,). The yield of decom-position is expressed by 
the values of ln CD/CO, where CD is concentration of PFOA 
after irradiation, and CO – concen-tration of initial PFOA 

solution prior to the irradiation. 
 

This confirms also exceptional chemical stability 
of PFOA widely reported in literature. 
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Compound 

Examined  
initial concen-
tration used in 

irradiation,     
mg/L 

Reaction rate constant,      
M-1 s-1  

(with •OH radicals) 

Radiochemical yield 
Go,   μM J-1 

(evaluated at given 
absorbed dose, kGy) 

Dose 
constant,  

kGy-1 

D0.9, kGy 
(dose required 

for 90% 
decomposition) 

Parathion 15 4.2-9.7 x 109 0.136 (0.2) 1.76 1.31 

Bisphenol A 6.9 6.9 x 109 0.141 (0.1) 7.19 0.32 

Aflatoxin B1 10 Not found   0.506 (0.02) 9.33 0.25 

Diclofenac 10 12 x 109 0.147 (0.2) 6.02             0.38 

Ibuprofen 10 6.7-10 x 109 0.163 (0.2) 7.02 0.33 

Carbamazepine 10 2.0-9.7 x 109 0.109 (0.2) 4.37 0.53 

PFOA a) 1.0 9.9 x 107 

(with hydrogen radical) 

0.00033 (10) 0.31 7.43 

PFOA b) 1.0 1.3 ÷ 5.1 x 107             
(with hydrated electrons)

0.00034 (10) 0.228        10.1 

Table 2 Figures of merit for processes of decomposition of selected environmental pollutants with gamma irradiation. 
a) Irradiation carried out in solution of pH 2.0 saturated with argon, and with added 20 mg/L t-butanol (predominated  •H radical);  

 b) Irradiated solution of pH 7.0 saturated with argon, and containing 20 mg/L t-butanol (predominated hydrated electron). 



 

REACTIVITY OF SELECTED PRIMITIVE AMINO ACIDS INDUCED  
BY GAMMA IRRADIATION IN ASTROCHEMICAL CONTEXT 
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Abstract. Amino acids in meteorites were preserved from the action of high energy sources (cosmic rays and 
ultraviolet protons) by their collocation, at a depth of 20 m. At the same time, the presence of radioactive elements was 
the cause of amino acids degradation. The radioactive elements produced a total radiation dose of 14 MGy during the 
life of Solar System (4.6x109 years). Beside the amino acids degradation, radiations promoted a radioracemization 
process that was able to reduce the L-enantiomeric excess of amino acids. Our studies are aimed to identify the 
radiation products formed in a solid state radiolysis using mass spectrometric techniques. Moreover, we are analyzing 
the radioracemization process at different irradiation conditions for proteinogenic and non proteinogenic amino acids. 
The amino acids show a relevant radiation and radioracemization resistance, especially the proteinaceous ones, such 
as leucine, valine and isoleucine. Some identified degradation pathways are significant due to their final products 
which can be considered precursors of more complex intermediates.      

Key words: amino acids, gamma irradiation, meteoritic context 

1. INTRODUCTION 

Amino acids found in meteorites are the result of 
reactions between small organic molecules, such as 
CO2, CO, CH3OH, NH3 and H2O, the components of ice 
layers in solid dust particles. Once formed, they were 
incorporated into silicate structures which are the base 
of Solar System bodies [1]. Calculations show that 
amino acids and other organics are buried at a depth 
>20 m in asteroids, comets or other primitive bodies. 
On one hand this preserves them from the action 
different energy sources, mainly ultraviolet photons 
and cosmic rays. On the other hand, the presence of 
radioactive elements in meteoritic body, principally 
40K, 232Th, 235U, 238U and 26Al, can play a role against 
the preservation of amino acids [2, 3]. In fact, the 
radionuclide decay was the main cause of the amino 
acids degradation in astrochemical context. According 
to Urey’s works [4, 5], radioactive elements produced a 
total radiation dose of ≈ 14 MGy during the life of Solar 
System (4.6x109 years). Beside the fact that they can 
destruct the amino acids [6], radiations can also cause 
radioracemization, a transformation process leading to 
a reduction in optical activity as a consequence of two 
main events: firstly, the radiolysis of chiral molecules 
and their degradation into products without 
asymmetric centre; secondly, the inversion of chiral 
centre due to the high energy involved during 
irradiation [7]. In order to evaluate the radiolysis 
resistance of amino acids and their preservation of 
chirality to high energy radiations, we have started a 
systematic study on the radiolysis of proteinogenic and 
non proteinogenic amino acids, the latter ones 
predominant in meteorites. The used radiation dose 
was 3.2 MGy, which corresponds to 22.8% of the total 
dose they have received inside asteroids, comet and 
other bodies of the Solar System [8-11]. Here our 
attention is particularly focused on three primitive 

amino acids (valine, isoleucine and leucine), in other 
word amino acids formed at the first stages of Solar 
System life. Valine, isoleucine and leucine are essential 
amino acids and are some of the most commonly found 
proteinogenic amino acids found in meteorites [12].  
Using mass spectrometric techniques, we were able to 
identify the radiation products, investigate the 
possibility for amino acids to retain their initial chiral 
signature and examine how the lack of oxygen can 
influence the amino acids radioracemization. 

2. EXPERIMENTAL 

The amino acids L-valine, L-leucine and L-isoleucine 
(Fig. 1) were obtained from Sigma-Aldrich (Milan, 
Italy) and used as received (reagent grade min 98% 
TLC). 
 
 

 

Fig. 1 Structure of analyzed amino acids: Leucine (A), Valine 
(B) and Isoleucine (C) 
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2.1. Irradiation experiments 

The irradiation with γ rays was conducted in solid 
phase in a 60Co Gammacell 220 from Atomic Energy of 
Canada. The dose rate was 0.8 kGy/h for a total dose of 
3.2 MGy. Each amino acid (300 mg for each) was 
irradiated separately from one another and in absence 
of air.  

 

2.2. Mass spectrometric analysis 

The amino acids were analyzed by a mass 
spectrometer Finnigan LXQ, a linear ion trap system 
equipped with an ESI ion source. The mass spectra 
were obtained by a direct injection of amino acids 
solutions in the mass spectrometer. L-Val, L-Leu and 
L-Ile were dissolved in 1 mL methanol and 1 mL of 
ammonium acetate solution 45 mM. The concentration 
for the three amino acids were, respectively, 1.0x10-2 
M, 7.8x10-3 M and 6.7x10-3 M and they were the same 
for irradiated and pristine samples, in order to have a 
more direct comparison for every amino acid. The flow 
injection was 10 µL/min and the analysis were 
conducted both in positive and in negative ion polarity 
mode, so as to identify products which retain the basic 
group (positive ion mode) and products which 
maintain the carboxylic group (negative ion mode). 
New products originated during irradiation were 
discovered comparing the mass spectra of pristine, non 
radiolyzed amino acids and the spectra of samples 
irradiated in absence of air. Whenever a new ion was 
detected in the spectrum, it was isolated in the ion trap 
and fragmented by collision induced dissociation 
(CID), operating a MSn analysis, with n up to 5. The 
possibility to isolate and fragment the ions derived 
from a first CID analysis enabled us to determine the 
chemical structure of irradiation products, drawing a 
fragmentation pathway for every new ion . 

Coupling the ESI-MS with a HPLC system 
equipped with a teicoplanine based chiral column 
(stainless steel column, Astec CHIROBIOTIC™ T, 5 µm 
particle size, 150 mm x 4.6 mm)  allowed us to measure 
the amount of D-enantiomer formed by irradiation 
process. The HPLC analysis was made using a 
Shimadzu liquid chromatograph LC-10AD VP. The 
mobile phase was a mixture of methanol, water and 
formic acid (70 MeOH – 30 H2O – 0.02 CH2O2) and 
the flow rate was 0.8 mL/min, splitted with a ratio 
60/40 (waste/mass spectrometer ESI source). The 
purpose of the splitting was to increase sensitivity of 
mass spectrometer without losing resolution from the 
chiral column. To determine the quantity of D-
enantiomer formed after irradiation, a calibration 
curve was constructed from standard solutions of L- 
and D-enantiomer. The Xcalibur program was used to 
calculate the relative percentage of D-enantiomer 
formation. 

3. DISCUSION 

The mass spectra of L-Leu, L-Ile and L-Val 
irradiated in vacuum condition are reported in Fig. 2, 
where it can be seen spectra recorded both in positive 
(Fig. 2a) and in negative ion mode (Fig. 2b). In every 
spectra the ions enlightened by an arrow represent 

products of irradiation. The structures can be identify 
operating an MSn analysis.  

It is possible to observe that each amino acid 
presents two types of radiation products: deamination 
and decarboxylation products. These two processes are 
well known mechanism of amino acid reaction towards 
radiations [6, 13, 14]. Due to the high energy involved 
in the radiation process, a series of reactions can occur 
in the vial, increased by the long time of irradiation. In 
this lapse of time the radicals can react with each 
other, react with neutral molecules or rearrange. The 
interaction with another radical or a neutral molecule 
leads to the formation of products with a higher 
molecular mass than the amino acid itself.  

 

 

 

 
 

 
Fig. 2a Mass spectra of L-Leu, L-Ile and L-Val irradiated in 

vacuum condition, recorded in positive ion mode with a mass 
range m/z 50-200. The amino acids were dissolved into a 

solution 1:1 MeOH-AcNH4 45 mM 
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Fig. 2b Mass spectra of L-Leu, L-Ile and L-Val irradiated in 

vacuum condition, recorded in negative ion mode with a mass 
range m/z 50-200. The amino acids were dissolved into a 

solution 1:1 MeOH-AcNH4 45 mM 

Some interesting products are the ones in which a 
radical was able to react with the ammonia group of 
the amino acid. In this case the N-substitution gives 
birth to molecules considered to be precursors of more 
complex intermediates, such as pyrimidines and 
purines. In Fig. 3 there are some products identified 
for L-Val, while in Fig. 4 there are some others 
identified for L-Ile and L-Leu. 
 

 
 

Fig. 3 Some radiation products identified for valine irradiated 
in vacuum condition 

Although isomers, leucine and isoleucine present 
some different irradiation products. For example, in 
isoleucine case, it is possible to observe the formation 
of glycine, absent in leucine spectra, where, instead, 
there are detected products derived from the reactions 

of side chain radicals. Contrary to what happens when 
the irradiation experiment were conducted in presence 
of air, in vacuum condition it was not possible to 
observe oxidation products, because the lack of both 
oxygen and humidity.  

 
Fig. 4 Radiation products identified for leucine irradiated in 
vacuum condition (A and B) and glycine (C) identified in the 

spectrum of isoleucine irradiated in absence of air 

Basically we can identify four main categories of 
products. The loss of small radicals from the amino 
acid molecules is the first category. It is represented by 
all the products in which there is the loss of a small 
group, such as CO2, NH3, CH4. Decarboxylation and 
deamination are the most important irradiation 
processes and they are considered to be the starting 
point of other radiation pathways, due to the fact that 
the formed primary radiation products were able to 
further react (Fig. 5).  

 
Fig. 5 . Processes induced by radiation, starting from 

decarboxylation and deamination of amino acid neutral 
molecules 

A second category is the one in which radicals were 
able to react with amino acid molecules. These radicals 
could be either small (CO2, NH3, CH4) or large radicals, 
the latter derived from the amino acid side chain. The 
last two categories refer to the products of small and 
large radicals addition to those primary radiation 
products already mentioned. They were the most 
abundant types of radiation products because of their 
mechanisms of formation. In fact, the primary 
radiation products react easily with radicals. It is 
thought that these radicals remained in close proximity 
to the primary radiation products due to the fact that 
both of them were directly produced, at the same time, 
by irradiation processes.   

What it is important considering the radiations in 
meteorites is the role they played in the survival of L-
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enantiomer [15]. The lack of oxygen during irradiation 
experiments highlight how it can be important for the 
radioracemization. Through the construction of a 
calibration curve with standard solution of L- and D-
enantiomers at different concentration (2, 5, 10, 15 and 
20 percentage of D-enantiomer solution), we can 
estimate the amount of D-enantiomer formed. From 
the area data provided by the Xcalibur program of 
mass spectrometer, it was possible to calculate the 
amount of D-enantiomer (Table 1). Due to the presence 
of a β chiral carbon, there is the formation of D-
alloisoleucine rather than of D-isoleucine [16]. 

Table 1 Percentage of D-enantiomer formation in 
presence or absence of air 

Amino acid 

% of D-
enantiomer 
formation in 

presence of air 

% of D-
enantiomer 
formation in 

vacuum condition 
Valine 0.6 1.0 

Isoleucine 0.3* 0.6* 
Leucine n.d. 1.8 

* D-alloisoleucine 
 

The presence of oxygen seems to inhibit, at some 
extent, the formation of D-enantiomer. For L-Val and 
L-Ile the presence of D-enantiomer is halved by the 
oxygen action, while in the case of L-Leu there is no 
evidence of radioracemization when the irradiation 
occurred in atmospheric condition.  

We are actually carrying out other irradiation 
experiments in which eleven selected amino acids are 
irradiated in presence of olivine, a mineral present in 
meteorites. The choice of amino acid was made 
following the quantity of amino acids found in 
meteorites [12], so that only the most abundant 
(proteinogenic and non proteinogenic) are irradiated. 
In order to study how the presence of olivine can 
influence radiation processes, four different ratios 
amino acids:olivine where chosen (1:104, 1:100, 1:10 
and 1:2). In addition to the liquid mass spectrometry, 
the use of a gas chromatograph coupled with a mass 
spectrometer allows us to study the formation of 
volatile products, so to obtain a more precise analysis 
of radiation products. Moreover, we want to investigate 
if the presence of a mineral can further influence the 
radioracemization, either protecting the enantiomers 
or promoting radioracemization.  

4. CONCLUSION 

The mass spectrometric study of irradiated amino 
acids in solid phase can give us some answers to the 
question of “how” and “how much” the amino acids 
were able to survive to radiations emitted by 
radioactive elements present in meteorites. The 
identification of radiation products can be achieved 
thanks to MSn analysis, through isolation and 
fragmentation processes and CID technique. At the 
same time, a quantitative study is conducted to 
estimate the percentage of amino acids unmodified 
after irradiation. It seems that amino acids are 
relatively stable to radiations: despite the high 
radiation dose, all of the three amino acids survived at 
a percentage major to 70. This result is in agreement to 
what is found in meteorites, where leucine, isoleucine 

and valine are present in relative great amount [12]. All 
the three amino acids, as well as other amino acids, are 
present in enantiomeric excess, with the L-enantiomer 
prevalent. It is thought that this excess was more 
relevant at initial phase of Solar System life and it had 
decreased due the process of racemization induced by 
radiation.  

of main text. Sample of main text. Sample of main 
text. Sample of main text. Sample of main text. Sample 
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Sample of main text. Sample of main text. Sample of 
main text. 
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Abstract. After carrying out several filtration - regeneration cycles, filtering materials are irreversibly clogged up 
with the solid phase and need to be replaced. We developed a new spiral filtering element (SFE) having better 
regeneration properties in comparison with standard filters. 

Key words: spiral filtering element, filtering materials. 

1. INTRODUCTION  

The radiation resistance of filtering materials is of 
great importance for removal of solid radioactive 
impurities from gas and liquid phases. One of such 
materials widely used in radiochemical industry are 
cermet filter elements [1 - 4]. However, this filtering 
material is irreversibly clogged up with the solid phase 
and needs replacement after carrying out several 
filtration - regeneration cycles, which is associated 
with the formation of additional amounts of high-level 
radioactive solid wastes. In an attempt to solve this 
problem without affecting high radiation resistance of 
the filter, we developed a new spiral filtering element 
(SFE), the main advantage of which are better 
regeneration properties in comparison with standard 
filters. 

2. EXPERIMENT 

The general view of the SFE is shown in Fig. 1. The 
element consists of a filtering partition 1, a cover 2, 
nipple 3, a frame 4 and a spring 5. The filtering 
surface (1) is made of corrosion-proof wire with a 
diameter of 0.6 to 0.8 mm in the form of a helical 
cylindrical spiral with gaps between its coils from 7 up 
to 300 microns; the diameter of the filtering partition 
is 16 mm, and its length is up to 370 mm. At one end, 
the filtering partition is closed by the cover (2), and at 
the other, it has the nipple (3) with a М16х1.5 external 
groove. The coaxial of the filtering surface coils (1) is 
provided by the frame (4). Sixty SFEs make a filtering 
surface of 1 m2. The overall diameter and length of the 
SFE is 25 mm and 415 mm, respectively.  The SFEs 
are installed vertically by joining them upwards or 
downwards.  

The specifications of the standard SFE are listed in 
Table 1. The spiral filtering element operates as 

follows. Liquid or gas to be purified is fed onto the 
outside of the filtering partition (1), through which it 
penetrates inside the filtering elements, and is then 
discharged through the nipple (3). After the blockage 
of the filtering partition (1), regeneration of the SFE is 
carried out. The liquid or gas is fed into the nipple (3) 
in the direction opposite to the direction of the filtrate 
outlet. In this case, the extension of the filtering 
partition (1) and the increase of its filtering gaps allow 
impure particles to be fully removed from the filter 
gaps. 

Fig. 1 Spiral filter element 

1 - filter partition, 2 – cover, 3 – nipple, 4 – frame,  
5 – spring. 

Table 1. The specifications of the standard spiral filter 
element (SFE) 

Parameter Value 
Material stainless steel 
Length, mm 400 
Diameter 20 
The effective area, m2 0.023 
Filter clearance, mkm 5-7 
The capacity, m3/m2 .h :  

Water 
Air 

 
5-10 at Δp = 1 аtm 
300-400 at Δp = 0.1 аtm 

The aerosol capacity, kg/m2 2.2 
The number of cycles 
"sorption-desorption" 

~105 
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The assessment of the number the "sorption-
desorption" cycles was carried out during the filtering 
of a uranium-containing nitrate solution in the 
following way. The SFE was installed in the line for 
feeding the uranium-containing solution.  The feeding 
was provided using a plunging pump with a 
dismounted working valve. During the operation of 
the pump, the filtering partition vibrated 
simultaneously with the reciprocal movement of the 
pump. The objective of the test trial was to assess the 
filtering partition resistance to the vibratory motion, 
when the partition worked in the sorption-desorption 
mode; i.e., in the compression-decompression mode. 
After carrying out 105 cycles, no damage of the 
filtering partition was found. 

3. RESULTS AND DISCUSSION 

To prove the advantages of SFE over other 
filtering materials, comparative tests of SFE filtering 
properties and cermet element (CME) were carried 
out using perlite as a solid phase. The results of the 
tests are shown in Fig. 2. Each point in the diagram is 
the average result for one filtering cycle, and the 
subsequent result is obtained after regeneration of the 
filter by the back flow of the liquid. Tests of filtration 
of radioactive solutions were also conducted. The 
initial quantity of the solid impurities in radioactive 
solution was 4.4 g/dm3. The obtained data are shown 
in Figs. 3 and 4. The quantity of the residual solid 
impurities in the filtrate was 5-7 mg/dm3. 

As follows from the dependence of the filtration 
speed (W) on the specific load (q); i.e., the volume of 
the filtered liquid per unit of the filtering surface, the 
speed of the CME filtering continuously falls, while 
the speed of the SFE filtering remains virtually 
constant and does not depend on the number of the 
filtration and regeneration cycles. A similar ratio was 
also obtained in comparative tests using other 
filtering materials and elements for filtering various 
liquid and gas media.  

 
 

 
Fig. 2 Comparison of the filtration performances of a cermet 

filtering element (CME) and a SFE 

 

 

 

 

 

 
Fig. 3 The dependence of the filtration performance (W) on 
the specific load (q) during filtration of industrial medium-
level radioactive solutions. Filtration was carried out using 

perlite 

  

Fig. 4 The dependence of the filtration performance (W) on 
the specific load (q) during filtration of industrial high-level 

radioactive solutions. Filtration was carried out using perlite. 

4. CONCLUSION 

In conclusion it is necessary to note that after 
regeneration the filter characteristics of spiral 
filter elements are almost completely restored. 
The technical characteristics show that the spiral 
filter elements can be used for purification of 
radioactive solution from solid impurities. 
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Abstract. The corrosion inhibition of mild steel in 0.1 M hydrochloric acid solution by 4-aminobenzoic acid (4-ABA) 
and different molar ratios of 2-amino-4,5-dimethylthiazole hydrochloride (A) and 2-amino-5-bromothiazole 
monohydrobromide (B) was studied using electrochemical (potentiodynamic) measurements. These measurements 
show that the inhibition efficiency obtained by these compounds increased by increasing their concentration. The 
remarkable inhibition efficiency was found when 4-aminobenzoic acid was used as inhibitor in the concentration of 
5*10-3 M in 0.1M HCl as corrosion media, giving a 96.5 % inhibition efficiency.   Furthermore, by the use of different 
molar ratios of 4-ABA and thiazole derivatives (A and B) interesting insight about the surface coverage of these 
molecules was obtained. 

Key words:  corrosion inhibition, thiazole derivatives, 4-amino benzoic acid, potentiodynamic.  

Owing to the fact that aggressive acid solutions are 
used extensively for industrial purposes, inhibitors 
are generally used to decrease the corrosion effect 
on metallic materials. Nowadays there are different 
strategies  for corrosion prevention that rely on the 
formations of SAM’s (Self Assembled Monolayers) 
by the use of phosphonic acids [1][2], silanes [3] or 
by the formation of the covalently bonded films 
through electrochemical modification of the mild 
steel by the reduction of the diazonium salts [12]. 
The responsible inhibition mechanism reflected by 
those molecules is their ability to form physically or 
chemically adsorbed film on the metal surface, 
acting as a barrier to protons - thus decreasing the 
corrosion rate of the metal [7-10]. The corrosion 
inhibition efficiency expressed by different  
quinoxaline derivatives [6][7] or benzotriazole 
derivatives [11], pyridazinic molecules [12], or other 
organic inhibitors [8] in most cases shows more 
than 85 % corrosion protection, which is equivalent  
with the corrosion barrier effect of the grafted films 
formed through the reduction of the diazonium salts 
[4][5] or other SAM forming molecules [1-3].   In 
this study, the evaluation of the corrosion inhibition 
efficiency of the 4-aminobenzoic acid (4-ABA), 2-
amino-4,5-dimethylthiazole hydrochloride (A) and 
2-amino-5-bromothiazole monohydrobromide (B) 
was studied using electrochemical 
(potentiodynamic) measurements.  

EXPERIMENTAL 
For electrochemical tests, the electrode was 
prepared by embedment of mild steel (d=2mm) 
inside a Teflon® tube by epoxy resin. The electrode 
surface before each measurement was polished with 

SiC paper, then passed on second polishing cloth 
wetted by aluminum oxide (particle size 0.6 micron) 
polishing suspension (to achieve mirror surface 
finish), washed and cleaned ultrasonically in water. 
The percentage of elements present in the mild steel 
was determined through elemental analysis and is 
as follows: iron 99.5494 %, carbon 0.1252 %, 
phosphorous 0.0316 %, manganese 0.1831 %, silicon 
0.0561 %, chromium 0.0124 %, sulfur 0.0282 %, 
molybdenum 0.0125 % and nickel 0.0015 %. 
 
Electrochemical test 
The electrochemical studies were carried out with 
PalmSens potentiostat in a traditional three-
electrode cell at 298K. A graphite rod (d=3mm, 
l=4cm) and a saturated calomel electrode (SCE) 
were used as auxiliary and reference electrode, 
respectively. 
The potentiodynamic polarization curves were 
obtained by scanning the electrode potential several 
hundred mV versus EOCP with a sweep rate of 
1mVs−1. All experiments were performed under 
atmospheric conditions. Each experiment was 
repeated at least three times to check the 
reproducibility. 
RESULTS AND DISCUSSION 
In Fig. 1, the anodic and cathodic polarization 
curves of mild steel electrode are presented in 
aqueous 0.1 M HCl in the absence and presence of 
5*10-3 M solution of 4-aminobenzoic acid at 25 ºC.  
The IE (%) was calculated using the following 
equation: ܧܫሺ%ሻ = ܫܽൣ ݁ܿ݊݁ݏܾ ݂ ݅݊ℎܾ݅݅ݐ ݎݎܿݎ . − ݁ܿ݊݁ݏ݁ݎܫ ݂   ݅݊ℎܾ݅݅ݎݎܿݎݐ . ൧ൣܽܫ ݁ܿ݊݁ݏܾ ݂   ݅݊ℎܾ݅݅ݎݎܿݎݐ . ൧ ∗ 100
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The values of associated electrochemical 
parameters, such as corrosion potential (Ecorr) and 
corrosion current density (Icorr) were determined 
from the intersection of anodic and cathodic Tafel 
slopes and are shown in the Table 1. From the Tafel 
plot in Fig. 1, it’s evident that the adsorption of the 
4-ABA molecule onto the mild steel surface 
drastically lowers the corrosion current of this alloy 
in this aggressive media, reflecting a very high value 
of the corrosion inhibition efficiency (IE≅96.5%). 

 
Fig. 1 The Tafel plot of the mild steel electrode measured in 
0.1M HCl solution: in absence (dashed line) and in 
presence of 5*10-3 M 4-aminobenzoic acid.  

In the case of the molecule (A) and (B) (see Tafel 
plots in Fig. 2 and Fig. 3) the inhibition is much 
lower (this is also evident visually when comparing 
the spacing between the dashed and the full line). 

 

Fig. 2 The Tafel plot of the mild steel electrode measured in 
0.1M HCl solution: in absence (dashed line) and in 
presence of 5*10-3 M 2-amino-4,5-dimethylthiazole 
hydrochloride.  

From the Tafel plots, in the case of the molecule (A), 
the determined inhibition efficiency is 64.47 %, 
whereas for the molecule (B), the inhibition 
efficiency reaches the value 86.92 %. Further study 
also involved the use of the combined (mixed 
inhibitors) for two purposes: a) to see if such mixed 
solution of inhibitors would have a ‘’synergistic’’ 
effect for achieving higher inhibition performance 
and b) to evaluate the possible surface desorption 
process of one molecule (4-ABA) from the other 
one. The experiment was performed by mixing the 
two inhibitors at molar rations from 0 to 1. The 
obtained experimental data are presented in Table 1. 
For both series A. 4-ABA / 2-amino-4,5-

dimethylthiazole hydrochloride and B. 4-ABA / 2-
amino-5-bromothiazole monohydrobromide. 

        

Fig. 3 The Tafel plot of the mild steel electrode measured in 
0.1M HCl solution: in absence (dashed line) and in 
presence of 5*10-3 M 2-amino-5-bromothiazole 
monohydrobromide.  

Molar ratio 
4-ABA/(A) 

IE (%) Ecorr. (V) ba 
(mV/dec) 

bc 
(mV/dec) 

1.0 96.34 -0.592 94.38 159.66 
0.9 92.24 -0.610 78.45 139.12 
0.8 93.39 -0.600 77.84 135.52 
0.6 89.99 -0.591 73.45 133.24 
0.5 92.24 -0.561 76.48 131.45 
0.4 88.78 -0.595 72.51 133.49 
0.2 91.87 -0.598 71.98 130.81 
0.0 86.92 -0.577 71.21 123.84 

Table 1 The inhibition efficiency of the mixed inhibitors (4-
ABA/A) at different molar ratios from 0 to 1 (each 5*10-3 
M) toward the mild steel in 0.1M HCl corrosion media. 

From the data presented in Table 1, it’s evident that 
the use of mixed inhibitors in fact slightly lowers the 
inhibition performance of the benzoic acid, meaning 
that in this case the molecule of 4-ABA has stronger 
or almost equal sorption affinity toward the mild 
steel surface. 

Molar ratio 
4-ABA/(A) 

IE (%) Ecorr. (V) ba 
(mV/dec) 

bc 
(mV/dec) 

1 96.34 -0.592 94.38 159.66 
0.8 -23.03 -0.570 86.88 135.20 
0.6 -42.83 -0.555 88.56 130.21 
0.5 -51.35 -0.565 94.12 127.95 
0.4 -31.08 -0.574 78.35 137.98 
0.2 -23.03 -0.574 70.16 134.74 
0 64.47 -0.590 69.91 127.88 

Table 2 The inhibition efficiency of mixed inhibitors (4-
ABA/A) at different molar ratios from 0 to 1 (each 5*10-3 
M) toward the mild steel in 0.1M HCl corrosion media.  

In the case of the molecule (B) we have a different 
situation (Table 2), where, probably due to the 
concurring effect of both molecules for sorption at 
the surface or some interaction between them in the 
solution, in fact we obtained a negative inhibition 
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effect, reflected in the acceleration of the corrosion 
of the mild steel at every molar ratio.  

In the case of mixed inhibitors: (4-ABA/A) or (4-
ABA/B),  the values of cathodic Tafel slope (bc) are 
found to decrease in the presence of thiazole 
derivative compared with the values of the 4-ABA 
when used alone in the solution as an inhibitor. This 
variation of  Tafel slope suggest that this mixture of 
inhibitors influences the kinetics of the hydrogen 
evolution reaction [13], indicating a decrease in the 
energy barrier for proton discharge, leading to 
higher gas evolution [14]. In terms of the corrosion 
potential (Fig. 4), the studied molecules slightly 
shift the corrosion potential to more negative values 
- showing a behavior of cathodic inhibitors for the 
bare mild steel in this corrosion. 
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Fig. 4 The corrosion potential (V) values for the 
studied molar ratios of the mixed inhibitors: 4-
ABA/(A) and 4-ABA/(B). 

CONCLUSIONS 
The inhibition efficiency of the: 4-aminobenzoic 
acid, 2-amino-4,5-dimethylthiazole and 2-amino-5-
bromothiazole monohydrobromide has been 
investigated for the corrosion inhibition of mild 
steel in 0.1M HCl as a corrosion media. 
Potentiodynamic measurements put in evidence 
that the inhibitor properties of these molecules are 
high.  
The highest corrosion inhibition performance 
follows: 4-aminobenzoic acid > 2-amino-5-
bromothiazole monohydrobromide > 2-amino-4,5-
dimethylthiazole. By analyzing the structure of the 
corresponding molecules, this is expected, because 
this order respects the structural features of the 
molecules: 4-aminobenzoic acid contains oxygen 
and nitrogen atoms (electronegative atoms) and 2-
amino-5-bromothiazole monohydrobromide with 
respect to 2-amino-4,5-dimethylthiazole, apart from 
the thiazole ring, contains bromine.  Using mixed 
inhibitors, although it only gave a negative 
inhibition effect, is important, because it helps to 
roughly evaluate the sorption tendency of the 
inhibitors. 
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Abstract. In cancer research the radiation dose delivered to different organs presents a critical parameter for 
destroying the cancer cells’ DNA, but the biochemical pathways that bring cells to death in many cases start at the cell 
membrane whose major part consists of lipid molecules.  In our XPS and NEXAFS experiment, we exposed a 
monolayer lipid film supported on gold to a spatially and energetically well defined electron beam (20 eV), simulating 
the charged particle avalanche produced in the exposure of the biological tissue to a high-energy ionizing radiation (X- 
and γ - rays, ions, etc). Oxygen and nitrogen 1s edge scans show a clear chemical degradation of the DPPC monolayer. 
The major damage has been inflicted to the polar head of the molecule and its links with the molecules’ alkane chains.  
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1. INTRODUCTION 

Phospholipids are amphiphilic molecules making a 
major part of the cell and organelle membrane. Their 
ordering, fluidity and orientation in solution and on 
various solid substrates, has been a subject of 
numerous biological study [1] because of the essential 
role it plays in the cell’s survival; in chemical research 
[2, 3] for the variety of its structure and composition 
with other bio-active molecules; and in an extensive 
theoretical and experimental physics study [3, 4, 5] for 
their impressive property of a self-assembly as well as 
their permeability to charged particles and water. 
Experiments performed on mono- and bilayer films of 
phospholipids are often focused on the molecular 
orientation and packing in phase transitions at the 
air/water and air/solid interfaces, either as pure one-
type layers or mixed phospholipid films [2, 3, 6]. The 
experimental techniques of the X-ray photoelectron 
spectroscopy (XPS) and Near-edge X-ray Absorption 
Fine Structure (NEXAFS), although performed under 
the non-biological conditions of the UHV, have given 
important answers about the structure and physico-
chemical properties of such biomolecular targets [6-11 
]. The greatest advantage of these two techniques lies 
in the fact that they are very sensitive to the chemical 
changes at the very surface, but can also access the 
deeper lying parts of a bilayer, which is necessary for 
better understanding of the molecule-substrate 
interaction at the interface. Since in phospholipids the 
nitrogen and phosphorous atoms stoichiometric ratio 
is very small, the sensitivity of these two techniques is 
extremely useful in following the changes in chemical 
bonds in these atoms within the thin film.   

  

1.1. DPPC  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine - 
DPPC (Figure 1) is a fully saturated phospholipid 
molecule widely used in the model-membrane and 
biomaterial studies [4, 10, 12]. It is suitable for 
production of artificial biomaterials and in 
combination with cholesterol and proteins presents a 
practical model for the study of transport and 
signalling in the model cell membrane. It is also a 
major component of the lung surfactant. 

 

 

1.2. Low-energy electrons  

Low-energy electrons (E0 < 30 eV) are proved to be 
the most abundant secondary species created in the 
irradiation of the living tissue by high-energy ionizing 
radiation (X- and gamma- rays, ions, etc) [13].  They 
are responsible for the production of various molecular 
fragments from nucleic bases, and for breaking the 
strands of the DNA [13, 14, 15]. On the other hand, they 

Figure 1: Chemical structure of DPPC. Polar head of the 
molecule consists of the negatively charged phosphate 
group and positively charged choline group. Two 
aliphatic tails are linked to the polar head via carboxylic 
groups. 
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also proved to be an efficient tool in the production of 
bio-chips on the SAM structure [5]. Therefore, a deeper 
insight into the interaction mechanisms between low-
energy electrons and biomembrane molecules is 
necessary to understand the radiation effects and tailor 
the properties of the new bio-compatible materials and 
bioelectronic devices. 

2. EXPERIMENT 

NEXAFS and XPS measurements have been 
performed on the Material Science beamline (bending 
magnet) in Synchrotron light source installation - 
Elettra, Trieste, Italy. It provided the soft X-ray photon 
beam in the energy range from 22 to 1000 eV, mainly 
linearly polarized.  

 

2.1. Preparation of thin lipid films 

Samples were prepared on gold coated (30 nm) B-
doped silicon wafer substrates bought from Georg 
Albert PVD Beschichtungen, Heidelberg, Germany. 
The substrates (polycrystalline Au (111), rms<1 nm) 
have been cleaned in the Piranha solution (1:3 of 30% 
H2O2 and the 96% H2SO4 heated to 100 oC) and rinsed 
with copious amount of DI water. The monolayer of 
lipid molecules was formed in the Langmuir-Blodget 
trough by dispensing sub-microliter drops of 
chloroform dissolved DPPC (16:0, from Avanti Polar 
Lipids, USA) on the clean surface of deionized water (R 
> 18 MΩ) and compressing to the surface pressure of 
47 mN/m. This value corresponds to the surface 
pressure of the solid phase, i.e. closely packed and 
vertical molecules. Transfer of DPPC molecules to the 
solid substrate was done by pulling the gold substrates 
mounted on the holder through the stabilized 
DPPC/water interface.  The pull-up speed of the gold 
substrate was 1 mm/min, which provided sufficient 
time for DPPC molecules to adhere to the substrate. 
The barriers of the LB trough were compressing the 
film to keep the surface pressure constant and below 
the value critical for the collapse of the monolayer (52 
mN/m). This deposition procedure provided for the 
well-ordered lipid monolayer film with acyl-chains 
tilted at an angle corresponding to the ~ 30 mN/m [16]  
surface pressure at the water/air interface. The 
samples were let to dry in air before their mounting on 
the sample holder and introduction into the load-lock 
chamber, where they spent at least two hours in 
vacuum before the measurements were performed.  

 

2.2. Experimental method  

Electron irradiation has been performed with the 
existing LEED gun placed in the main vacuum 
chamber (analysis chamber) under the UHV (p ~ 10-10 
mb). Energy and beam size calibration of the gun was 
performed for two energies – 50 eV and 20 eV. As the 
electron beam at 20 eV was of a better shape and the 
size of the spot and the current on the sample allowed 
for gradual increase of the dose of electron irradiation 
of the monolayer film, we have used this energy to 
irradiate our samples. The dose of electron beam 
irradiation of the sample was comparable to the one 
used in our previous XPS measurements [17] (124 nA). 
With this intensity and at the energy of 20 eV the 
LEED gun produced a collimated electron beam over 

the analysed sample area of 200 μm in diameter. We 
have performed two ten-minute electron-beam 
irradiations. Thus, the electron flux during one-time 
irradiation was ~ 2.4 mC/mm2. If we take that the 
APM (Area-Per-Molecule) in the solid-supported film 
is ~48 Å2  [16], then the electron beam delivered about 
6700 electrons per molecule.The XPS data have been 
collected using the Al Kα monochromatic source with 
the energy of Al Kα 1486 eV and in the NEXAFS 
measurements we used synchrotron photon source 
with maximum energy of 1 keV. For the XPS 
measurement, the energy resolution of the analyzer 
was ~ 1 eV. Pass energy of the analyzer was 20 eV, 
angle of detection 20o, and the power of the source was 
300 W. For the detailed spectra of carbon and oxygen 
bands, we performed ten scans, while for the nitrogen 
band, due to the inherent low ionization cross-section 
and low concentration (1/130 atoms in the DPPC 
molecule), we collected photoelectrons over a five 
times longer time and at a half number of binding 
energy (BE) values.  

Figure 2: XPS scans of C 1s (a), O 1s (b) and N 1s  
(c) bands in DPPC before and after irradiation 
with 20 eV electrons. Low-level smoothing of the 
data has been applied to the N 1s curves for 
clearer view. 
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NEXAFS measurements were performed for two 
angular orientations – normal and parallel incidence of 
the light beam, before and after electron irradiation. 
Since this technique probes the absorption of 
electromagnetic radiation (X-rays) by excitation of core 
electrons into unoccupied bound or continuum states, 
it allows access to a set of distinctive features 
(resonances) in the energy region from just below the 
absorption edge up to approximately 50 eV above the 
K-edge [8]. The position of the σ*-resonances presents 
a measure of the intramolecular bond length while the 
π*-resonances provide insight into bond hybridization 
[17]. 

2. RESULTS 

In order to verify the existence of the material in 
the sample, including the level of its degradation after 
the irradiation with 20 eV-electron beam, we have 
performed the XPS measurements at the end station. 
The scans of the C 1s, O1s, and the N 1s bands in figure 
2 clearly show the changes in the irradiated films, both 
in intensity of the secondary electron yield and the 
structure of peaks, i.e. binding energy. For all bond and 
resonance identifications we used the free database 
[19, 20] in addition to the reported data on 
nanomaterials [18] and standard organic molecules [6, 
8-11, 21-25].  

In the C 1s band, there are at least three peaks 
corresponding to BE of three functional groups in 
DPPC -  285.2 eV, 287 eV, and 288.8 eV. The main 
peak (A) corresponds to the aliphatic tails of the lipid 
molecule. It shifts to the lower binding energy 
corresponding to the native carbon (284.8 eV) and 
decreases in intensity after first irradiation, indicating 
the breakage of carbon bonds in the CH2 chains. The 
other two (B and C) correspond to the overlapping of 
O-C=O and O-C-N bonds. It is evident from Figure 2 
that the electrons induce chemical changes in the link 
of the two lipid tails (O 1s) and the choline group of the 
molecule (N 1s). As we were particularly looking at 
these two sites of bond damage, the next two band 
scans are of particular interest. 

The O 1s band contains contribution from several 
bonds:  C-O, C=O, P=O, P-O, and probably some 
contribution from bound water. Deconvolution of the 
oxygen spectrum is therefore very difficult. From 
studies of carbon nanomaterials [18, 2], we may 
interpret the shoulder in the region A at 531-532 eV as 
originating from C=O bonds, and the possible peak 
contribution in the region B from C-O at 533 eV. Close 
to this binding energy would be possible the 
contribution from bound water (~534 eV), and the one 
from phosphate group around 532 eV [9]. Although the 
deconvolution of the O 1s structure is ambiguous, the 
effect of electron-irradiation is quite distinct. The 

region A clearly becomes more prominent and the 
oxygen peak gains both in width and intensity. This is 
likely due to the degradation of the C=O into the C-O 
bonds. An increase in the number of photoelectrons 
detected after electron-beam irradiation is not 
completely unexpected as the change in the bonds 
between the lipid head and acyl chains affects the 
orientation of the DPPC molecules in the monolayer. 
This would cause a decrease in attenuation of 
photoelectrons ejected from the O 1s state, which will 
increase the photoelectron yield.  

The most complex effects of electron irradiation 
can be observed in the N 1s spectral band. The four 
regions in the spectrum show significant chemical 
changes in the DPPC films. In the A region the shift in 
energy after electron impact is from 399.5 eV to 400 
eV, followed by the slight increase and then decrease in 
intensity. In the region B (402.6 eV) the shift is smaller 
(~ 200 meV) towards the lower binding energy and the 
intensity is decreased by 35 % after electron 
irradiation. In the region C (404 eV), the shoulder 
completely disappeared and in the region D (406.3 eV) 
the feature gradually shifted to the lower BE (405.5 eV) 
and increased in intensity. The region A corresponds to 
nitrogen in organic matrix in the cyanide type bond C-
N- (~ 399.4 – 400.6 eV). The most affected region B 
corresponds to the N-(CH3)3 group overlapping with 
nitrite and nitrate compounds, as well as ammonium 
phosphate arising from the intermolecular bonding in 
the monolayer lipid film. The possible existence of 
nitro groups further indicates the increased complexity 
of the O 1s structure. 

From the NEXAFS scan at the O 1s edge, taken for 
the grazing and normal incidence of the light, it is 
evident that the major change in oxygen bonds is 
taking place in  σ* resonances. In grazing incidence 
(GI), the decrease in the π*resonance (π orbitals 
normal to the surface absorb the most light) takes 
place, and the shift in its energy is from 533 to 532.6 
eV. At the same time, the σ* resonance (region B and 
C)  does not change much, indicating that the σ bonds 
in the sample oriented parallel to the surface are not 
significantly affected by the electron beam. For the 
normal incidence (NI) of light (maximum absorption 
for σ bonds perpendicular to the surface and π bonds 
lying on the surface), B-C region is narrower than in 
the grazing incidence scan. As in the XPS spectrum, 
because of the variety of bonds in the DPPC sample 
including oxygen, it is not quite clear which bonds are 
oriented in which direction. However, the NI scan 
reveals a remarkable degradation in σ bonds of DPPC 
molecules. Instead of one broad resonance, electron 
beam carves two distinct features at 537.8 eV and 
540.2 eV, with the third making a shoulder at 542.6 eV.  
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Grazing incidence scan (Figure 4) at the N 1s edge 
(the statistics in NI signal was too low) also features 
four distinct regions. The π* resonance at 402.2 eV 
stays the same as before irradiation, but the new 
feature appears at 400.6 eV after the second 
irradiation, which may indicate the decomposition of 

C-N bonds in N-(CH3)3. In the σ* resonance region, 
on the other hand, a relatively broad feature (406.6 – 
407.4 eV) only diminishes in height, but the distinct 
separation in energy of different bonds is not achieved. 

However, the shoulder in region C, at the energy of 
408.6 eV completely disappears, as is the case with the 
resonance in the region D at 416.8 eV. There is also a 
possibility of the creation of the new nitrate or 
ammonium feature at 413 eV, but the insufficient 
statistics does not allow us to claim this with certainty. 

3. CONCLUSION 

The problem of radiation damage in the cell and 
organelle membrane is particularly important 
considering the complexity of its role in cell’s 
metabolism. The integrity and stability of the lipid 
matrix making the major part of the bio-membrane is 
not only compromised by the direct absorption of 
high-energy ionizing radiation, but also by the effects 
of collisions from slow secondary electrons produced 
from ionization of the biological medium. For the 
purpose of better understanding the physicochemical 
mechanism behind the electron-lipid molecule 
interactions, a monolayer of DPPC molecules 
supported on gold substrate has been exposed to the 
monoenergetic electron beam and the bond damage 
analyzed by means of the X-ray photoelectron and 
near-edge X-ray fine structure. We have demonstrated 
that the electrons of 20 eV have capacity to induce 
significant damage to the lipid structure, and even 
incite the creation of new chemical groups. In 
particular, the bond cleavage of the carboxylic bonds 
linking two lipid tails to their polar head, and the 
degradation of the choline group of the molecule, 
point to the detrimental effect those secondary 
electrons from radiation may have on the 
conformation and functioning of lipids. This damage 
may be even enhanced in physiological conditions, 
where phase transitions from lamellar to non-lamellar 
form may induce a leaky structure incapable of 
maintaining the necessary boundary for the cell. 
Therefore, further study of the effects of low-energy 
charged particle /cell membrane interaction, on a 
model membrane, or in physiological conditions 
would be highly desirable.  
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THE VARIATION OF HOUNSFIELD UNITS ON SCANNING PARAMETERS  
AND INFLUENCE ON CT TO RED CONVERSION CURVES 

Borislava Petrovic1, Tamara Tanasijin2, Milan Teodorovic1, Laza Rutonjski1,  
Milutin Baucal1, Ozren Cudic1, Borko Basaric1, Goran Djoric1, Vera Starovlah1 

1 Institute of oncology Vojvodina, Sremska Kamenica, Serbia 
2 University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia 

Abstract  
Since CT scanning of radiotherapy patients is done by different radiation therapists (RTTs), with 
different daily routine, the influence of different scanning protocols (tube voltage, tube current, 
position in relation to the center of the table) were evaluated. 
The dedicated phantom was used for this purpose. Conversion curves were generated, and 
differences evaluated. The highest dependence of computerized tomography number-Hounsfield 
unit (CT number-HU) to relative electron density (RED) conversion curve is found to be on the tube 
voltage. The difference was observed mostly in the high density material, such as bone and dense 
bone. The voltage decrease of 20 kV gives the difference in range 10% to 20% in the value of 
Hounsfield number (HU) for the same dense material ( different types of bones). The dependence 
on tube current was negligible. 
The dependence on the off axis position of a phantom (outer parts of the CT bore) results in 
difference of 5% - 10% on reconstructed HU values imported in treatment planning system (TPS) in 
comparison to the same material when phantom is placed in the central part of the CT bore. 

Key words (bold): CT simulator, quality assurance, Hounsfield unit, tube voltage  

 

 
 

1. BACKGROUND   

Radiotherapy treatment planning and delivery rely 
on CT data set, which contain accurate information 
about patient geometry, and patient tissue 
composition. Patient tissue composition is represented 
by quantitative CT values. Radiotherapy scan protocols 
usually require image slices of 3-5 mm thickness and 
longer scan volumes. The CT scan protocols for 
radiotherapy applications might require modification 
in comparison to diagnostic protocols. But, newer CT 
scanner softwares are often loaded with basic 
radiotherapy protocols [1].  

1.1. Radiotherapy protocols 

Tube potential (kV) is one of the most important 
parameters in CT scanning for radiotherapy 
applications [1]. The relationship between CT number 
and electron density is unique for each available CT 
scanner and tube voltage. To avoid treatment planning 
and especially treatment delivery errors, every 
radiotherapy clinic must rely on single kV settings, and 

generate their own conversion curve, describing tissue 
electron density conversion to  visible CT number [1-
6]. The right selection of voltage depends on accuracy 
confirmation coming from comparison of treatment 
planning and measurement discrepancy. 

Tube current (mA). The change of tube current 
does not influence the value of CT numbers of tissues, 
but does influence on soft tissue contrast as increase of 
tube current increases contrast. On the other hand, the 
increase of tube current increases the dose to the 
patient. Radiotherapy applications often use lower 
tube current (less mA) as the CT tube warms up faster 
than in diagnostic applications, due to the number of 
images (slices) to be produced by CT scanning. That 
produces images of lower quality, so optimal mA 
settings to balance image quality and loading of a CT 
tube must be found. 

Scan time. Scan time must be short enough to 
enable scanning of patient in a radiotherapy position. 
That is often measured in seconds, depending on 
scanner generation and capabilities. The scan time also 
must be short, in order to decrease heating of a tube. 

Slice thickness. The slice thickness is often 3-5 mm, 
and covers a continuous region of more tens of 
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centimeters in length. That allows good definition of 
tumor volumes and volumes of organs at risk. Often 
number of slices per patient comes close to 100, for 
average volume and average patient. 

Scan limits. In diagnostic application the scan limit 
is limited to the volume of interest, while in 
radiotherapy application, the volume of interest, 
including neighbouring organs at risk must be 
included, as the dose to these organs is of interest 
during treatment planning.  

1.2. CT simulator conversion curve CT to RED  

The representation of different electron densities of 
tissues, which create inhomogeneities within the body, 
is the value of CT number. For the purpose of 
correlation of CT number with relative electron 
density, different phantoms can be used [2-6]. The 
method for determination of CT to ED conversion 
curve, is simple, and in principle, known electron 
density values of dedicated phantom material is 
correlated to the read CT number (HU value). This 
curve must be entered in the treatment planning 
system, and used in clinical treatment planning.  

The correlation of tissue electron density and 
atenuation and CT number is given by following 
equation (1): 








 −=
w

w
numberCT

μ
μμ1000     (1) 

 where μ is the attenuation coefficient of the voxel 
of interest and μw is the attenuation coefficient of 
water.  

2. METHODOLOGY   

CT simulator used for the study was Siemens 
Somatom Definition AS Open 20/64, by manufacturer 
Siemens, Erlangen, Germany. 

The phantom used in this study was electron 
density phantom Model 062M, manufacturer CIRS 
(Computerized Imaging Reference Systems, Norfolk, 
Virginia, USA).  As CT scans used for treatment 
planning carry the information on tissue 
inhomogeneities, it is important to obtain a precise 
relationship between CT number from CT scan, 
defined in Housfield units, and electron densities of 
tissues represented in the CT scan (Fig 1.). The 
phantom used precisely correlates HU value with 
defined inserts, made of tissue equivalent materials of 
various tissues.  

 

 
 

Fig. 1 CT scan of CIRS electron density phantom model 062M  

 The phantom consists of two disks manufactured 
from plastic water. Nine different tissue equivalent 
electron density plugs can be positioned at different 
locations within the scan field. The tissue plugs used 
are: lungs in inhale and exhale, adipose, breast, 
muscle, liver, water and three types of bones. There is 
also a titanium insert, which can be used for 
quantification of hip, as well as other types of titanium 
prothesis.  The phantom is scanned with different 
settings of CT simulator. The scanning parameters 
were: U= 140 kV, 120 kV, 100 kV, 80 kV and 70 kV. 
The tube current used were: I= 20 mA, 35 mA, 60 mA, 
and 80 mA. Higher tube current (mA) were not used as 
patients are usually scanned with the tube current of 
35 mA, although the highest available tube current at 
the CT scanner is 600 mA. The phantom was scanned 
with following parameters: tube voltage was kept 
constant, while the tube current was changing. Then 
the tube current was kept constant, while tube voltage 
was changing. Finally, the phantom was positioned off 
the axis of a patient table of CT simulator, and scanned 
in constant tube current (35 mA), while changing the 
tube voltage. 

The average CT number of the particular insert is 
obtained from the central slice of the phantom, and 
represents the average of five CT numbers read in 
points within the inner circle diameter of 1 cm, in 
positions 0˚, 90˚, 180˚, 270˚, and central.    

Conversion curves were generated, and obtained 
differences were evaluated. 

 3. RESULTS   

3.1. Tube voltage  

The highest dependence of CT to ED conversion 
curve is on the tube voltage. The difference was 
observed mostly in the high density material, such as 
bone and dense bone. The voltage decrease of 20 kV 
gives the difference between 10% and 20%   (not 
linear) in the value of HU for the same dense material, 
such as different types of bones (Fig 2.). None of 
difference is seen on titanium inserts, no matter what 
conditions were, their value remains always over 3000 
HU, which represents the saturation of a scanner.  

 

 
 Fig 2. The CT to ED conversion curve of CT simulator for 

the voltages 80 kV to 140 kV 
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3.2. Tube current  

The dependence of calibration curve on tube 
current was negligible (Fig  3).  

 
Fig 3. The dependence of CT number on tube current, at 

constant voltage of 120 kV 

3.3. Off axis position 

The dependence on the off axis position of a 
phantom results in difference of 5% - 10% on 
reconstructed of HU values imported in TPS (Table 1). 
The displacement of a phantom mimics the large 
patient whose tissue CT number in outer parts of the 
body, would be different in comparison to the same 
tissue in the central part of the body. 

Table 1. The phantom was displaced 10 cm off axis, 
and accordingly, CT images obtained and CT numbers 

read. 
 

I=35 mA 
 
Phantom 
displaced 
10 cm off 
axis 

RED 

U=140kV U=120kV U=100kV U=80kV 

HU HU HU HU 

lung 
inhale 0.2 -783 -754 -768 -760 

lung 
exhale 0.5 -499 -489 -491 -487 

adipose 0.96 -58 -52 -62 -71 

BR 
50/50 0.99 -34 -37 -50 -48 

water 1 -2 -2 -4 -2 

muscle 1.06 17 7 5 -9 

liver 1.07 45 45 47 48 

bone 
200 1.16 195 210 233 283 

bone 
800 1.53 773 790 912 1082 

bone 
1250 1.82 1138 1267 1381 1642 

4. Conclusion   

Resuts obtained gave overall idea on how 
dependant the CT scanning is on different scanning 
parameters, for radiotherapy patients, really is. The 
parameters which were altered were tube voltage, tube 
current, and phantom was displaced in relation to CT 
patient table axis, so have insight into how CT numbers 
change in outer areas of CT bore, in comparison with 
central areas.  

The tube voltage changes drastically the conversion 
curve of CT simulator. According to results presented, 
as well as literature data [1-6],  it is imperative that all 

radiotherapy patients are scanned using only one 
defined CT tube voltage, and that specific conversion 
curve must be entered in the treatment planning 
system and used for clinical treatment planning. In 
case clinics decide to use different tube voltages, this 
must be clearly indicated, and during treatment 
planning for the particular patient, appropriate 
conversion curve used [1,2]. Most clinics use tube 
voltages of 120 kV to 140 kV. 

The changes in the tube current during CT 
scanning does not imply any significant difference in 
conversion curve, and therefore to treatment planning.  

The strict instruction was given to all RTTs to keep 
the scanning protocol always the same. The work 
previously done on verification of calculation in 
Serbian radiotherapy centers [5], defined in this 
particular center, 140 kV as the tube voltage at which 
the treatment planning in comparison with 
measurements, results in smallest deviation of 
calculated versus measured data in defined 
measurement points and set-ups, and it is kept 
constant in clinical practice. 

 

Tables  

Table 1. The phantom was displaced 10 cm off axis, 
and accordingly, CT images obtained and CT numbers 

read. 
 

I=35 mA 
 
Phantom 
displaced 
10 cm off 
axis 

RED 

U=140kV U=120kV U=100kV U=80kV 

HU HU HU HU 

lung 
inhale 0.2 -783 -754 -768 -760 

lung 
exhale 0.5 -499 -489 -491 -487 

adipose 0.96 -58 -52 -62 -71 

BR 
50/50 0.99 -34 -37 -50 -48 

water 1 -2 -2 -4 -2 

muscle 1.06 17 7 5 -9 

liver 1.07 45 45 47 48 

bone 
200 1.16 195 210 233 283 

bone 
800 1.53 773 790 912 1082 

bone 
1250 1.82 1138 1267 1381 1642 
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presents a linear dependence in the range of doses 
between 4.4 kGy and 11.5 kGy for 1310 nm and 1550 
nm wavelengths. For the 4.4 kGy value we have an 
attenuation of 1.66 dB for the 1310 nm wavelength and 
2.42 dB for the 1550 nm one. And for 11.5 kGy value we 
have an attenuation of 2.88 dB for the 1310 nm 
wavelength and 4.00 dB for the 1550 nm one 

Over the whole irradiation stage the attenuation in 
the optical fiber has a logarithmic dependence as 
function of the absorbed dose, both for wavelengths, 
but in case of the 1550 nm wavelength the sensitivity is 
greater than with the 1310 nm wavelength. 

The attenuation measured in the optic fiber during 
the electron beam irradiation, function of the dose 
applied in the first stage, is shown in Fig. 4.1.1. The 
figure shows that after being exposed to a total dose of 
22.4 kGy the attenuation increases from the 
background value of 0.3 dB to 5.7 dB, for the 1550 nm 
wavelength and from 0.2 db to 4.1 dB for the 1310 nm 
wavelength. The increase of optical attenuation as a 
result of the applied irradiation dose is due to the 
interaction of the electron beam with the optical fiber 
at an electron level, more specifically to the creation of 
intrinsic and extrinsic defects that cause absorption 
and scattering of light radiation.  

As we stated above, the optical fiber was irradiated 
in steps, in the two stages. Between each irradiation 
step the attenuation was measured and obtained values 
are presented in figure 4.1.2. Fiber attenuation was 
measured at two wavelengths for each type of optical 
fiber used in the experiment. Once the radiation source 
is removed, an unusual increase of attenuation (or 
blackening of the optical fiber) is observed for a very 
short period of time in range of a few seconds, 
probably as a result of other fault creating transitions 
that occur without direct radiation exposure. These 
transitions increase the light absorption coefficient in 
the fiber core for both wavelengths. A lack of this 
phenomenon in the background measurements that 
were taken prior to the irradiation suggest that the 
effect is not created by exposure to the laser light 
generated by the OTDR. Further analysis of this 
behavior is necessary as it is only specific to this fiber 
type. 

 

Fig. 4.1.2 Attenuation in ultra-high numerical aperture 
single-mode optical fiber depending on the time after 

irradiation  

 

A greater absorption coefficient, characteristic to 
the core of this type of optical fiber, may be seen for the 
1550 nm wavelength. It was noticed that after being 

left to recover for a longer time (300 hours) the 
attenuation values decreased to around 4.2 dB at 1550 
nm and 2.2 dB at 1310 nm (Fig. 4.1.3). Although the 
optical fiber did not show a complete recovery, a 
second irradiation stage was performed in order to 
investigate the optical fiber reaction, when it was again 
subject to irradiation. 

The total irradiation dose in the second stage was 
about 41.53 kGy. The behavior of the optical fiber 
throughout the irradiation stage and after it, was 
greatly similar to the first irradiation stage. 

The analysis of the two irradiation stages in 
electron beams for the ultra-high numerical aperture 
single-mode optical fiber showed that this fiber has 
resistance to high radiation doses and recovers very 
slowly after exposure. The resistance at high radiation 
doses is due to the fact that the core is made of silica 
(SiO2/GeO2) and the cladding is fluorine doped silica. 
These doping substances offer resistance to high 
radiation doses. 

 

Fig. 4.1.3 Attenuation in ultra-high numerical aperture 
single-mode optical fiber depending on time after 

irradiation 

 

The irradiation of the photosensitive single-mode 
optical fiber in the 6.23 MeV electron beams consisted 
in two stages: the first irradiation stage was about 1.0 
kGy and the second irradiation stage was also about 1.0 
kGy. The two irradiation stages showed that for each 
irradiation step the attenuation in the optical fiber 
presents an almost linear dependence depending on 
the absorbed dose, both for the 1310 nm wavelength 
and the 1550 nm wavelength, but in case of the 1550 
nm wavelength the sensitivity is lower than for the 
1310 nm wavelength. 
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Fig. 4.1.4 Optical fiber attenuation during exposure to 
radiation 

The attenuation measured in the optic fiber during 
electron beam irradiation, function of the dose applied 
in the first stage, is shown in Fig. 4.1.4. 

After the irradiation stage was finished the fiber 
was left for some time to recover while measuring the 
attenuation values (Figure 4.1.5). During these 
measurements a decrease of the values was observed 
within a short time (of the order of minutes). About 21 
hours after cessation of irradiation the attenuation in 
the optical fiber was around 1.9 dB for both 
wavelengths and thus a second stage of irradiation was 
performed. 

 

Fig. 4.1.5 Optical fiber attenuation after an elapsed time 

 

In Figure 4.1.4 we can see that this type of optic 
fiber withstands medium radiation doses. This is due 
to the fact that the core and cladding are made of pure 
silica. Because of the resistance to medium doses of 
irradiation and fast recovery time, the photosensitive 
single-mode optical fiber could be used in making 
solid-body radiation detectors for short-term 
monitoring of medium to strong radiation sources [12]. 

 

4.2. Influence of high energy photon ionizing 
radiation 

During the exposure to photon beams the 
irradiation doses applied to the ultra-high numerical 
aperture single-mode optical fiber were: 781 Gy in the 
first irradiation stage, 406 Gy in the second irradiation 
stage and 1698 Gy in the third irradiation stage.  

 

Fig. 4.2.1 Attenuation in ultra-high numerical aperture 
single-mode optical fiber during photon beam irradiation 

depending on absorbed dose  

All the three stages of irradiation presented a 
approximately linear dependence for each irradiation 
step as function of the applied dose. Also, this type of 
optical fiber shows a greater sensitivity at 1550 nm 
wavelength. 

Fig. 4.2.1 shows the behavior of the ultra-high 
numerical aperture single-mode optical fiber in photon 
beams in the first irradiation stage. When photons 
interact with the optical fiber at electron level, they 
generate faults in the fiber that increase the optical 
attenuation. Inside the fiber core intrinsic and extrinsic 
absorption of luminous radiation occurs and some 
scattering phenomena are also present. 

It was noticed that once the irradiation was 
interrupted, the attenuation was still increasing for a 
short period of time (Fig.4.2.2.) and then slowly began 
decreasing. This was similar to what was observed for 
the electron beam irradiation and is specific to this 
type of optical fiber. Analyzing the behavior of the optic 
fiber after a longer time (couple of months) from 
ceasing the irradiation, it was noticed that this type of 
optic fiber shows a very slow recovery 

 

Fig. 4.2.2 Attenuation in ultra-high numerical aperture 
single-mode optical fiber depending on the time after 

irradiation 

 

The measurements conducted in the three 
irradiation stages pointed-out a dependence of the 
attenuation to the absorbed dose, namely, an increase 
of attenuation when irradiated with a photon beam. 
Also, it is noticeable that such an optic fiber can 
withstand high radiation doses and shows a very slow 
recovery after radiation exposure. For that reason, this 
type of optical fiber could be used in the fabrication of 
a solid-body radiation detector for long time 
monitoring of radiation sources. 

5.CONCLUSION 

Based on the measurements conducted for the 
development of a possible solid-body radiation 
detector for electron and photon beams employing the 
ultra-high numerical aperture single-mode optical 
fiber the findings showed the existence of a relation 
between attenuation values and the irradiation dose. If 
certain dose ranges were regarded, in our case, 4.4 kG 
and 11.5 kGy, the optical fiber had a linear dependence. 
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Beyond a certain value of the irradiation dose, a 
saturation phenomenon occurs that causes no 
measurable increases of optical attenuation in the fiber 
regardless of the increasing dose.  

The ultra-high numerical aperture single-mode 
optical fiber under study, is resistant to high radiation 
doses of tens of kGy (over 40 kGy) during electron 
beam irradiation. When irradiation is ceased, the 
attenuation in this particular type of optical fiber has a 
tendency to increase but after a longer period it slowly 
decreases.  

The attenuation measured in the ultra-high 
numerical aperture single-mode optical fiber during 
electron or photon beam irradiation, as well as after 
ceasing the irradiation, is greater for the 1550 nm 
wavelength compared to the 1310 nm wavelength.  

This type of optic fiber shows a very slow recovery 
of the attenuation values (couple of months). 

These two behavior traits indicate that the optical 
fiber may be used as a solid-body detector to monitor 
large radiation doses which exceed values of 40.0 kGy, 
for long-term monitoring of radiation sources in 
domains such as: medicine, chemical industry, 
foodstuff industry, mining, research, personnel 
radioprotection, radioactive waste treatment plants, 
nuclear power plants, medical instrument sterilization, 
pharmaceutical production, etc.[12]. 

The photosensitive single-mode optical fiber is 
resistant to medium doses of radiation (about 1.0 kGy). 
A higher sensitivity was observed at a wavelength of 
1310 nm. This type of optical fiber provides a rapid 
return to attenuation values close to pre-irradiation (of 
the order of minutes) and can, in this way, be reused. It 
is appropriate for use as a solid state detector for 
monitoring short-term irradiation events in areas such 
as: medicine, chemical industry, food industry, mining, 
research, radiation protection for personal 
environment, radioactive waste treatment plants, etc. 
[12]. 
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Abstract. The continuous gamma spectrum, Cosmic ray intensity and climate variables; atmospheric 
pressure, air temperature and humidity were continually measured in the Underground laboratory 
of Low Background Laboratory in the Institute of Physics Belgrade. Same three climate variables for 
outside air were obtained from nearby meteorological station. The obtained gamma spectrum, 
measured using HPGe detector, is split into three energy ranges, low, intermediate and high ending 
with energy of 4.4 MeV. For each of the energy intervals periodogram and correlative analysis of 
dependence of continuous gamma spectrum on cosmic ray intensity and climate variables is 
performed. Periodogram analysis is done using Lomb-Scargle periodograms. The difference of linear 
correlation coefficients are shown and discussed, as well as the differences in resulting periodograms. 

Key words: gamma spectroscopy, surface air, underground laboratory, correlative analysis, periodogram analysis.  

1. INTRODUCTION  

 
The low-level and cosmic-ray laboratory in the 

Low-Background laboratory for Nuclear Physics in the  
Institute of Physics Belgrade is dedicated to the 
measurements of low activities and to the studies of 
the muon and electromagnetic components of cosmic 
rays at the ground level and at the shallow depth 
under-ground, and in particular to the detailed studies 
of the signatures of these radiations in HPGe 
spectrometers situated shallow underground. The 
ground level part of the laboratory (GLL), at 75 m 
above sea level, is situated at the foot of the vertical 
loess cliff, which is about 10 meters high. The 
underground part of the laboratory (UL), of the useful 
area of 45 m2, is dug into the foot of the cliff and is 
accessible from the GLL via the 10 meters long 
horizontal corridor, which serves also as a pressure 
buffer for a slight overpressure in the UL (Fig.1). The 
overburden of the UL is about 12m of loess soil, 
equivalent to 25 meters of water. [1] 

In the UL laboratory the gamma spectrum is 
recorded using HPGe detector and fast ADC unit made 
by CAEN, and analysed using software developed in 
our laboratory. Besides HPGe measurements the air 
pressure, temperature and humidity were recorded in 
UL also. Values for temperature, pressure and 
humidity of outside air was taken from publicly 
available web site. The time period from which the 

measurements were used in this analysis is from 
beginning of December 2009 till end of April 2010.  

 

 
Figure 1. Cross-section of the low-level and  

CR laboratory at IOP, Belgrade, 44°49'N, 20°28'E,  
vertical rigidity cut off 5.3 GV. 

 
Continuous Cosmic rays’ (CR) spectrum 

measure-ments by means of a pair of small plastic 
scintillators [(50x25x5)cm] started in the GLL and UL 
back in 2002 and lasted for about 5 years. It agrees to 
the spectrum of relatively shallow underground 
laboratories worldwide [2]. These measurements 
yielded the precise values of the integral CR muon flux 
at the ground level and underground level laboratory, 
at the location of Belgrade [3]. Different analyses of the 
time series of these measurements have also been 
performed [4, 5]. Since the UL is completely lined with 
the hermetically sealed 1 mm thick aluminum lining, 
and the ventilation system keeps the overpressure of 2 
mbars of doubly filtered air, the concentration of radon 
is kept at the low average value of about 10 Bq/m3. 
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Measurements and analysis of periodicy of gamma-
rays in underground laboratory had been reported  
[6-7], and also for Radon measurements and 
periodicity [8-9] including advanced Multivariate 
Analysis tecniques [10-11]. 

Most recent research done in our laboratory 
[12] addresses the question of determination of origin 
of low energy gamma-rays detected by HPGe detector, 
which are coming either from environmental radiation 
or from CR. In this paper the correlative analysis is 
used to address the same question of composition of 
low-energy gamma-rays spectrum, thus giving us the 
new approach to the research done in [12].  

The correlative analysis in this paper was done 
using Toolkit for Multivariate Analysis TMVA[13] 
package as part of the ROOT[14] software, widely used 
in analysis, especially for High Energy Physics 
experiments. The TMVA was used for analysis 
extensively in our laboratory, and it was the natural 
choice to use the software for correlative analysis also. 
Lomb-Scargle periodograms were produced using 
software developed in Low-Background laboratory.  

2. EXPERIMENTAL SETUP  

 
In the UL 35% efficiency radiopure HPGe 

detector, made by ORTEC, is used. The HPGe is 
sourounded by 12 cm thick cylindrical lead castle. 
Cosmic ray setup consists of a single [(100x100x5)cm] 
plastic scintillator detector equipped with four PMTs 
directly coupled to the corners beveled at 45o, made by 
Amcrys-H of Kharkov, Ukraine. The signals from 
HPGe detector and plastic scintillators give output to 
fast ADC unit with four independent inputs each, made 
by CAEN, of the type N1728B. CAEN units are versatile 
instruments capable of working in the so-called energy 
histogram mode, when they perform like digital 
spectrometers, or/and in the oscillogram mode, when 
they perform like digital storage oscilloscopes. In both 
modes they sample at 10 ns intervals, into 214 channels. 
The full voltage range is ±1.1V. 

CAEN units are capable of operating in the list 
mode, when every analyzed event is fully recorded by 
the time of its occurrence over the set triggering level, 
and its amplitude, in the same PC, which controls their 
workings. This enables to off-line coincide the events at 
all four inputs, prompt as well as arbitrarily delayed, 
with the time resolution of 10 ns, as well as to analyze 
the time series not only of all single inputs, but also of 
arbitrary coincidences, with any integration period 
from 10 ns up. The flexible software that performs all 
these off-line analyses is user-friendly and is entirely 
homemade.   

The preamplifier outputs of the PMTs of 
detectors are paired diagonally, the whole detector 
thus engaging the two inputs of the CAEN unit. The 
signals from these inputs are later off-line coincided 
and their amplitudes added, to produce the singles 
spectra of these detectors. Offline coincidence allows 
that the high intensity but uninteresting low energy 
portion of the background spectrum of this detector 
(up to some 3 MeV), which is mostly due to 
environmental radiations, is practically completely 
suppressed, leaving only the high energy-loss events 
due to CR muons and EM showers that peak at about 
10 MeV, as shown in Figure 2. 

Since event of HPGe gamma spectrum and 
Cosmic rays consists of time-stamp and the amplitude, 
off-line analysis is used to create time series of 
arbitrary time window with selection of specific part of 
gamma spectrum as well as the time series of Cosmic 
ray flux in UL (Figure 3.). This enables that whole 
gamma spectrum can be divided into energy ranges, 
and analyze each energy range separately. The 
spectrum separation is done on channel numbers, and 
after the energy calibration, the energy ranges used in 
our analysis are 180-440 keV, 620-1330 keV and 1800-
4440 keV. The full gamma spectrum is recorded in 
range of 180-6670 keV.  The part of gamma spectrum 
of the HPGe is shown in Figure 4. 

 
 

 
 

Fig. 2. The sum spectra of two diagonals of big plastic 
detectors in the UL and GLL . 

 

 
 

Fig. 3. The time series of the CR muon count of the big plastic 
detector in the UL. 

 

 
 
Figure 4. Gamma spectrum of the HPGe detector in 12cm lead 

castle in the Underground laboratory. 
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3. RESULTS AND DISCUSSIONS  

 
The analysis starts with correlation analysis. The 
software for correlative analysis is a part of TMVA 
package. Hourly time series of variables, atmospheric 
pressure P, temperature T, and humidity H for UL 
(P_R, T_R, H_R), and outside (P,T,H) are used, 
Cosmic ray time series (CR) as well as T (DT) and H 
(DH) difference of UL and outside values make the 
number of nine input variables. The table summarizing 
the linear correlation coefficients is shown in Table 1. 
We can see correlation between each input variable 
and HPGe gamma spectrum for full energy range in 
Table 1 also.  
 
DH -10 69 -9 -86 57 -22 51 -25 -64 100
DT 7 -98 7 60 -30 10 -24 42 100 -64 
CR -14 -42 -65 36 -14 -52 13 100 42 -25 
H_R -2 30 -44 -1 42 -59 100 13 -24 51 
P_R 14 -13 80 -8 -22 100 -59 -52 10 -22 
T_R 1 43 -16 -41 100 -22 42 -14 -30 57 
H 10 -63 -15 100 -41 -8 -1 36 60 -86 
P 11 -9 100 -15 -16 80 -44 -65 7 -9 
T -6 100 -9 -63 43 -13 30 -42 -98 69 
HPGe 100 -6 11 10 1 14 -2 -14 7 -10 
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Table 1. Summary table of linear correlation coefficient for all 
9 input variables’ 1 hour time series and 1 hour time series of 

HPGe gamma spectrum for full energy range.  
 
 
Correlation analysis was done also for three mentioned 
energy ranges, the Table 2. summarizes the results.   
 
 
 180-6670 

keV 
180-440 
keV 

620-1330 
keV 

1780-
4440 keV 

T -0.070   -0.045   -0.041   -0.096  
P +0.111   +0.124   +0.033   +0.010  
H +0.106   +0.056   +0.047   +0.101  
TUG +0.013   -0.029   +0.014   -0.012  
PUG +0.149   +0.111   +0.091   +0.061  
HUG -0.029   -0.068   -0.030   +0.028  
CR -0.140     -0.179     -0.030     +0.036  
TUG-T +0.076     +0.043     +0.046     +0.100    
HUG-H -0.105 -0.083 -0.055 -0.072

 
Table 2. Linear correlation coefficients in % for full and 

three narrower energy ranges. 
 
All the correlation of HPGe gamma spectrum hourly 
time series and input variables are not significant. The 
biggest correlation coefficient with HPGe time series is 
pressure time series measured underground followed 
by Cosmic ray time series. It is interesting to notice the 
change of correlation coefficients with HPGe for 
atmospheric pressure and Cosmic rays time series. 
While pressure correlation coefficients tend to drop 
going towards higher gamma energies, Cosmic rays’ 
correlation coefficients are increasing from negative 
sign to positive one. This observation is in agreement 
with the fact that the Cosmic rays are contributing 

more to the the gamma spectrum of higher energies, as 
it was shown in [12].  Since Cosmic rays and pressure 
are anti-correlated with correlation coefficient of -65%, 
as can be seen in Table 1, increase in atmospheric 
pressure will give negative correlation coefficient of 
HPGe and Cosmic rays’ time series. This can be 
explained by having in mind that Cosmic rays are 
contributing insignificantly to gamma spectrum on 
lower energies [12] behaving like constant in low 
energy range, while increase in pressure increases the 
air density, thus more gamma scattering events are 
contributing to low energy gamma spectrum.  
 
In the periodogram analysis the Lomb-Scargle 
periodograms were produced for atmospheric variables 
P, T, H and HPGe gamma spectrum. The periodograms 
show only daily periodicity of T, H time series as 
shown on figures 5 and 6. The P periodogram on 
Figure 7. Shows expected daily and mid-daily 
periodicity. It is noticeable that the periodogram for P 
has lowest spectral powers, which means that 
periodicity of P is less noticeable. Also, the unexpected 
1/3 day periodicity is with low spectral power. The 
periodogram analysis showed that there is no 
significant periodicity in HPGe gamma spectrum time 
series, as shown on Figure 8. 
 

 
 

Figure 5. Lomb-Scargle periodogram of air humidity.  

 

 
 
Figure 6. Lomb-Scargle periodogram of air temperature.  

 

 
 

Figure 7. Lomb-Scargle periodogram of air pressure.  
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Figure 8. Lomb-Scargle periodogram of full and three 
different energy range HPGe gamma spectrum time 

series.  

CONCLUSION  

 
In the Underground laboratory of Low Background 
Laboratory in the Institute of Physics Belgrade the 
continuous HPGe gamma spectrum, Cosmic ray 
intensity and climate variables were continually 
measured in the period from beginning of December 
2009 till the end of April 2010. The HPGe gamma 
spectrum is split into three energy ranges, low, 
intermediate and high. For each of the energy intervals 
periodogram and correlative analysis of dependence of 
continuous gamma spectrum on cosmic ray intensity 
time series and climate variables time series is 
performed. Periodogram analysis is done using Lomb-
Scargle periodograms. The correlation coefficient 
between air pressure and Cosmic rays is -65%. The 
correlation coefficients between HPGe gamma 
spectrum and input variables are not significant. The 
decrease of values of correlation coefficients of gamma 
spectrum and air pressure is present. The increase of 
values of correlation coefficients of gamma spectrum 
and Cosmic rays is present also. Increase in 
atmospheric pressure is resulting in negative 
correlation coefficient between HPGe and Cosmic rays’ 
time series for low energy gamma spectrum. The more 
significant contribution of Cosmic rays in high energy 
gamma spectrum, as opposite to insignificant 
contribution of Cosmic rays to low energy gamma 
spectrum is evident. Lomb-Scargle periodograms 
showed daily periodicity for air temperature and 
humidity, and additional mid-daily periodicity for air 
pressure. There is no noticeable periodicity for each of  
energy ranges of gamma spectrum. 
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Abstract. Presently a very important role in the production of radio nuclides for medicine the cyclotrons are playing, 
which are very safe and reliable installations. From radioisotopes produced with cyclotrons it’s rather easy  
to select one having appropriate nuclear-physical characteristics for the medical purpose use, than from ones 
produced with the reactors. At PNPI a high current cyclotron C-80 with the energy of extracted proton beam of 40-80 
MeV and the current up to 200 μA is under construction. One of the main goals of C-80 is production of a wide 
spectrum of medical radio nuclides for diagnostics and therapy. At present time a project is worked out for the 
construction of radioisotope complex RIC-80 (Radioisotopes at the cyclotron C-80) at the beam of C-80. In the 
presented submission the project of RIC-80 complex is discussed, which includes three target stations for the 
production of a large set of radio nuclides for medicine. The peculiarity of the proposed radioisotope facility is the use 
of the mass-separator with the target-ion source device as one of the target stations for on-line, or semi on-line 
production of a high purity separated radioisotopes. The first results on the target development for production of 
different medical radio- nuclides, including radioisotope generator for PET diagnostics 82Sr, are presented as well.  

Key words: medical radionuclides, radioisotope complex, production targets, mass-separator, radioisotopes of a high 
purity.  

1. INTRODUCTION  

It is well known that the main sources for 
production of the radioactive nuclides are thermal 
neutrons reactors. Although in the last decades for that 
purpose on the front place go the accelerators of the 
charged particles - cyclotrons, as the most safe and 
reliable technological installations. The list of cyclotron 
radio nuclides is longer and more varied, than ones 
obtained with the reactors. One of the most important 
characteristics of cyclotron produced radionuclides is 
emission of positrons that allows using them for the 
PET (Positron Emission Tomography) diagnostics. The 
rapidly growing nuclear physics studies, appropriate 
experimental method developments and use of very 
sensitive and effective detectors has given a very good 
possibility for elaboration of completely new direction 
in medical diagnostic and therapy of different kind 
diseases which is well known presently as nuclear 
medicine. The exceptional ability of the nuclear 
medicine methods consists in the possibility to detect 
and treat a large set of different diseases at a very early 
stage, saving many human lives and high money 
expenses for the treatment. The technology of nuclear 
medicine used for diagnostic and therapy as well is 
based on the employment of by a special way produced 
radioactive isotopes with selected properties. The most 
widely used methods in the nuclear diagnostic are the 
methods, when the used pharmaceutics are marked by 
specially selected radio nuclides. Measuring by 
specially designed detector devices the distribution of 

the inserted into a human body radio isotopes it is 
possible to observe the function of investigated organs 
or their parts. Similar ways are used for the treatment 
of a different kind malignant tumors. One of the main 
advantage of the nuclear radio medicine methods is 
that the diagnostic and treatment can be carried out at 
a very early stage of the disease. 

This work is the first part of the program on the 
target development for the new project RIC-80 
(Radioactive Isotopes at cyclotron C-80) [1], which is 
being carried out presently in PNPI. The main task of 
this work is the method developments on the 
production and separation of isotope-generator 82Sr 
which is used for PET diagnostics of hart diseases and 
also for some other isotopes utilized for diagnostics 
and therapy. The methods have been worked out 
making use of the proton beam of a 1 GeV 
synchrocyclotron with the purpose to use the 
developed target prototypes at the new radio isotope 
installation RIC-80 with the proton energy 80 MeV 
and proton beam intensity up to 200 MeV. 

2. SCHEME OF THE DESIGNED INSTALLATION 
RIC-80 (RADIOACTIVE ISOTOPES ON CYCLOTRON 
C-80) 

In fig.1 the layout of RIC-80 installation is 
presented. It intended for production of medical radio- 
nuclides in the beam of the C-80 cyclotron, which is 
under construction at PNPI in Gatchina (Russia). The 
proton beam energy at the target can be varied in the 
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interval 40-80 MeV. The proton beam intensity will be 
up to 200 µA. This cyclotron is intended for treatment 
of ophthalmologic diseases by irradiations of a 
malignant eye formation, as well as for production of a 
wide spectrum of medical radionuclides for diagnostics 
and therapy. The cyclotron is located in the right side 
of experimental hall (ground floor) of the PNPI 1 GeV 
synchrocyclotron. 

 
Fig. 1. Layout of RIC-80 radioisotope complex. 1 – cyclotron 

C-80, 2 – proton beam tubes, 3 – target station for 
radiochemical extraction of produced isotopes, 4 – target 
station for dry (high temperature heating) extraction of 
produced isotopes, 5 – mass-separator for production of 

medical isotopes of a high purity, 6 – target station of mass-
separator, 7 – collecting stations for separated radio nuclides, 

8 – detector stations for obtained radio nuclide purity 
measurement, 9 – transportation system for activated targets 
to special storage places or to hot cells, 10 –storage place for 

irradiated targets, 11 – hot cells, 12 – pneumatic rabbit 
station. 

At the drawing the deflecting and focusing magnet 
elements are shown, which are installed on the move of 
the proton beam to target stations and to the masses-
separator target. Two available target stations allow us 
to get higher efficiency in the proton beam use, since 
during the radiation cooling of the irradiated target, 
where a long lived radionuclide was produced, another 
target can be irradiated to produce a different 
radionuclide. The mass-separator with its target 
station will allow to get the separated medical radio 
nuclides of a high purity, which will be implanted into 
a corresponding collectors from those can be easily 
extracted. Target stations will be equipped with special 
devices to download highly radioactive targets into 
protection containers to transport them safely to 
special storage places, or to hot cells for the after-
treatment and production of corresponding 
preparations for pharmaceutics. 

2.1 Estimated yields of radio nuclides to be 
produced at RIC-80 facility. 

C-80 facility will be the largest in Russia cyclotron 
facility in respect of beam energy accumulated in 
production of radionuclides and providing enough high 
energy of bombarding particles (proton energy of 80 
MeV). It gives a possibility to produce sources of a high 
activity within practically the whole list of radio 
nuclides produced at accelerators. In table 1 estimated 

yields of radio nuclides are shown, which are planned 
to be obtained at RIC-80 facility. 

Table 1 Activity in target of radionuclides planned to be 
obtained at RIC-80 facility with proton beam energy of 

40-80 MeV and current of 100 uА. 

Isotope Half-life Target 
Irradiation 
time (h) 

Target 
activity 
(Ci) 

Ge-68 270.8 d Ga 240 2 
Sr-82 25.55 d RbCl, Rb 240 12, 15 
Mo-99 2.74 d Mo 240 8 
In-111  2.8 d Cd 25 25 
I-123  13.27 h Te 5 11 
I-124  4.17 d Te 25 10 
Tb-149  4.1 h Gd 12 3 
Ra-223  11.4 d ThC 240 7 

As one can see from the table, RIC-80 facility will 
provide the production of a large amount of radio- 
nuclides produced at present by this kind of 
installations. It is necessary to emphasize that the 
activities of radioisotopes are shown for production in 
the target. The actual activities extracted out of target 
material can be less because of incomplete extraction 
of produced radioisotopes. For the improvement of 
extraction efficiencies for targets under development 
the test experiments with target prototypes are 
performed at the synchrocyclotron in operation at 
PNPI for effective production of listed nuclides. 
Possibilities of the radionuclides production at RIC-80 
installation are not exhausted by the list of isotopes 
provided in Table 1. The unique parameters of the C-
80 cyclotron will allow producing the broad 
nomenclature of radioisotopes, which are at present 
under discussion in corresponding publications as very 
perspective for diagnostics and therapy. They are 
Cu-64, Cu-67, Ga-67, Br-77, Rb-81, At-211. 

 The comparison of used for many years isotopes 
with new isotopes, which are under discussion and 
used for clinical tests brings to a conclusion on trends 
to use more short-lived radionuclides to aim the 
diagnostics and therapy that significantly reduces the 
radiation rate for patients. 

2.2 On-line mass-separator at RIC-80 installation 
to obtain medical isotope beams of the high purity 

The production and study of radioactive isotopes by 
ISOL systems (Isotope Separator On-Line) is one of 
the fundamental directions of nuclear physics, as well 
as study of astrophysical processes in laboratory 
conditions. The main problem – the extraction and 
isotopic separation produced radio nuclides is under 
successful solution for almost 50 years already by 
means of ISOL installations at beams of different 
bombarding particles - protons, neutrons and heavy 
ions. Such on-line systems like ISOLDE (CERN, 
Switzerland), ISAC (TRIUMF, Canada), IRIS (PNPI, 
Gatchina) [2,3,4] operation on-line at proton beams, 
allows to obtain at present more than 2000 separated 
isotopes of almost all elements of the Periodic system. 
Produced radioactive isotopes with half-life from 
several milliseconds to several thousand years are used 
in nuclear physics study, in study of solid state physics 
and in the radiation medicine. 
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In a very short way the work of an ISOL facility can 
be described as follows. The beam of bombarding 
particles (see fig. 1) is directed to the target of the 
mass-separator, which is located inside the vacuum 
chamber at the high temperature (of 1800-2200°С), 
where radionuclides are produced as a result of nuclear 
reactions. The products formed inside a target material 
get out of target container into an ion source, where 
the ionization occurs. Ions, going out of ionizer, are 
formed by the field of extraction electrode into a beam 
of ~ 2 х 10-2 radians divergence. Going through a 
focusing lens, ion beam is converted into a parallel and 
gains the energy of 30-50 keV. Later the beam of mono 
energy ions enters the magnet-analyzer, where the 
mass separation occurs. The cross-section dimensions 
of the beam at the magnet focal plane of the mass- 
separator are of about 1 mm in vertical and 1.5 mm in 
horizontal directions. Separated according their 
masses beams of radioactive ions enter the switchyard 
chamber and after that they go along vacuum ion guide 
tubes to the experimental hall, where they are 
implanted into corresponding collectors. Sources of 
radio nuclides obtained without any carrier and 
admixtures are measured in time of the accumulation 
process for the determination of their purity and 
activity rate by means of α, β and γ detectors installed 
close to collectors, where the implantation of 
radioactive ion beams occurs. Coming from aforesaid 
one, the mass-separator method possesses the 
following values: 

• allows to obtain very pure beams of medical 
isotopes of many elements; 

• several separated radionuclides can be 
accumulated simultaneously; 

• depth implantation of several times of ten Ǻ allows 
to use very fine organic substrates that significantly 
simplifies the production of medical preparations; 

• the method of the radioactive ions implantation 
allows to obtain the unique generators of 
radioactive noble gases; 

• the target is used many times and does not require 
reconstruction; 

• except a number of relatively long-lived nuclides, 
mass-separator on-line at accelerator or reactor 
allows to obtain a lot of new "short-lived" 
radioactive isotopes (T1/2 = from several tens of 
minutes to several hours) for diagnostics; 

• process of the diagnostics can be realized "on-line" 
in medical laboratories, which are based on 
installations produced a big variety of short-lived 
mass-separated radioactive nuclides of a high 
purity. 
As the isotope production efficiency by the mass-

separator method is dependent on the ionization 
efficiency of produced nuclide and the ion source used, 
it is necessary, calculating the expected radioactivity, 
to take into account this value for the nuclide being 
produced. As to radionuclides listed above the 
ionization efficiency εi may be the following: for Rb - εi 
≈ 80%; for Sr, In, Ra - εi ≈ 20-40%; for I - εi ≈ 30%.  

 
 

3. TARGET DEVELOPMENT FOR THE RIC-80 
PROJECT 

3.1 Experiment description and experimental 
results on 82Sr production 

For the first experimental tests the niobium foils, 
pills of yttrium carbide and rubidium chlorine powder 
were used as target materials for production of 82Sr. 
82Sr with a half-live T1/2=25.55 d is a generator for its 
daughter isotope 82Rb (T1/2=1.25 min) which is widely 
used in PET diagnostics. The irradiated target material 
was placed into Ta-W container which was designed as 
a prototype of a target device for production of 82Sr at 
RIC-80. In a high vacuum the target material was 
heated to separate the produced nuclides and the 
target material [5].  

For the target heating tests the target-prototype 
was manufactured with parameters close to the 
working parameters of the target which will be 
constructed for the RIC-80 facility. The target-
prototype parameters were the following: the length of 
the target container – 200 mm; the target container 
diameter – 30 mm. The target-prototype prepared for 
the subsequent irradiation at the proton beam to 
accumulate 82Sr in the target material is shown in 
fig. 2.  

 

Fig. 2. The target-prototype specially constructed for the tests 
on the production and thermal extraction of generator-isotope 
82Sr and other radionuclides from irradiated target materials. 

The samples of different target materials after 
irradiation by the 1 GeV proton beam were placed into 
the target container (tungsten-tantalum cylinder). In 
the central part the target container was connected to 
the tungsten tube with a hole of 2 mm in diameter. 
Through this tube the radioactive nuclides 
accumulated in the target material were evaporated in 
the course of target thermal heating and absorbed by 
the tantalum foil collector, contacting with cooper 
flange, cooled by floating water. For the tungsten tube, 
which the evaporated nuclides passed through, the 
same method of the resistant heating was used as for 
the target container as well. The target was heated to 
its working temperature 2000-2100 ºC. The high 
vacuum test bench was specially constructed for 
testing high temperature targets with the heating 
power up to ~9 kW. The target developed construction 
allows to produce and select radionuclides from 
different target materials such as refractory metal foils, 
refractory metal carbides, liquid metals and metal 
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powder compounds as well. There were some stages in 
the process of the target heating in a high vacuum for 
extraction of produced in the target material 
radioactive species. To select strontium from yttrium 
carbide target, which release from the target is 
characterized by relatively slow process diffusion and 
effusion, the target heating was started at low 
temperatures 1500-1800 to evaporate radioactive 
species with faster diffusion-effusion properties, such 
as Rb, Mn and other radio nuclides with high values of 
diffusion-effusion parameters. After that, strontium 
may be selectively extracted by heating the target with 
a higher temperature. In fig. 3 gamma spectrum is 
presented of irradiated sample of yttrium carbide 
measured by the hyperfine germanium γ-detector 
before the target heating. In fig. 4 gamma spectrum is 
presented of collected radioactivity at the cooled 
collector during the heating of irradiated yttrium 
carbide sample. 

 
Fig. 3. Gamma-spectrum of irradiated sample of yttrium 

carbide. Gamma-line 776 keV belongs to decay of 82Sr 
daughter isotope 82Rb, used for PET diagnostics. 

 
Fig. 4. Gamma spectrum of collected radioactivity at the 
cooled collector during the heating of irradiated yttrium 
carbide samples at a temperature interval 1950-2000°C. 

 

As one can see from fig. 3, 4 finally almost all 
radioactive species were evaporated from the 
irradiated target, except strontium. The final efficiency 
of extraction of strontium after the yttrium carbide 
heating at the temperature 1950-2000°C during the 
time interval of 10 hours was about 90%. The efficiency 
of removing collected radioactive strontium from the 
tantalum collector by HCl of 20% concentration was 
85%. The yttrium carbide target is intended to be used 
for 82Sr production by a mass-separator method. This 
target material possesses good characteristics (melting 
point, boiling point) to be used as a target under a high 

temperature coupled with the mass-separator ion 
source of surface ionization. 

For production of 82Sr by a dry, high temperature 
heating method traditional target materials rubidium 
chloride and metallic rubidium have been used. For 
this purpose irradiated powder of RbCl or metallic 
rubidium in a tantalum cavity was placed to a heated 
target container. All manipulations with metallic 
rubidium were carried out in argon atmosphere. In a 
high vacuum the target material during target heating 
at a temperature lower than 1000°C was evaporated 
and collected in a special cavity for the target material 
collection. All target material was evaporated for the 
time of some hours. After that the cavity was 
exchanged by a tantalum foil collector for collection of 
strontium isotopes, which were escaping from the 
target container at a temperature of 1900-1950°C. For 
the heating time of 2 hours 90% of strontium was 
evaporated and collected at the cooled tantalum 
collector. In fig. 5 part of measured γ-spectrum of RbCl 
sample is shown before the heating (black circles) and 
collected strontium-82 during the heating irradiated 
rubidium chloride with the temperature 1900-1950°C 
after evaporation of the target material (open circles). 

 

 

Fig. 5. Part of measured γ-spectrum of RbCl sample before the 
heating and collected strontium-82 during the heating target 
cavity with the temperature 1900-1950°C after evaporation of 

the target material. 

3.2 Production of Tl isotopes from a led target 

For diagnostics of myocardial diseases in nuclear 
medicine radionuclide 201Tl (T1/2 =3.04 d) is used. 201Tl 
can be effectively produced from the led target of 
natural or enriched abundance. The production cross-
sections are very high and this method could be used 
for effective production of 201Tl. The only problem is 
the admixture of neighboring isotopes with close half-
lives 200Tl (T1/2=1.09 d) and 202Tl (T1/2=12.23 d). In this 
case a mass-separator method of production of a high 
purity mass-separated 201Tl can be explored. 

In the experiment on the thallium isotope 
production-extraction a target of led of a natural 
abundance was irradiated at the 1 GeV proton beam of 
PNPI synchrocyclotron. The irradiation time was 24 
hours. After 10 days of the radiated led cooling it was 
transported to the experimental hall of the IRIS facility 
and was placed into the heating tungsten container in 
the vacuum test bench. The gamma spectrum of 
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irradiated led sample before its heating is shown in 
fig. 6. 

 

 

Fig. 6. Gamma-spectrum of irradiated led sample of natural 
abundance after 10 days of radiation cooling. The gamma line 

439 keV is from decay of 202Tl (T1/2=12.23 d). 

The main goal of the first experiment on Tl isotope 
production from a led target was to find the heating 
conditions for a selective Tl extraction from the 
irradiated led sample. It was expected that for 
thallium, which is a very easy volatile element, speed of 
evaporation from a melted led target material will be 
faster than for other radioactive species. As the value of 
the Pb melting point is 327°C, the Tl extraction has 
been carried out at the temperature of about 400°C to 
be sure that the led sample was completely melted. In 
fig. 7 the gamma spectrum of species evaporated at 
400°C from the led sample on the cooled tantalum 
collector is shown. 

 

Fig. 7. Gamma spectrum of species evaporated at 400°C from 
the led sample and condensed on the cooled tantalum 

collector. The time of evaporation was 2 hours. 

As we can see from the comparison of gamma 
spectra from figs. 6 and 7, thallium selective 
evaporation from a melted led target is very high. For 
two hours of heating about 80% of 202Tl were escaped 
from the target and absorbed by the collector. In this 
case situation is completely different to one with the 
strontium extraction, when the target material 

(niobium foils, or yttrium carbide for RIC-80) should 
be heated up to 2000°C. 

3.3 Production of alpha decaying radium isotopes 
from a uranium carbide target  

As it was established, the radio nuclides decaying 
by alpha particle emission can be a very effective tool 
for therapy of different malignant tumors at a very 
early stage of their formation. The main advantage of 
alpha particle use (so called “alpha-knife”) is their very 
short range (60-80 microns) in a biological tissue. It is 
very important for the treatment of a small malignant 
formation. The action of a radionuclide, decaying by 
alpha particles is very effective, as it is very local and 
does not destroy the surrounding well tissues. Among 
alpha decaying radio nuclides which have been tested 
and can be used for therapy there are two isotopes 
223Ra (T1/2=11.4 d) and 224Ra (T1/2=3.66 d), which can 
be rather effectively produced by proton irradiation of 
uranium or thorium targets. In fig.8 the cross-sections 
of 227Th from the thorium target [6] is presented. 

 

Fig.8. Cross-sections of 227Th production from the thorium 
target versus the energy of impinging protons. By open circles 

the cross-sections of 227Th production is shown [6]. 

As it seen from fig.8, 227Th has a rather high value 
of production cross-section by spallation reaction from 
natural 232Th (100 %) target at the proton energy close 
to 80 MeV. 223Ra is produced in the subsequent alpha 
decay of 227Th:  

227Th(18.7d) — 223Ra(11.4d) — 219Rn(3.96s) — 
215Po(1.8ms) — 211Pb(36.1min) — 211Bi(2.14min) — 
207Tl(4.77)min — 207Pb(stable) 

As it is seen from the decay chain presented above, 
the decay of selected 223Ra gives three alpha particles, 
that considerably increases the method efficiency.  

In our experiments we used 238U target (uranium 
mono carbide of a high density [7]) for production and 
a high temperature extraction of radium isotopes, 
decaying by alpha particle emission. The uranium 
carbide target of a density 11g/cm3 was irradiated for 
24 hours by the proton beam of PNPI synchrocyclotron 
with the intensity of 0.1 µA. The target mass was about 
1g. After one month of radiation cooling the target was 
placed into the heating tungsten container in the 
vacuum test bench. The radium isotope extraction has 
been carried out at the temperature of about 2400°C, 
which is close to the melting point (2500°C) of 
uranium mono carbide target material. In fig. 9 the 
alpha spectrum of species evaporated at 2400°C from a 
UC target on the cooled tantalum collector is shown. 
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Fig. 9. The alpha spectrum of species evaporated at 2400°C 
from a UC target on the cooled tantalum collector. 

We have measured alpha particles also from the 
decay of a long-lived 228Th (T1/2=1.9 y). In the fig. 9 we 
can see the chain of appropriate alpha lines:  

228Th(T1/2=1.9 y) — 224Ra(T1/2=3.66 d) — 
220Rn(T1/2=56 s) — 216Po(T1/2=145 ms) — 
212Pb(T1/2=10.6 h) — 212Bi (T1/2=25 min) — 
208Tl(T1/2=3 min ) — 208Pb(stable). 

The experiment on the 223,224Ra production has 
demonstrated a principal possibility to obtain alpha 
decaying radium radionuclides from a high density UC 
target. There is a possibility to increase the yields of Ra 
isotopes more than order of magnitude, using the ThC 
target instead of UC one. The technology of the ThC 
target has been already developed. This target material 
possesses good characteristics (melting point, boiling 
point) to be used as a target under a high temperature 
coupled with the mass-separator ion source of surface 
ionization. It is planned to test this target material for 
production of radium and other alpha decaying 
isotopes for medicine in 2015. 

 
Summary 
 
At PNPI a high current cyclotron C-80 with the 

energy of extracted proton beam of 40-80 MeV and the 
current up to 200 μA will be put into operation in the 
second part of 2015. One of the main goals of C-80 is 
production of a big number of medical radio nuclides 

for diagnostics and therapy. At present time the 
construction of radioisotope complex RIC-80 (Radio 
Isotopes at the cyclotron C-80) at the beam of C-80 is 
carried out. The peculiarity of the proposed 
radioisotope facility is the use of the mass-separator 
with the target-ion source device as one of the target 
stations for on-line, or semi on-line production of a 
high purity separated radioisotopes. 

The important part of the work was devoted to the 
target development for the new project RIC-80. For the 
tests carried out different kinds of target materials 
were explored (foil of a refractory metal, metals, high 
density metal carbide and metal salt powder). The 
tested target materials will be used for manufacture 
real target prototypes for PNPI radioisotope complex. 
Investigated target materials can be used as well for 
the mass-separator target construction of the mass-
separator station for production at RIC-80 radio- 
isotopic medical beams of a very high purity. The 
following stage of the work will be the target unit 
prototype construction with the amount of the target 
material (40-60 grams) which is required for medical 
radionuclide production at the RIC-80. 
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PATIENT DOSE FROM MEDICAL EXPOSURE IN ROMANIA FOR THE PERIOD 2010-2013 
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Abstract X-rays play an important role in diagnosing and treating many kinds of diseases. This 
important medical X-ray role is always associated with biological effects and risks to the patients and 
medical staff. The growing concern regarding medical X-ray exposure and their possible risks, has 
resulted in the initiation of quality control programs and patients dose survey and assessment in 
Romania. A nation-wide evaluation concerning the monitoring of the patient radiation protection in 
diagnostic radiology and interventional radiology was initiated in 2006, but functional since 2009. 
All providers of radiology and medical imaging examinations have to record patient data and 
relevant information for assessment of doses received by patients from medical exposures to ionizing 
radiation.  
In the actual study, the frequency of X-ray examinations for 2010-2013 years (including the 
conventional radiology, interventional radiology, computed tomography and dental radiology) and 
mean effective dose per procedure were estimated. 
Taking into account the new Council Directive 2013/59/EURATOM provisions concerning the medical 
exposure, it is very important to find the best modalities for improvement of patient dose registering 
and reporting system. The system still needs improvement, especially in areas such as correct 
registration of relevant information for assessment of doses received by patients from medical 
exposures to ionising radiation. 

Key words: medical exposure, frequency of X-ray examinations, mean effective dose, patient dose 

1 INTRODUCTION 

X-rays play an important role in diagnosing and 
treating many kinds of diseases. This important 
medical X-ray role is always associated with biological 
effects and risks to the patients and medical staff. The 
growing concern regarding medical X-ray exposure 
and their possible risks, has resulted in the initiation of 
quality control programs and patients dose survey and 
assessment in Romania.  

Annual results obtained for medical exposure to 
ionising radiation based on the data collected from 
Romanian hospitals are used for the update of the 
national database and optimisation of diagnostic 
procedures. 

Medical exposure level is expressed in terms of 
annual collective dose and is estimated from annual 
frequencies and the mean effective dose per procedure 
for different types of radiological examinations. 

2 METHOD 

National legal framework harmonized with the 
relevant Community provisions stipulate the obligation 
and responsibility of the public health network to 
provide radiological protection for medical exposure of 
patients to ionising radiation. 

In this respect, two Orders of Health Ministry [1, 2] 
were promoted, which ensured a system concerning 
the registration, centralisation and reporting of patient 
doses on medical exposures to ionising radiation. 
Although the system was initiated in 2006, it is 
functional since 2009, in the first years the registration 
of the date being made with difficulty. 

All providers of radiology and medical imaging 
examinations have to record patient data and relevant 
information for assessment of doses received by 
patients from medical exposures to ionising radiation. 
The forms for reporting the centralised data contain 
the exam type, procedure code, total number per exam 
type and its distributions on age groups and gender 
groups. The collected data are both for adult and 
paediatric patients, according with the national 
legislation mentioned above. Dose information is 
available in terms of DAP-meter values or entrance 
surface dose for conventional X-ray procedures and 
DLP indication for CT procedures. For estimation, we 
assume that, in one year, the total number of reported 
procedures per number of reporting units is 
proportional with the total number of estimated 
procedures per total number of units in the whole 
country. Conversion coefficients used for relating 
measured values of DAP/DLP indications to effective 
doses are estimated by the NRPB R262 [3]. 

The method, which has been throughly described in 
[4], is presented schematically in Fig. 1. The centralised 
data, at the hospital level (Level 1), are reported 
quarterly to Ionising Radiation Hygiene Laboratory of 



 58

the Public Health Departments (Level 2), depending 
on the territorial assignation. Ministry of Health 
through the National Institute of Public Health 
centralises the data of medical exposure to ionising 
radiation reported by providers of radiology and 
medical imaging examinations and elaborates an 
annual report (Level 3). 
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Fig. 1 Registering and reporting system for medical exposures 

In the actual study, the frequency of X-ray 
examinations for 2010-2013 years (including the 
conventional radiology, interventional radiology, 
computed tomography and dental radiology), mean 
effective dose per procedure and annual collective 
effective dose per 1000 inhabitants (adults and 
children) were estimated. 

3 RESULTS AND DISCUSSIONS 

Summary of the X-ray examination frequency 
estimated for procedure types performed at the 
national level for Top 20 (defined by RP 154 [5]) and 
for all X-ray radiology, based on the data reported by 
the Ionising Radiation Hygiene Laboratories from 
counties and Bucharest in years 2010-2013, are 
presented in Fig 2 and 3. The X-ray procedure types 
classified in Top 20 cover the main plain X-ray 
radiography, fluoroscopy, IVU, cardiac angiography 
and CT exams with the highest frequency. 

 

Fig. 2 X-ray examination frequency estimated for all 
procedure types performed at the national level 

 

Fig. 3 X-ray examination frequency estimated for Top 20 
procedure types performed at the national level 

The majority of X-ray procedures are represented 
by the plain radiography, while the number of CT 
exams is almost for ten times lower. It can be remarked 
that the frequency of radiological procedures for all 
four years is almost de same.  

The mean effective doses (mSv) per X-ray 
procedure types for Top 20 performed at the national 
level in years 2010-2013 are presented in Table 1 and 
the summary of mean effective doses per modality are 
presented in Table 2.  

The annual collective effective dose per 1000 
inhabitants for all X-ray based radiology with and 
without dental radiology is presented in Table 3. For 
comparison, the overall total collective effective dose of 
X-ray procedures in EU countries is 547500 man Sv, 
resulting a mean effective dose of 1060 mSv per 1000 
capita, in accordance with DDM2 Report [6]. 

In the case of mean effective doses per exam type 
or modality, it can be remarked important differences 
between the first year and the last two years, although 
no important changes in radiological practices in the 
period 2010-2013 took place. We suspect that, in the 
first years after the system for reporting medical 
exposure was functional, the data regarding the patient 
doses were incomplete and/or incorrectly registered 
and reported. This can have different causes, for 
example: 
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• insufficient number of medical staff and medical 
physicists involved in radiology departments,  

• high frequency of CT exams per CT unit taking 
into account that Romania has the lowest number 
of CT unit per capita [7] from EU,  

• carelessness and/or bad understanding of 
radiation protection rules by the medical staff,  

• manual recording of data, sometimes on paper 
suport, which leads to additional sources of error. 

Through efforts by public health departments in 
the optimisation of radiological procedures, explaining 
concepts and awareness of radiation protection both to 
the medical staff and the management of institutions, 
training of medical staff and medical physicists 
involvement in radiology departments, showed an 
improvement in the registration, centralisation and 
reporting process of patient doses in the last years. 
Unfortunately, some of the main providers of radiology 
and medical imaging such as emergency hospitals 
continue to not report data on patient exposure. 

Table 1 The mean effective doses (mSv) per X-ray procedure 
types for Top 20 performed at the national level in years 2010-

2013  

The "TOP 20 list" RP1 2010 2011 2012 2013
Chest/Thorax 0.10 ± 0.01 0.34 ± 0.05 0.13 ± 0.02 0.10 ± 0.01
Cervical spine 0.09 ± 0.01 0.17 ± 0.02 0.11 ± 0.02 0.12 ± 0.02
Thoracic spine 0.14 ± 0.02 0.64 ± 0.09 0.13 ± 0.02 0.36 ± 0.05
Lumbar spine 1.27 ± 0.18 1.55 ± 0.22 0.45 ± 0.06 0.65 ± 0.09
Mammography 0.12 ± 0.02 0.33 ± 0.05 0.23 ± 0.03 0.32 ± 0.04
Abdomen 0.22 ± 0.03 0.57 ± 0.08 0.37 ± 0.05 0.38 ± 0.05
Pelvis & hip 0.29 ± 0.04 0.51 ± 0.07 0.47 ± 0.07 0.61 ± 0.09
Ba meal 12.61 ± 3.40 7.53 ± 2.03 2.16 ± 0.58 2.25 ± 0.61
Ba enema 9.95 ± 2.69 9.19 ± 2.48 1.58  ±0.43 1.43 ± 0.39
IVU 3.67 ± 0.99 1.69 ± 0.46 0.87 ± 0.23 1.13 ± 0.31
Cardiac angiography 4.83 ± 1.30 8.11 ± 2.19 6.91 ± 1.87 11.02 ± 2.98
CT head 3.92 ± 1.06 4.88 ± 1.32 3.05 ± 0.82 2.58 ± 0.70
CT neck 2.51 ± 0.68 4.41 ± 1.19 3.94 ± 1.06 3.88 ± 1.05
CT chest 2.03 ± 0.55 8.95 ± 2.42 11.00 ± 2.97 9.49 ± 2.56
CT spine 2.38 ± 0.64 3.92 ± 1.06 9.72 ± 2.62 8.85 ± 2.39
CT abdomen 2.61 ± 0.70 14.65 ± 3.96 22.85 ± 6.17 16.48 ± 4.45
CT pelvis 2.15 ± 0.58 12.3 ± 3.32 19.39 ± 5.24 13.50 ± 3.65
CT trunk 41.46 ± 11.19 40.97 ± 11.06
PTCA 8.71 ± 2.35 11.38 ± 3.07 21.66 ± 5.85 13.53 ± 3.65

Mean effective dose per exam (mSv)

 

Table 2 The summary of mean effective doses (mSv) per 
modality performed in years 2010-2013 

Main results 
Mean effective dose (mSv) in  

2010 2011 2012 2013 

Plain radiography Top 
20 

0.33 0.56 0.23 0.29 

Fluoroscopy Top 20 9.60 5.23 1.72 1.83 

Cardiac angiography  4.83 8.11 6.91 11.02 

CT Examinations Top 
20 

3.20 8.41 9.72 7.66 

All Angiography and 
Interventional 
radiology 

3.00 7.42 9.97 11.46 

SUM all X-ray 
based radiology ex. 
Dental 

0.49 1.16 0.95 1.10 

Dental  0.28 0.09 0.02 0.03 

SUM all X-ray 
based radiology 0.46 1.04 0.83 0.95 

Table 3 The annual collective effective dose per 1000 
inhabitants for all X-ray based radiology with and without 

dental radiology 

Year
Sum all X-ray based 
radiology ex. Dental 

radiology

Sum all X-ray based 
radiology with Dental 

radiology
2010 1 52.00 1 68.00

2011 548.00 554.00

2012 37 0.00 37 1 .00

2013 43 5.00 437 .00

Annual collective effective dose per 1000 inhabitants 
(mSv/1000 capita)

 

4 CONCLUSIONS 

Taking into account the new Council Directive 
2013/59/EURATOM provisions concerning the 
medical exposure, it is very important to find the best 
modalities for improvement of patient dose registering 
and reporting system. The system still needs 
improvement, especially in areas such as correct 
registration of relevant information for assessment of 
doses received by patients from medical exposures to 
ionising radiation. It is necessary to continue the 
training of medical staff and the explanation and 
awareness of radiation protection principles to the 
management of institutions with decision-making 
power regarding the acquisition of new equipments 
and increasing the number of medical staff in radiology 
departments. In the same time it is necessary to 
introduce in all radiological departments compulsory 
electronic registering of reporting forms in order to 
avoid introducing additional sources of errors. 
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Usually one setup field is under the gantry angle of 0 
degree and the other setup field is under the gantry 
angle of 90 degree. In that way we can record one value 
for the displacement error in x-axis and z-axis and two 
values for the displacement error in y-axis. Planning 
process was done on Varian Eclipse treatment 
planning system and treatment was delivered on 
Varian accelerators equipped with aSi portal vision 
detectors. On figure 1 we see portal match of anterior 
field under the gantry angle 0. On the below picture in 
the figure 1 we can see the results of positional 
deviation in all tree axis.  

For each patient, from the dose volume histogram 
(DVH), we record the volume of the PTV, minimum 
percentage isodose line surrounding PTV, mean 
percentage dose delivered to the PTV and standard 
deviation of the dose. We also chose to inspect 95% of 
the PTV and to see the isodose line connected with this 
volume.  

 

 
Fig. 1 Portal matching of the setup filed and the irradiated field 

 

Using well known generic formulae for derivation 
of CTV-PTV margins (1, 2) we can reveal these margin 
values from our results of displacement errors. With 

these new margin values we construct new PTV 
structure named mPTV. The original CTV-PTV 
margins for all patients in all directions are 1 cm. For 
the actual plan with the actual treatment fields we 
obtain DVH. This histogram also contains data for the 
new volume mPTV and we recorded the above 
mentioned parameters for both volumes.  

Thus, we have two target structures, PTV and 
mPTV. The fields of the plan are fitted around the 
greater target structure (PTV). In that case the new 
structure mPTV will have greater margin collimator – 
target line visualized in beam-eye view mode. 
Obviously, we expect this smaller target planning 
structure, mPTV, to be better enclosed with higher 
isodose lines. 

3. RESULTS 

Matching between planning setup field and 
irradiated setup field reveals the uncertainty in the 
positioning of the patient and other uncertainties 
inherent of the process of radiotherapy. This approach 
of finding treatment uncertainties helps primarily 
systematic uncertainties to be detected (3). Because the 
systematic uncertainties are major part of overall 
treatment uncertainties the final result gives us the 
general picture of the size of uncertainties. 

In Fig. 1 we can see that the longitudinal error in 
anterior setup field (y axis) calculated by the EPID is 
0.3 cm and that the lateral error for the same field (x-
axis) is 0.0 cm. Calculated for all 30 patients, the 
process of fields matching using electronic portal 
imaging device reveals the following discrepancies 
along the three principal axes: For the x axis the 
average value is 0.040 cm while standard deviation is 
0.234 cm (0.040 ± 0.234) cm; For the y axis we have 
(0.007 ± 0.205) cm and for the z axis we have (0.080 ± 
0.257) cm. For the whole population of patients the 
average values of positional uncertainties should be 
zero. Checking this with 1-sample t-test for the average 
of all three axes indicates that there is not enough 
evidence to conclude that the average differs from 0 at 
the 0.05 level of significance because of P-value being 
more than 0.1. 

Taking into account the recipe for CTV-PTV margin 
building (1), (2.5 ∙ ݀ݐݏ + 0.7 ∙  we obtain the ,(ݎ݁ݒܽ
following margins: in x axis 0.7 cm, in y axis 0.5 cm 
and in z axis 0.8 cm. We utilized these margins for 
making new planning target volume structure (mPTV). 
The new volumes were in average for (20.4 ± 3.03)% 
smaller than the original ones. 

For each patient we recorded minimum isodose 
line encircling the PTVs. The values of these isodose 
lines were greater for smaller PTV (mPTV) than for 
original PTV, as it was expected, and this was 
evidenced with P- value being 0.021. Average value of 
minimum isodose line changed form 84.68% to 
92.03% giving rise of 7.35% (median form 89.30% to 
95.35% equaling 6.05% rise).  

We recorded also the mean dose for each treatment 
planning volume and, as it was expected, these values 
for both PTVs were pretty close to each other. This 
closeness was demonstrated with p=0.445 pointing out 
that the variations of mean doses were negligible. The 
same conclusion can be made for standard deviations 
of the mean dose for both planning volumes. We can 
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observe that there is not enough evidence to conclude 
that the means of standard deviations differ at the 0.05 
level of significance. 

We decided to look for the values of isodose lines 
which encompass 95% of the planning target volume. 
The mean value of the line for the PTV structure was 
98.22% while the mean value of the line for the mPTV 
structure was 98.93%. Using t statistics we can 
conclude that the mean of isodose lines enclosing 95% 
of the original PTV is significantly different from the 
mean of isodose lines enclosing 95% of the new-formed 
mPTV giving P-value equal to 0.035. 

4. DISCUSSION 

Every radiotherapy center has its own charac-
teristics. Treatment and simulation equipment in one 
center can differ from similar centers. Also, simulation 
and treatment protocols can differ between centers. All 
these differences give wide specter of uncertainties in 
the final stage of radiotherapy treatment delivery. 
These uncertainties should be included in defining 
margin values between clinical target volumes and 
planning target volumes. Taking generic values from 
literature can sometimes be inadequate. For that 
reason every radiotherapy center should determine 
magnitudes of CTV-PTV margins for its own 
characteristic conditions. Our retrospective review 
shows that using generic margin values leads towards 
possible usage of bigger treatment volumes than is 
necessary. Despite the fact that minimal isodose line 
enclosing planning target volume raises dramatically 
(7.35%) it has negligible effect on mean target dose. 
Investigation of isodose lines encompassing 95% of 
target volumes shows that these differences are 
primarily because some actual plans receive unusual 
low minimal dose. That was in volumes which were 
close to the surface of the body.   It should be stressed 
that for the purpose of determination of these margins 
a designed study in our clinic should be performed (3) 
in which in a systematic way we can determine the real 
CTV – PTV margins. 
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Abstract: 

Objectives: High dose rate (HDR) surface (skin) brachytherapy uses Iridium-192 source and places it  in close proximity to the 
target lesion using a remote afterloader and delivers it precisely on specified depth from specialized catheters or applicators that are 
applied to the target tissue. HDR brachytherapy performs direct radiation dose delivery to the surface with rapid falloff thereby 
sparing deeper healthy tissues. The treatment is painless and noninvasive and may also result in less tissue destruction and scarring 
in sensitive facial areas such as the nose, ear, lip etc. Because of it’s localized effect and possible hypofractination, the overall 
treatment time is significantly less than external beam radiotherapy, with faster recovery times than invasive techniques. 

Methods: Conformable custom moulds are often used for irregular surfaces like the ear or nose. In this case, custom moulds were 
constructed from thermoplastic material. Treatment catheters were fixed to the material, providing a custom fit to the treatment 
target. A great care was taken to ensure that the catheters met the afterloader’s minimum turn radius so that the source wire (Ir-192) 
could easily move through catheters. Treatment times were optimized in treatment planning system using Brachyvision software 
from Varian. Doses ranging from 45 - 50Gy in 10-15 fractions (5 times a week) were prescribed to 15 patients with basal cell 
carcinoma. Prescribed doses were delivered 5-10 mm in depth. An additional lead eye plaques were placed under thermoplastic mask 
for radiation protection where needed. 

Results: 15 patients with basal cell carcinoma (15 lesions) were treated with 50 Gy (in 10 fractions) or45 Gy (in 15 fractions) during 
the period 2009-2015. All lesions resolved with treatment and there have been no recurrences reported to date. 

Conclusions: With excellent local control rates, cosmetic out-comes, and minimal long-term toxicities, HDR brachytherapy with 
surface applicators should be considered to be among the first options for treatment of basal-cell-carcinoma patients. 
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1. HIGH-DOSE RATE BRACHYTHERAPY USING IR-192 

 
Brachytherapy, also known as internal 

radiotherapy, sealed source radiotherapy, curietherapy 
is a form of radiotherapy where a radiation source is 
placed inside or next to the area requiring treatment. 
Brachytherapy is commonly used as an effective 
treatment for cervical, prostate, breast, and skin cancer 
and can also be used to treat tumors in many other 
body sites. HDR brachytherapy performs direct 
radiation dose delivery to the surface with rapid falloff 
thereby sparing deeper healthy tissues. A key feature of 
brachytherapy is that the irradiation affects only a very 
localized area around the radiation sources. Exposure 
to radiation of healthy tissues farther away from the 

sources is therefore reduced. In addition, if the patient 
moves or if there is any movement of the tumor within 
the body during treatment, the radiation sources retain 
their correct position in relation to the tumor. These 
characteristics of brachytherapy provide advantages 
over External Beam Radiotherapy (EBRT) - the tumor 
can be treated with very high doses of localized 
radiation whilst reducing the probability of 
unnecessary damage to surrounding healthy tissues.[1] 

1.1. High-dose rate brachytherapy skin 
applications 

 
HDR brachytherapy for nonmelanomatous skin 

cancer, such as basal cell carcinoma and squamous cell 
carcinoma, provides an alternative treatment option to 
surgery. This is especially relevant for cancers on the 
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nose, ears, eyelids or lips, where surgery may cause 
disfigurement or require extensive reconstruction. 
Various applicators can be used to ensure close contact 
between the radiation source(s) and the skin, which 
conform to the curvature of the skin and help ensure 
precision delivery of the optimal irradiation dose.[1] 

 

Brachytherapy for skin cancer provides good 
cosmetic results and clinical efficacy; studies with up to 
5 years follow-up have shown that brachytherapy is 
highly effective in terms local control, and is 
comparable to EBRT.[2,3,4] Treatment times are 
typically short, providing convenience for patients.[5] It 
has been suggested that brachytherapy may become a 
standard of treatment for skin cancer in the near 
future.[5]High-dose rate (HDR) surface (skin) 
brachytherapy uses Iridium-192 source and places it in 
close proximity to the target lesion using a remote 
afterloader and delivers  the dose precisely on specified 
depth from specialized catheters or applicators that are 
applied to the target tissue.  These plastic applicators 
are embedded in thermoplastic mask so that they 
cannot move in any direction as shown in figure 1. 
Applicators are connected to afterloader through tube 
guidelines where every applicator must meet a specific 
demand in length (catheter-applicator length plus 
guideline length must equal 1300 mm which is the 
length of source wire in Varian GammaMed Plus 
afterloaders) Figure 2. Dwell times are optimized in 
treatment planning system (Varian Brachyvision) and 
the patient is being irradiated.  

 

2. METHODS 

Conformable custom moulds (masks) are often 
used for irregular surfaces like the ear or nose. In this 
case, custom mould was constructed from 
thermoplastic material. Treatment catheters were fixed 
to the material, providing a custom fit to the treatment 
target. A great care was taken to ensure that the 
catheters met the afterloader’s minimum turn radius so 
that the source wire (Ir-192) could easily move 
through catheters. Also one of the potential errors 
would occur if we used metal wire to fixate the 
catheters to the mask. Our experience has shown that 
metal wires could press and disfigure plastic catheters 
thus disabling wire source to move through the 
catheter. Instead we used a fine thread to attach them 
resulting a source wire to go through catheter without 
interruptions. Catheters were separated roughly 1 cm 
from each other and marked 1 to n, n being the 
number of catheters mounted to the mould.  
Varian offers two types of surface applicators: one with 
the source axis perpendicular to the skin (available 
only for GammaMed plus™), and one with the source 
axis parallel to the skin (available for VariSource™ and 
GammaMedplus). Both are offered with an assortment 
of inset sizes to accommodate a range of lesion sizes. A 
thermoplastic sheet or the Universal Clamping Device, 
GM11008700, can be used to hold the surface 
applicator next to the skin. However, considering the 
financial circumstances of the hospital and the fact 
that brachytherapy skin applications are rare, we chose 

to use the custom moulds and catheters. Therefore, air-
kerma strength (or reference air kerma rate) were not 
measured. 
 
 

 

 

Fig. 1 Thermoplastic mask with plastic applicators – catheters 
attached to the mask with fine thread 

 

 

Fig. 2 Guidelines connecting catheters and afterloader 

 

 
 
 

2.1. Treatment planning system- TPS 

Treatment times were optimized in treatment 
planning system using Brachyvision software from 
Varian. The first step in planning was to get 
radiographs (PA - posteroanterior and LAT - lateral) 
and that was done with a Philips C-arm. Then 
radiographs were imported to TPS and applicators 
were reconstructed on separate images (PA and LAT) 
as shown in figure 3.  
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Fig. 3 Reconstructed applicators (LAT) in 

Brachyvision 
Applicators were reconstructed in TPS and the 

geometry of the treatment was set. Reference lines 
were put 5-10 mm in depth beneath each applicator 
and the dwell times were optimized so that the 
prescribed dose was delivered at the desired depth. An 
additional lead eye plaques were placed under 
thermoplastic mask for radiation protection where 
needed. 

Fig. 4 Planning windows in Brachyvision 

A uniform distribution of dose was achieved across 
the area of interest. Isodose lines can be seen in 
planning windows in Brachyvision in three planes. See 
Figure 4.  Also a 3D presentation of isodose volume 
was obtained as shown in figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5 3D presentation – isodose volume 

 

Overall the brachytherapy plan for skin applications 
consists of plan report sheet where the basic 
information about the treatment can be found (for 
example: dose prescription, dwell times in every 
position etc.), isodose profile (Figure 6) and DVH 
(Dose-Volume Histogram). 

 
 

 
Fig. 6 Isodose profile 

 

 
Due to its localized nature, the treatment time is 
significantly less than external beam radiotherapy, 
with faster recovery times than invasive techniques. A 
course of therapy is accelerated and hypofractionated 
(3-5 Gy per treatment at Oncology Institute of 
Vojvodina or more according to reference [7]) Table 1. 
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Table 1 Doses used in skin BT applications 

 

Total Dose (Gy) # Fractions Dose per 
fractions 

45 15 3 

50 10 5 

  40 10 4  [7] 

 

  40 8 5  [7] 

 

  42 6 7  [7] 

 

 

However the delivered dose might be significantly 
different from the planned (dose is overestimated by 
the treatment plan) dose due to the fact that the 
algorithm used by the BrachyVision software was the 
TG-43U1 (AAPM tg-43 and tg-84 reports). In fact, the 
TG-43U1 algorithm works in the hypothesis of infinite 
and homogenous medium which is not the case given 
in the reported study. Recommendations for improving 
the estimation of the dose include placement of some 
bolus material over the catheters to reproduce the 
conditions of the TG-43 algorithm or the quantification 
of a possible reduction of the delivered dose due to the 
particular irradiation set-up. 

3. RESULTS 

15 patients with basal cell carcinoma (15 lesions) were 
treated with 50 Gy (in 10 fractions) or 45 Gy (in 15 
fractions), 5 days a week, during the period 2009-2015 
at the Oncology Institute of Vojvodina. All lesions 
resolved with treatment and there have been no 
recurrences reported to date. All patients tolerated the 
treatment without significant toxicities. All patients 
had a cosmesis rating of good or excellent.  

4. CONCLUSIONS 

With excellent local control rates, cosmetic out-comes, 
and minimal long-term toxicities, HDR brachytherapy 
with surface applicators should be considered to be 
among the first options for treatment of basal-cell-
carcinoma patients. The use of HDR brachytherapy 
with custom-made external moulds permits one to 
obtain a uniform dose distribution with a sharp 
gradient in the edges of the applicator. The custom-
made moulds are easily used and permit a highly 
accurate daily treatment reproduction. This method 
allows accurate and repeatable positioning of the 
radiation carrier to facilitate therapy. Carriers that will 
be worn for extended periods must be carefully 
constructed to provide maximal patient comfort and to 
ensure, at the same time, correct dose delivery to the 
treatment area and reproducibility of the treatment at 
repeated sessions. They enable one to obtain excellent 
local control with minimum treatment-related 
sequelae or late complications. The treatment is pain-
free and noninvasive and therefore does not require 

needles, cutting, or sutures. This is a distinct advantage 
especially for elderly patients with comorbidities such 
as diabetes, peripheral vascular disease or if they are 
on blood-thinners, where surgery is relatively 
contraindicated due to challenges in wound healing.[7]  
Given the excellent results, HDR brachytherapy with 
external custom-made moulds is a reasonable 
alternative to other radiation therapy techniques for 
the treatment of skin carcinoma as of the head and 
face.[6] 
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Abstract. Particle Therapy (PT) is an emerging technique that makes use of charged particles to efficiently treat 
different kinds of solid tumors. Hadrons dose deposition have a maximum at the end of their path in matter, Brag 
Peak; this requires an accurate monitor of the positioning of the dose deposition in the patient to overcome the risk of 
under-dosage of the cancer region or of over-dosage of healthy tissues. Several range and dose monitoring techniques 
are currently being developed and are based on the detection of secondary particles produced by the beam interaction 
into the target. In particular: charged particles, result of target and/or projectile fragmentation, prompt photons 
coming from nucleus de-excitation and back-to-back γs, produced in the β+ annihilation from β+ emitters created in the 
beam interaction with the target. It has been showed that the hadron beam dose release peak can be spatially 
correlated with the emission pattern of these secondary particles. Here we report about of secondary particles 
production measurements (charged fragments and prompt γs) performed at different beams and energies: 12C beam 
of 80 MeV/u at LNS, 12C beam 220 MeV/u at GSI, and 12C, 4He, 16O beams with energy in the 50 - 300 MeV/u range at 
HIT. Finally, a project for a multimodal range and dose-monitor device exploiting the prompt photons and charged 
particles emission will be presented. 
 

Key words: particle therapy, range monitoring 

 

1. INTRODUCTION 

Particle Therapy (PT) is an emerging technique [1,2,3] 
alternative to conventional radiotherapy (RT), which 
makes use of charged particles, usually protons and 
carbon ions, to treat different kinds of solid tumors. 
Charged particles most attractive feature of, with 
respect to the X-rays exploited in RT treatments, is 
their dose profile, showing the highest dose release at 
the end of their path inside the patient’s body, in a 
region called Bragg Peak (BP). Moreover carbon ions 
are characterized by higher LET values in the Bragg 
peak position with respect to X-rays and are thus more 

efficient in killing radio-resistant tumors, with a higher 
Relative Biological Effectiveness (RBE). 

Due to the ballistic precision of PT, the treatment is 
extremely sensitive to anatomical changes and patient 
mispositioning, with related risk of under-dosage of 
the cancer region or over-dosage of the healthy tissues. 
The stringent requirements on the PT dose deposition 
position control are calling for the development of an 
high precision on line monitor. 

Monitoring techniques are currently being 
developed and are based on the detection of particles 
produced by the beam interaction into the target, in 
particular: charged particles, originating from the 
projectile and target fragmentation, prompt photons 
from nucleus de-excitation and pairs of back-to-back 
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EFFECTIVENESS OF EPITHERMAL NEUTRON BEAM AND GAMMA RADIATION SHIELDING  
FOR BORON NEUTRON CAPTURE THERAPY 

S M. Rabochová, M. Vinš, L. Viererbl, Z. Lahodová, V Klupák, J. Šoltés 

Research Centre Rez Ltd., Husinec-Rez 130 

Abstract. The biological effects of different boron compounds in the Boron Neutron Capture Therapy (BNCT) 
research are usually tested on small animals. In the case of LVR-15 research reactor (Rez, Czech Republic), the 
biological effect is studied on 6-days old sewer rats. Regrettably, delivered to very short time after the end of 
irradiation, probably as a result of high radiation dose which was received by a whole body. Therefore, special 
protective casks were designed to reduce unnecessary radiation (mainly from gamma and neutrons). These protective 
cylinders preserve the body of a rat while leaving its head unshielded. Two construction materials were considered – 
boron (in the form of boron carbide) and cadmium. This work is aimed at finding the more suitable material by 
measuring the radiation dose due to each individual component. The efficiency of the neutron and gamma shielding 
was measured by activation foils and thermo luminescent detectors respectively. As a result, boron carbide was found 
to be a better choice due to its ability to absorb neutrons without production of high energy gamma radiation. 
 
Key words: Boron neutron capture therapy, activation foils, thermoluminiscent detectors, reaction rate. 

1. INTRODUCTION 

Boron Neutron Capture Therapy (BNCT) is one of 
the few methods for a treatment of the most severe 
brain tumors (e.g. Glioblastoma multiforme).  

 Unfortunately, its usability is still limited 
by several drawbacks. The main problem is to find a 
suitable chemical compound, which would deposit 
selectively inside cancer cells and would not be toxic 
for healthy tissue. The research reactor LVR-15 (Rez, 
Czech Republic) participates in this field of research. It 
is a pool type light water reactor with forced cooling 
and maximum thermal power 10 MW. The reactor 
is equipped with the special facility for BNCT research, 
which consists of a horizontal beam of epithermal 
neutrons, an irradiation room with accessories, and a 
beam operation room. The beam is moderated by 
fluorine, aluminum, lead, and lithium (6Li) filters 
and moderators.  Neutron fluence rate values can reach 
6.5 x 108 cm-2s-1 (epithermal neutron flux), 3.8 x 107 

cm-2s-1 (thermal neutron flux), and 5.5 x 107 cm-2s-1 
(fast neutron flux – in case with a special configuration 
of reactor core). The BNCT facility has been operated 
since 1997 and five patients were even irradiated in 
term of a clinical study between years 2000 - 2003. At 
present, basic research is still perform which is aimed 
at studying the uptake of different boron chemical 
compounds in the body or brain cells. Information 
about absorption of boron compound in the body 
is important for correct determination of therapeutic 
dose.  

The biological effects of different boron compounds 
(respective their distribution in brain) are tested on the 

6-days old sewer rats. At first, they are injected by the 
studied compound and then they are fixed 
in a polyethylene (PE) holder and irradiated at the 
BNCT epithermal beam. The irradiation usually takes 5 
– 7.5 minutes. When the animals are still alive after 
irradiation then they are euthanized 8 hours – 3 days 
later.  The samples of their brains and intestines are 
taken for consequential analysis. Also, the delay 
between the irradiation end and death of rat 
is important for experiment evaluation.  Unfortunately, 
irradiated sewer rats usually died a very short time 
after the end of irradiation, probably as a result of high 
radiation dose delivered to whole body. Therefore, 
special protective casks were designed to reduce the 
unnecessary radiation (mainly from the gamma and 
neutrons). These protective casks should preserve the 
body of a rat while leaving its head unshielded. Two 
construction materials were considered – boron (in the 
form of boron carbide) and cadmium (Figure 1). In this 
contribution, both materials were tested by measuring 
the attenuation of neutron and gamma fields due to the 
presence of the casks. 

 

Figure 1 Rats inside the cadmium protection casks and 
polyethylene holder. 
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2. EXPERIMENTAL SETUP 

The total doses received by animals consist of two 
parts: neutron radiation and gamma radiation. Both 
components of radiation field were addressed. The 
neutron fluence rates were measured by activation 
method by means of small gold foils (diameter 4 mm, 1 
% gold, 99% aluminum). The gamma dose was 
measured with a TLD dosimeter (aluminum-phosphate 
glass, diameter 8 mm, thickness 1 mm inside of plastic 
cassette, detection range from 25 keV to 7.5 MeV). 
The conditions of measurements had to be very close 
to irradiation conditions during in-vivo experiments so 
all foils were irradiated inside the polyethylene holders 
in the same geometry (they are used as substitution 
of human brain tissue where the neutrons are slowed 
down before entering the volume of cancer 
tumor)(Figure 2, Figure 3). No animals have been 
irradiated during the experiments of this work. 

A set of thirty-two activation gold foils were used as 
a neutron detectors. A set of two detectors were placed 
outside of each of four protective boron carbide 
cylinder (or cadmium cylinder) and two other 
detectors were placed inside. Subsequently, four 
cylinders were situated into the polyethylene holder 
and irradiated for 4 h. After irradiation, induced 
gamma activities were measured with a HPGe detector 
and analyzed with the GENIE2000 software. The 
reaction rates (197Au(n,g)198Au) and their ratios 
between foils outside and inside the protective casks 
were calculated for both materials. Gamma radiation 
was measured by TLD´s using the same geometry. 
Only the irradiation time was set to 20 minutes (due to 
the TLD maximum dose). After both irradiations, 
doses absorbed by the detectors were evaluated with 
TOLEDO 654 READER. The stability of the beam 
during all four irradiations was monitored by installed 
ionization chambers and showed only negligible 
differences. 

 

 
Figure 2 Two layers of TLD dosimeters in cadmium cylinders 

and polyethylene box. 

 
Figure 3  Two layers of activation foils in boron carbide 

cylinders and PE box. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The reaction rates were calculated from data 
obtained from activation foil measurement. Then, the 
attenuation of the neutron beam for both material 
types can be calculated as a ratio between reaction 
rates of activation foils (or TLD dose) inside and 
outside the protective cylinders. The uncertainties of 
reaction rates were calculated through the standard 
propagation of uncertainty formula. The uncertainties 
of reaction rates are within 2 – 3 % for cadmium 
cylinders and 5 – 7 % for boron carbide cylinders. The 
geometry setup is shown in the Figure 4. The beam has 
diameter 12 cm and previous measurements 
confirmed, that it is symmetrical around its center. 

 
Figure 4  The geometry setup of the detectors in the beam. 

The experimental results from TLD dosimeters are 
not good. Several values had to be discarded due to 
failure of measurement technique. Unfortunately, 
these measurements cannot be repeated. Nevertheless, 
it can be seen that B4C is a much better shielding of 
gamma radiation than cadmium. This was expected 
due to production of hard gamma inside the cadmium 
matter due to reaction with neutrons. Interesting is 
result from the left position, where the received dose is 
higher than in any other position. Explanation is not 
known yet and it will be studied in future 
measurements. The values are shown in Table   1, 
Figure 5 and Figure 6. 

 

Table   1  Ratio of the received doses from gamma radiation. 

Position Up Right Down Left 

B4C cask - - 0.34 0.26 

Cd cask 0.79 - 0.77 0.34 

 

 
Figure 5  Received dose by TLD dosimeters inside the 

cadmium protection casks. 



 77

 
Figure 6  Received dose by TLD dosimeters inside the B4C 

casks. 

Results of activation foils are shown in Table 2 and 
the corresponding graphs are shown on the Figure 7 
and Figure 8. It is evident that B4C is a better neutron 
shielding than cadmium because within the shielding 
the neutron flux decreases to 90% of the non-shielded 
neutron flux while the B4C decreased neutrons to 75 %. 

 

Table 2  Ratio of reaction rates 

Positions Up1 Up2 
Right

1 
Right

2 
Down

1 
Down

2 
Left1 Left2

Cd cask 0.88 0.92 0.98 0.90 0.91 0.91 0.92 0.82

B4C cask 0.85 0.73 0.72 0.58 0.75 0.75 0.76 0.76

 
 

 
Figure 7  Reaction rates of activation foils inside the cadmium 

protection casks. 

 
Figure 8  Reaction rates of activation foils inside the boron 

carbide protection casks. 

4. CONCLUSION 

Measurements clearly showed that the protection 
casks from B4C are better for following in-vivo 
experiments than cadmium (although some problems 
were found during measurements). Of course, 
shielding ability depends strongly on thickness of 
shielding material (the casks from B4C in this work had 
got a higher thickness than from cadmium). 
Nevertheless, there are quite strict space limitations 
for the size of the protective casks given by small 
dimension of the polyethylene holder. And boron 
carbide showed better results for a thin layer of 
shielding materials. Especially, the reduction of 
gamma dose is important and much better than in case 
of cadmium. This fact was more or less expected as 
quite hard gamma radiation is produced during the 
neutron capture in cadmium.  

The availability of a highly efficient shielding (such 
as boron carbide) is a very important matter for in-vivo 
BNCT experiments with small animals. 

Protection casks have already been used in in-vivo 
experiments and their utilization was successful as all 
irradiated rats survived the irradiation process. This 
demonstrates that the use of the protection casks we 
presented here, constitute an important improvement 
respect to our previous irradiation procedure. And they 
will be used during next BNCT measurements at the 
LVR-15 research reactor. Also, other material will be 
considered and tested in future work. 
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RENAISSANCE OF THE BORON NEUTRON CAPTURE THERAPY, BNCT 

M.A. Gryziński, M. Maciak, M. Wielgosz 

National Centre for Nuclear Research, ul. A. Sołtana7, 05-400 Otwock-Świerk, Poland 

Abstract. Boron Neutron Capture Therapy (BNCT) is a radiation therapy for cancer that uses an epithermal neutron 
beam. New generation of BNCT facilities will utilise an accelerator-based generator instead of a nuclear reactor, 
which will make it possible to produce neutrons within hospitals. BNCT has recently got status of renaissance around 
the world after informing worldwide by Japanese University that neutron generator for BNCT, which could be 
installed in hospitals, will be soon commercially available. It is planned to build unique European BNCT research 
station for research in all associated fields of science and even for preclinical trials based on neutron generator. The 
station is planned to be situated at Polish MARIA research reactor in National Centre for Nuclear Research in Świerk, 
where BNCT research and beam construction projects were restarted in 2012. There is a necessity to train physicists 
knowledgeable about neutrons and accelerators to participate in the research, as well as health-care professionals. 
Key words: BNCT, epithermal neutron beam, accelerator-based neutron generator, AB-BNCT 
 

1. BORON NEUTRON CAPTURE THERAPY (BNCT) 

Boron neutron capture therapy is a treatment 
method for some types of tumours, primarily brain 
tumours and recurrent head and neck cancer. BNCT is 
based on nuclear reaction that occurs, when a nucleus 
of boron atom (10B) captures thermal neutron 
producing an α particle and a Li ion. After 10B has been 
delivered selectively to tumour cells, it can be activated 
by thermal neutrons to deliver locally lethal high-LET 
radiation. The basic principles of the treatment were 
proposed many years ago. BNCT is a targeted type of 
radiotherapy, and has a number of significant 
advantages over conventional external beam photon 
irradiation, especially that the radiation can be 
selectively delivered to tumour cells, or it can be 
applied to recurrent cancer treatment. BNCT 
represents promising modality for patients for whom 
there is no solution using conventional options [1],[2]. 
It is uncompetitive with classical radiotherapy. It 
should be stressed that BNCT is the most effective 
treatment in glioblastoma multiform and malignant 
melanoma where other types of radiotherapy does not 
work well. Furthermore experimental preclinical 
validations were conducted for BNCT applicability to 
liver and lung colon carcinoma metastases and to limb 
osteosarcoma. 

2. BNCT AT PRESENT 

The biggest disadvantage of clinical BNCT was the 
necessity of patient treatment inside the reactor 
buildings, usually located away from hospitals. It was 
inconvenient, expensive and discouraging for the 
medical community. Several sources of epithermal 
neutron beam had been constructed at various 
locations: at Massachusetts Institute of Technology 
MIT (USA), Brookhaven National Laboratory BNL 

(USA), Petten (the Netherlands), VTT Technical 
Research Centre (Finland), Studsvik (Sweden), Nuclear 
Research Institute Rež (Czech Republic), Tokaimura 
and Kumatori (Japan) and Bariloche (Argentina). All 
these conventional BNCT systems had involved a 
research nuclear reactors to produce neutrons what 
had excluded those installation from the hospital 
systems. This was the main reason, why most of them 
were closed. Such facilities for medical application 
should offer an ease of access, good maintenance and 
high performance.  

New generation of BNCT facilities will use an 
accelerator instead of a nuclear reactor, which will 
make it possible to produce neutrons within hospitals. 
Some prototypes of such equipment were constructed 
in various institutions all around the world but always 
production of neutrons was not satisfactory for BNCT 
(too low fluxes – one order of magnitude lower i.e. at 
the level of 108 neutrons per second per square 
centimetre). To sum up, the main problem for BNCT 
was obtaining and optimizing an epithermal neutron 
source outside the nuclear reactor. 

At present, there are three BNCT facilities treating 
patients, two in Japan and one on Taiwan in China: 
Japan Research Reactor No 4 JRR-4, Kyoto University 
Research reactor KURR, Tsing Hua open-pool reactor 
THOR. Two another facilities are expected to start 
treating patients in 2015 (Japan, Argentina). Several 
facilities are performing biological experiments. There 
is no regular BNCT facility in Europe at the moment. 

3. RENAISSANCE OF BNCT 

Reports from Japan, Taiwan, China and Argentina 
shows significant progress in BNCT, [3]. This progress 
involves not only successive applying the therapy with 
good effects, but also new technological solutions. 
According to the reports from Japan at least two big 
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consortiums have been formed which declare 
manufacturing the accelerator-based in-hospital 
neutron source for BNCT. Kyoto University and 
Sumitomo Heavy Industries, Ltd. have developed an 
accelerator-based neutron source for Boron Neutron 
Capture Therapy at the Kyoto University Research 
Reactor Institute [4]. An accelerator-based BNCT 
facility also is being constructed at the Ibaraki Neutron 
Medical Research Centre in cooperation with 
Mitsubishi Heavy Industries, Ltd. [5]. Currently new 
prototypes of facility, adequate for BNCT i.e. 2x109 n 
cm-2 s-1, are being tested in Japan.  

BNCT got status of renaissance around the world 
after Japanese Universities announcement about the 
near commercial availability of neutron generator for 
BNCT [6]. Such solution will enable performing all 
BNCT treatment procedures inside the hospital. The 
government of Japan is eager to sell this new 
technology overseas as part of its economic growth 
strategy.  

Accelerator-based BNCT systems - commercially 
available  - could be installed in oncology centres and it 
is estimated that the costs of patient treatment would 
be of the same order of magnitude as proton therapy 
(comparable cost of infrastructure, possibly lower costs 
of treating a single patient). This implies the need for 
training of oncologists, radiologists, medical physicists 
and medical staff. Moreover, many questions related to 
BNCT are required to be developed: boron carriers, 
dosimetry, Pg – SPECT, treatment planning system, 
preclinical studies, phantom for BNCT development 
and tests; to summarize, good prepared laboratory 
with the BNCT neutron beam (also reactor based) is 
essential to make progress in all of this.  

4. NEUTRON FISSION CONVERTER 

During the Polish BNCT programme which started 
in 2001 [7],[8], and ended in 2010, a project of 
uranium fission converter was executed, based on the 
old type EK-10 fuel elements [9]. The converter has 
been calculated to provide a beam of epithermal 
neutrons adequate for BNCT. The dummy and fission 
converter were built and prepared to use, but because 
of the European regression during the period of Polish 
programme in this kind of therapy and lack of the 
government interest they were never installed inside 
the reactor core basket. Beyond the converter the 
elements of neutron beam line such as beam control 
system and filter/moderator system were constructed 
and prepared for use. 

The idea of neutron fission converter is based on 
reactor core thermal neutrons. It assumes to create a 
matrix consisting of fissile material, located outside of 
the reactor core but close enough to induce fission 
reaction within the material. The device called fission 
converter was originally proposed by Rief et al. 
(1993)[10]. It produces fast fission neutrons which in 
the next step can be filtered and moderated to obtain 
required parameters of the neutron beam. The first one 
fission converter neutron beam was constructed at 
Massachusetts Institute of Technology Nuclear 
Research Reactor [11]. The mentioned beam was 
designed for medical purposes i.e. for boron neutron 
capture therapy. This facility provided epithermal 
neutron flux of 4.6×109 cm-2 s-1 [12]; it was dismantled 

after the uranium fuel had been spent, before the 
renaissance of BNCT, but it is possible to buy a new 
fuel and to activate it again. A few other fission 
converter-based beams have been designed, one for the 
3-MW BMRR [6] and another for the 2 MW McClellan 
Air Force Base Reactor [7]. Such tool is especially 
appropriate for higher power or multipurpose research 
reactors with a fixed core that support a wide range of 
experiments. 

5. CONVERTER-BASED EPITHERMAL NEUTRON BEAM AT 

THE MARIA RESEARCH REACTOR 

According to the arguments mentioned above it is 
planned to build unique European BNCT research and 
training station for preparation in all associated 
sciences even preclinical trials based on neutron 
generator. The station is planned to be situated at 
Polish MARIA research reactor in National Centre for 
Nuclear Research in Świerk, where BNCT research and 
beam construction project was restarted in 2012.  

 
Fig. 1 The configuration of MARIA Research Reactor 

horizontal channels. Blue indicates two unused horizontal 
channels : H1 and H2. 

The uranium converter will consist of fuel elements 
– low enriched uranium plates. It will be a relatively 
small structure comparing to the whole MARIA reactor 
core, however as a new equipment that is going to be 
implemented in the peripheries of the core, it can 
perturb a coolant flow. For this reason safety analysis 
for the converter are being performed. The result of 
neutron and thermo-hydraulic analysis, done in a way 
of optimization procedure, will also determine the best 
physical parameters of the converter. Before applying 
the new converter, prototype-based experiment is 
going to be conducted. 

All essential procedures are being performed to 
prepare background for construction and installation 
of the new fission converter. An efforts have been 
made to start the preparation of unused rooms near 
the H1 and H2 horizontal channels at the reactor (see 
Fig.1). They are separate from the other channels (H3-
H8) by isolate room and two other adjacent rooms, 
which can fulfil a laboratory with control and 
preparation room. Making use of these two channels is 
not in conflict with other research or commercial 
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employing channels. They can work simultaneously, 
moreover commercial channels covers the cost of 
reactor working. All this factors makes the 
maintenance costs of epithermal neutron beam 
minimized.  

The only one multipurpose European epithermal 
research and training station will be unique because of 
focusing not only on neutron capture therapy research 
but also in many other areas e.g. recombination 
detectors and methods for neutron dosimetry [15]. On 
the Fig. 2 there is presented the design of the station, 
based on fission converter neutron beam at the MARIA 
Research Reactor. 

 
Fig. 2 Fission converter based research/training station at the 

MARIA Research Reactor. 
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Abstract:  The article presents the current state in treatment of advanced endometrial cancer and validates 
the aim of our research − to improve overall and disease-free survival in such kind of patients by use 
of adjuvant chemoradiotherapy with prophylactic irradiation of para-aortic region. The intermediate 
one-year results of our research are also presented.  

Key words: endometrial cancer, chemoradiotherapy, irradiation of para-aortic region.   

1. INTRODUCTION  

Endometrial cancer (EC) is the most common 
gynecologic malignancy after breast cancer in the world. 
Total number of people registered in the Russian 
Federation with EC at the end of 2013 accounted for 
220,459. Despite the annual increase of women with EC 
identified in the early stages, the frequency of locally 
advanced and disseminated cancer diagnosis remains 
high.  In recent years the tendency to increase the 
frequency of histologically unfavorable forms of EC has 
been also observed. It does not allow to improve the 
overall survival (OS) and to overcome the barrier of 10% 
mortality in the first year. [1]  

1.1. The role of risk factors 

Patients with early-stage low-risk cancer have 
favorable prognosis, 5 year OS can achieve 90%.  [2,3] 
While risk factors such as deep myometrial invasion 
(>50%), cervical stroma involvement, unfavorable 
histological forms, positive lymph nodes, 
lymphovascular space invasion (LVSI) are present, 5 
year OS decreases to 25-30%. [4] 

 The need for more aggressive therapy for patients 
with locally advanced cancer of the corpus uteri is 
associated with unsatisfactory results of the standard 
combination treatment for patients with risk factors. For 
example, unfavorable histological form (papillary serous 
and clear cell subtypes), high grade adenocarcinomas 
reduces survival to 20-30% [5]. Deep myometrial 
invasion reduces 5-year OS to 60% and increases rates of 
locoregional metastasis to 20% [6], while OS for patients 
with superficial invasion is not less than 90%.  Serosal 
invasion reduces the 5-year OS and disease-free survival 
(DFS) to 33,3%, while patients without that feature have 
5-year OS and DFS about 68,9% and 69,3%, respectively 
[7]. Involvement of the stroma of the cervix reduces the 
5-year OS to 72.9%, whereas  the progression rate 

increases to 32%, and nodal and distant metastases 
occur three times more often (22%) than local 
recurrence (7.3%)[8]. The presence of LVSI increases the 
risk of regional metastasis to 20-30% [5]. The presence 
of metastatic lymph nodes reduces 5-year OS to 54% 
compared with 90% in the absence of positive lymph 
nodes [6]. At the same time, five-year OS and DFS for 
patients with positive para-aortic (PA) lymph nodes were 
significantly lower (48.8% and 44.4%)  than for patients 
with only positive pelvic lymph nodes (69.7% and 65.6%, 
respectively) [9].  

According to the recommendations of several 
treatment groups [10-13], results of meta-analyzes and 
several large randomized studies, we suggested the 
following risk groups of EC (using FIGO 2009 
classification): 

- low risk group: IA Gr1-2, IB Gr1, endometrioid 
histology 

- intermediate risk group: IA Gr3, IB Gr2-3, II, 
LVSI, over 60 years old 

- high risk group: III-IV, non-endometrioid 
histology   

Low risk (LR) patients are not shown adjuvant 
radiotherapy, because it does not improve survival and 
locoregional control, while reducing the quality of life 
and increasing the risk of death. [14-17].  

1.2. Adjuvant therapy for intermediate and high risk 
patients.  

Randomized trials have shown that the pelvic 
radiotherapy (PRT) reduces the rate of locoregional 
recurrence for intermediate-risk (IR) patients, but does 
not improve OS. It was also found that PRT reduces the 
quality of life due to radiation toxicity compared with 
surgery only [18-21]. In the PORTEC-2 trial [22], 
brachytherapy proved to be equal with PRT as a method 
of prevention of progression for IR patients, without 
reducing the quality of life. 
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Some researchers allocate subgroups of IR patients 
for whom PRT can to increase OS.  These patients were 
classified as intermediate-high risk (HIR). Selection 
criteria are not identical, but it is possible to identify 
common features: patients with tumor confined to the 
uterine corpus, with poor prognosis factors – over 70 
years old, LVSI, total lesion of the uterine cavity, cervical 
stroma involvement, deep myometrial invasion. It’s very 
difficult to determine the treatment strategy for HIR 
patients, as well as for HR patients. In the world there is 
the tendency to use the combined adjuvant 
chemoradiation therapy.  

The use of radiotherapy alone or with extended fields 
on para-aortic region (EFRT) or whole abdomen 
radiation therapy (WART) improves 5-year OS in some 
part of patients to 70-80% [23]. However, for patients 
with metastases in the lymph nodes or with poor 
histological type DFS and OS remain at 30-50%. In this 
case, predominantly distant and peritoneal metastases 
are found outside the radiation fields [7,24-27].  

Such results have led to the need for systemic 
chemotherapy for HIR and HR patients. Available 
literature data on effectiveness of chemotherapy are 
controversial.  

GOG 122 [28] was the first randomized Phase III trial 
demonstrating that chemotherapy offered a survival 
advantage over radiation therapy.  A total of 422 patients 
with stage III or IV EC  (FIGO 1988 criteria) were 
included into this trial and were randomly allocated to 
receive WART or chemotherapy (7 cycles doxorubicin 
and cisplatin). Median follow-up time was 74 months. 
The authors of the trials found a significant OS and DFS 
among the patients who received chemotherapy versus 
WART.  The Japanese Gynecologic Oncology Group 
(JGOG) [29] randomized patients with stage I with > 
50% invasion through stage IIIC endometrial cancer to 
chemotherapy (CAP regimen) or PRT.  The majority 
(77.4%) of the registered patients had stage IC or II 
lesions, and only 11.9% had stage IIIC lesions. There was 
no significant difference between the chemotherapy and 
radiation therapy groups in OS or DFS and pattern of 
relapse. A small HR subset of patients, in which DFS was 
improved with chemotherapy, was identified. Maggi et al 
[30] conducted a randomized trial with a design similar 
to the JGOG study. The study enrolled patients with HR 
endometrioid EC limited to the pelvis (stage IG3 with > 
50% myometrial invasion, stage IIG3 with myometrial 
invasion >50%, and stage III). Chemotherapy consisted 
of 5 cycles of cisplatin, doxorubicin, and 
cyclophosphamide. Patients on the radiation therapy 
arm treatment received 45-50Gy to the pelvis. There was 
no significant difference in OS or DFS between the two 
arms treatments, but there was an insignificant trend 
towards delayed metastasis in the chemotherapy arm 
treatment and delayed pelvic relapse in the radiation 
therapy arm treatment. 

In a number of studies a high frequency of loco-
regional recurrence (19%-50%) was noted among 
patients with positive pelvic lymph nodes, receiving only 
chemotherapy without radiation therapy [28,31-33]. 
That prompted further development of the combined 
chemoradiation therapy for the patients with HR 
endometrial cancer. 

 Several retro- and prospective studies have shown 
the safety and efficacy of simultaneous chemoradiation 
treatment of patients with endometrial cancer [34-39]. 

5-year rates of DFS have reached an average of 75-80%, 
OS 80-85%. The level of early and late complications was 
acceptable. Local control has reached 90-95%, while the 
para-aortic lymph nodes lesion developed in 11-15% of 
cases.  

Hogberg et al, in a prospective, randomized study 
[40], compared adjuvant radiotherapy with combined 
chemoradiation therapy for HIR and HR patients. The 
analysis included results from two multicenter 
randomized studies. In the MANGO study, patients II-
IIIc stage were included predominantly. In the 
combination therapy group the chemotherapy was given 
first (3 cycles AP), then PRT with extended fields on 
metastastic para-aortic lymph nodes (45Gy). The 
NSGO/EORTC study among patients with stage I-IIIc (Ic 
Gr3 - IIc - up to 97%) had radiation therapy first to a 
dose 45Gy, then chemotherapy (various modes were 
used). Brachytherapy was not required in any arm type 
of the study.   

In a combined analysis of both studies, they have 
shown significant improvement of OS, DFS and DSS 
(disease specific survival) in the chemoradiotherapy 
group. It is important to note that the researchers 
recorded a significant reduction in the number of 
relapses in the combination-therapy group, both in 
MANGO and in NSGO/EORTC-studies [40]. 

Similar findings were obtained in the meta-analysis 
for patients with locally advanced high-risk EC [41], 
including 3 retro and 3 prospective studies comparing 
radiotherapy and chemoradiotherapy.  

Conducted over the last 10 years, retro-prospective 
trials [42-46] have studied different sequences of 
radiotherapy and chemotherapy, applying different 
chemotherapy modes for patients with poor EC 
prognosis, have proved the advantage of combined 
chemoradiotherapy over monotherapy on the adjuvant 
phase. The best results were achieved by applying the so-
called "sandwich" - mode, in which chemotherapy is 
carried out before and after radiation therapy. Five-year 
overall survival rate reached the level of 90-95% and 
increased the time before progression. [44] The 
complication rate was acceptable with active supportive 
care. 

The on-going PORTEC 3 study compares 
radiotherapy with the concomitant and sequential use of 
chemotherapy and radiotherapy for patients with 
endometrioid stage I grade 3, stage II–III and any stage 
serous and clear-cell carcinomas [11]. GOG 258 is a 
randomized Phase III trial evaluating the use of 
chemoradiation (concurrent cisplatin and PRT followed 
by TP for 4 cycles) and chemotherapy (TP for 6 cycles) in 
advanced endometrial cancer. This study was designed 
to answer the question: is it better to treat advanced 
cancer with systemic treatment or both chemotherapy 
and radiation?  The GOG 249 multi-institutional Phase 
III trial was opened for looking at adjuvant treatment for 
patients with HR early stage endometrial cancer. It 
compared PRT without any chemotherapy versus vaginal 
cuff brachytherapy followed by 3 cycles of TP 
chemotherapy. This study was designed to further 
delineate the difference between vaginal cuff 
brachytherapy and whole pelvic radiation [2].        
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2. AIM OF THE STUDY 

Thus, the question of adjuvant therapy optimization 
for patients with unfavorable EC is a very actual and 
important problem in modern gynecological oncology. 
Based on the above, the aim of our study was formulated 
- improving the efficiency of the treatment of patients 
with uterine body cancer stage II-III FIGO by optimizing 
adjuvant chemoradiotherapy, with carrying out 
conformal extended-field radiotherapy and 
chemotherapy in taxane-platinum mode.  

3. MATERIALS AND METHODS: 

We studied the clinical data and medical record 
patient cards of 250 patients with endometrial cancer 
stage II-III FIGO, treated from January 2008 to April 
2014 in the Russian Scientific Center of Roentgeno-
radiology. Kaplan-Meier method was used to assess 
survival.  Evaluation scale of acute radiation damage by 
Radiotherapy Oncology Group (RTOG, 1995), 
supplemented by the criteria of the Cooperative research 
groups (NCIC CTCAE v3.0-4.0), was used to evaluate the 
treatment tolerability. According to the inclusion 
criteria, 127 patients were included in this study, 53 
(42%) to the main group and 74 (58%) - to the control. 
The main characteristics are presented in Table 1.  

Table 1  Characteristics of the factors of poor prognosis 
for patients with endometrial cancer in the main and 

control groups. 

Characteristic Control 
group (N=74) 

Main 
group 
(N=53) 

Mean age at surgery 60±6,4(36-
80) 

54±7,7(40-
73) 

Histology and Grade   

Endometrioid    G1 17(23%) 8(15%) 

G2 46(62%) 24(45%) 

G3 11(15%) 21(40%) 

Nonendometrioid 8(10%) 16(30%) 

Deep myometrial 
invasion>50% 

41(55%) 37(70%) 

LVI+ 8(11%) 15(28%) 

FIGO stage, 2009   

II 60(82)% 23(43%) 

IIIa-b 12(15%) 12(23%) 

IIIc1 2(3%) 11(21%) 

IIIc2 0(0%) 7(13%) 

Positive lymph nodes 2(3%) 18(34%) 

pelvic 2 11 

pelvic-paraaortic 0 7 

As can be seen from the table, most patients in the 
main group were prognostically heavier than those in the 
control group (p<0.05). 

All patients underwent hysterectomy and bilateral 
salpingo-oophorectomy. In the control group it was 
supplemented with pelvic lymphadenectomy in 19%, 
pelvic-paraaortic - 11% and in the main group 38% and 
17%, respectively (p <0.05). The described difference in 

the frequency of performing lymphadenectomy for EC 
patients reflects global trends in the volume of surgical 
intervention with this pathology in the past decade. 

On the first stage of adjuvant treatment in both 
groups the combined radiotherapy was performed with 
simultaneous platinum-based monochemotherapy, then 
2-6 courses of systemic chemotherapy were performed 
(Table 2). 

Table 2 Adjuvant treatment of patients with endometrial 
cancer in the main and control groups.   

 Kind of therapy Control 
group 

Main 
group 

Pelvic radiotherapy  74(100%) 59(100%) 

Vaginal brachytherapy 74(100%) 59(100%) 

Para-aortic irradiation 
(extended fields) 

0% 36(68%) 

Simultaneous chemotherapy 2(3%) 3(6%) 

Systemic chemotherapy  7(9%) 43(81%) 

Taxane-platinum based mode 0% 43(100%) 

Other chemotherapy modes 7(100%) 0% 

Combined radiation therapy in both groups was 
presented like an intravaginal brachytherapy and 
external beam radiotherapy.  

In the control group, HDR brachytherapy was 
performed on the unit "AGAT-VU" with the source of 
cobalt 60. Mainly, irradiation was conducted on the 
vaginal vault. The dose 5Gy was scheduled at 500% 
isodose daily contactly to vaginal mucosa to 30Gy dose. 
Vaginal tube was irradiated in the presence of 
metastases mainly in the lower third of the vagina.  The 
dose 3Gy was specified at 5 mm distance from the 
surface of the cylinder to dose 15-21Gy.  

External beam radiotherapy was carried out 
conventionally, on the gamma-unit, using 2D-planning.  
At first, the whole pelvic volume was irradiated with 
anterior-posterior fields 2Gy dose to 18-24Gr. Further, 
the "box"-method was used to 30Gy dose, with the dose 
limited to the organs at risk (rectum, bladder).  Next to 
irradiate lymph node various methods, both static and 
rotational, were used. The most frequent method of 
irradiation was 2-axis rotation of the 4-sector to average 
dose 42-44Gy. The total dose on obturator, internal, 
external, common iliac, para-aortic lymph nodes - was 
44Gy (20-50Gy), on the vaginal vault – 60Gy (36-84Gy). 

In the main group HDR brachytherapy was 
performed with using the "MicroSelectron HDR” with Ir-
192 source, with individual volume treatment planned 
on the basis of CT-MRI data.  Vaginal tube was 
irradiated in the presence of metastases mainly in the 
lower third of the vagina.  The dose 3-4Gy was scheduled 
at 100% isodose on the basis of vaginal mucosa to 20Gy 
(9-32Gy) with mean dose 30Gy on the vaginal vault (20-
46Gy).  

External beam radiation therapy was performed 
comfortably at Linac with photon energy 6-18MeV, with 
prior individual 3D-planning, using MLC-collimator and 
CT imaging. Immobilization was used to improve 
conformity. Individual 3D-planning, taking into account 
individual characteristics received by CT, allowed the 
reduction of the radiation dose to the organs at risk up to 
20-30%, while the average dose to the lymph pathway 



 86

and vaginal vault remained unchanged. Additionally, 
patients in the main group underwent irradiation with 
extended fields on para-aortic region to the level of Th11-
L2, with the maximum protection of the organs at risk 
(bowel, kidney feet, kidneys, liver, spinal cord). Mean 
dose on the para-aortic lymph nodes was  40-42Gr. 

In the control group systemic adjuvant 
chemotherapy was performed in CAP or AP mode 3-4 
cycles every 21 days for 7 patients (9.5%).  

In the main group 3 women received a simultaneous 
chemoradiation therapy - weekly carboplatin AUC2. 
Systemic adjuvant chemotherapy in taxane-platinum 
mode was the criterion for inclusion in the main group, 
2-6 cycles every 21 days. 

4. RESULTS 

The toxicity of treatment in the main group, despite 
the EFRT and systemic chemotherapy, was acceptable 
and not higher than in the control group. (Table 3, 4, 5) 

As seen from the figures, the severity of 
gastrointestinal and genitourinary toxicity in both 
groups was the same, and there were no serious 
complications. Significantly higher level of hematologic 
toxicity II-IIIgr in the main group was noted, presented 
mainly by neutropenia and anemia. However, only one 
patient did not complete the full course of treatment due 
to thrombo- and neutropenia IIIgr by RTOG. 

Median follow-up was 12 months. (1-79). There was a 
significant improvement in DFS and OS in the study 
group compared with the control group, with significant 
reductions in the loco-regional metastasis: for II stage 
from 20% to 9% (p<0,05), for III stage - from 36% to 
21% (p<0,05). Data for distant metastases for patients 
with stage II in the study group were not received and for 
patients with  III stage was marked the decline from 22% 
to 11% (p<0,05).  

Table 3 Hematologic toxicity, RTOG scale   

Grade 0 1 2 3 
Main group 13 27 42 18 

Control group 50 33 15 2 

Table 4 Gastrointestinal toxicity, RTOG scale   

Grade 0 1 2 3 
Main group 64 24 12 0 

Control group 66 21 12 1 

Table 5 Genitourinary toxicity, RTOG scale   

Grade 0 1 2 3 
Main group 58 24 18 0 

Control group 56 22 21 1 

5. CONCLUSIONS 

The first results of our study have shown good 
tolerability of patients with uterine body cancer stage II-
III adjuvant chemoradiation therapy with prophylactic 
irradiation of para-aortic region. We received improved 
one-year treatment results in the study group compared 
with the control one, despite the fact that this group 

originally included the patients with more aggressive 
forms of the tumor and a higher risk of progression. 
Evaluation of long-term oncologic outcomes requires 
prolonging observation. 
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Abstract. The Program of Quality Assurance (QA program) in Ionizing Radiation Therapy (RT) addresses the most important 
problems of assuring the quality of RT utilization in the treatment of patients with neoplasm. In this context, the RT value grows 
considerably, hence the implementation of QA program is of great importance. This study concentrates  on a detailed description of 
the QA program as concerns the activity involving RT devices applied in the RT departments (rooms) of public medical/sanitary 
institutions, science research institutions etc., where RT is employed using technogenic sources and ionizing radiation generators.  
In the study, annual statistics reports about the activity of the RT, and data of Cancer Registry of the Oncologic Institute of the 
Republic of Moldova were analyzed. The work also included an in-depth description of the personnel categories involved in QA 
program, possible errors in radiotherapy, the responsibilities of the medical physicist in this program, importance of source 
calibration, the impact of the quality control in QA program, the role of topometric training, the interaction between the medical 
and technical personnel and the patient. 
Optimization of RT is very important and necessary in the Republic of Moldova. QA program incontestable contributes to reducing 
specialist’s errors in planning correct treatment. It dictates the need of team work, duty of medical physicist, the influence of quality 
control of profile installations etc. 
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INTRODUCTION 
 

Quality assurance (QA) and quality control 
(QC) for radiation and medical oncologists mean 
to clarify the different components of the clinical 
decision, to supervise with proper methodology 
the required steps needed to accomplish the 
agreed outcomes and to control them. Quality 
for radiation and medical oncology means to 
supervise each clinical and technical component 
of the whole process to guarantee that all steps 
together will arrive at the final and best possible 
outcome [9].  

In radiation oncology, like other fields, it is 
driven by the need or desire to demonstrate an 
identified level of patient care [5]. 

At the 2007 International Symposium, 
"Quality Assurance of Radiation Therapy: 
Challenges of Advanced Technology" was 
stipulated that government and private entities 
committed to improved healthcare quality and 
safety should support research directed toward 
addressing QA problems in image-guided 
therapies [10]. 

Currently, ionizing radiation therapy is 
successfully employed in the treatment of 
oncological diseases that occupy the second 
place in the Republic of Moldova in the ranking 
of the human disease morbidity [3]. In 2013, in 
the Republic of Moldova, 8,441 patients were 
diagnosed with cancer at various sites (8,204 in 
2012), including   rectal cancer (12.3%), breast 

cancer (11.8%), bronchopulmonary cancer 
(10.5%), bladder cancer (6.4%) etc. In 2012- 013,   
5,734 and 5,835 cancer patients died from their 
disease, respectively [4]. The principal causes of 
cancer in the republic include excessive 
consumption of alcohol, smoking, obesity, and 
sexually transmitted infections. Presently, 
47,450 cancer patients are on file with the public 
medical/sanitary institution, the Institute of 
Oncology, which imposes a large scale 
employment of RT [3]. RT must be implemented 
according to a QA program in order to optimize 
the cancer treatment [1]. 

Material and methods. The work has been 
based on the analysis of annual statistical 
reports (F N30) regarding the activities of the 
RT service in the Republic of Moldova, the 
report of the working group of WHO regarding 
assurance of quality in the area, specialized 
literature on the management of RT assistance 
at the current stage in the republic and 
worldwide, and   the Cancer Registry data of the 
Institute of Oncology. Background, 
documentary, and comparative and statistical 
analysis methods have been used using 
computer programs Excel and STATISTICA 7. 

Results. The RT assistance must be 
currently provided in compliance with a QA 
program depending on the departmental, 
national or international level.  The principal 
responsibilities for the development and 
implementation of QA program are assigned to 
the head of the program that is, as a rule, the 
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head of the RT department. This person must be 
convinced that the ionizing radiation treatment 
meets the acceptable standards at the above 
levels.  

One of the major problems of a QA program 
is to ascertain that   a particular clinical or 
physical task has been accomplished.  The head 
of the RT department must insist that the results 
of the implementation of the tasks of QA and 
calibration, data on the patients be registered 
correctly and retained for an appropriate period 
of time. 

QA program dictates the necessity of a 
steadfast everyday team activity and correct 
delegation of the responsibilities to all the 
qualified specialists.  The QA responsibilities of 
the RT department personnel shall be 
distributed by the head who, based on their 
professional qualifications, delegates the clinical 
problems to oncologists/radiologists, while the 
technical ones to the medical physicist or 
engineers for maintenance of RT devices. Taking 
into account the above and the complexity of the 
RT application procedure, it is necessary to 
involve other categories of specialists who are in 
charge for treatment planning, dose calculation 
etc. 

These categories are divided in some groups 
of specialists:  medical profile specialist groups, 
a group of technical profile specialists, and a 
group of diverse profile specialists. 

A. The group of medical profile specialists: 
1. Radiation Oncologis (RO) who are specialized 
in utilization of ionizing radiation for cancer 
treatment and are responsible for care of the 
patient, clinical definition of the target volume, 
monitoring of the patient during the treatment 
and  dynamic supervision, and the results of the 
procedures conducted. 

To successfully execute their activities, RO 
should be specialists with: 
- sufficient familiariarity with all the possibilities 
of modern methods to diagnose  of  cancerous 
and nonspecific diseases; 
- ample knowledge in the therapeutic 
possibilities and the limitations of surgery, 
chemotherapy, hormone therapy etc. to make 
decisions  about  when to utilize RT; 
- ample training in utilization of ionizing 
radiation to treat cancerous and nonspecific 
diseases; 
- extra training of at least 3-4 years for 
perfection and acquiring experience at a 
prestigious oncological institution following the 
graduation of the medical department, 
specialized in all the oncological aspects of 
ionizing radiation biology, dosimetry, 
radioprotection and radiation safety; 
- competence in diagnostic imaging techniques, 
sufficient experience of  general medical 
practice, and  patient care skills in the conditions 
of an in-patient unit; 

- an appropriate certificate issued by a national 
authority and a full-time employment as an 
oncologist/radiologist; 
- possibilities of continuous education during the 
activities in the area (lack of serious health 
problems, fear of  traveling by the modern 
transportation means, traveling on altitudes etc.) 
[1, 8]. 
2. Radiology or medical technicians are 
specialists with medium medical education 
followed by a course of at least two years of 
training in RT technology. The course must 
include both studying human anatomy, 
physiology and pathology including oncological 
diseases, and   radiation physics, radiobiology, 
radioprotection, radiation safety, RT planning, 
patient care etc. [1, 8]. 

These specialists are responsible for: 
- correct positioning of the patient, wedge filters, 
radiation blocks etc.; 
- execution of routine radiation of the patient, 
including RT using set-up devices; 
- data records [1, 8]. 
3. Physiotherapist and occupational therapist 
that help the patient to resume everyday 
activities; 
4. Psychologist who helps the patient to 
overcome the emotional effects of cancer and its 
treatment [11]. 
B. The group of technical profile specialists: 
1. Physicists, specialists in medical radiation, 
bioengineers and dosimetrists responsible for 
the physical aspects of radiation techniques, 
treatment planning, dosimetry, radioprotection, 
radiation safety etc. These specialists must be 
trained in medical applications of ionizing 
radiation and be knowledgeable in radiation 
physics, including radiation generation, 
dosimetry in treatment planning, 
radioprotection, and in human anatomy and 
physiology, radiobiology and oncolology. 

The above specialists must hold a university 
or equivalent degree in the area of physics, 
specifically in radiation physics, be experienced 
in RT utilization and skills in dealing with 
patients. The education should be of three years 
and certification must be earned [1, 8]. 

These categories of the persons are 
responsible within QA program for: 
- radiation dosimetry; 
- physical aspects of RT planning; 
- radioprotection of the patients and medical 
personnel; 
- design and construction of equipment: beams 
and devices with limiting beams; 
- quality assurance surveillance  in RT; 
- consulting in selecting RT equipment; 
- radioprotection and design of adequate 
facilities. 

The medical physicist is in full charge of the 
physical and technical aspects of QA program 
though some less sophisticated verification may 
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be conducted by radiology technicians or 
dosimetrists subordinated to him/her. 
2. Engineers (bioengineers) must have a high 
level technical education with an additional 
training in RT equipment. First of all the 
training consists in the education provided by 
the equipment producer followed by continuous 
professional training (advanced training). 

Engineers (bioengineers) are responsible for: 
- correct technical maintenance of RT units, 
dosimetric equipment etc.; 
- resolving technical issues associated with 
mechanical or electronically flaws, all the aspects 
of ionizing radiation; 
- drafting, together with the rest of the 
personnel, of the RT program. 
C. The group of different profile specialists: 
1. Dietician/nutritionist who recommends the 
best plan of alimentation during the treatment 
and recovery; 
2. Speech therapist for assessment and 
treatment of any adverse reaction that might 
affect the speech and swallowing. 

The Department QA program shall include 
the following responsibilities: program 
establishment, including the aspects of database, 
check on the patients’ doses, patient and 
personnel safety.  

At the same time, no possible errors can be 
singled out in the patients’ treatment, which may 
be committed for the following reasons [11, 1, 8]: 
a) Incorrect definition of the patient’s anatomy: 
inexact completion of the sketch, incorrect 
positioning of the patient, incorrect appreciation 
of the organs at risk, erroneous estimation of 
tissue homogeneity etc. 
b) Inexact appreciation of the target volume: 
shape, sizes and localization, denial of the 
influence of the physiological motions of organs 
and tissues (the influence of blood circulation, 
respiration, unintentional motions of the patient 
etc.); 
c) Incorrect treatment planning: errors in the 
beam characterization, beam models, software 
and hardware etc.); 
d) Incorrect implementation of the treatment 
with an inaccurate calibration of the unit; 
e) Inexact appreciation (confusion) of the 
patient: incorrect identification, incorrect 
diagnosis, erroneous application of the medical 
treatment prescription and of the previous 
treatment results etc. 
An important role in QA in the RT activity is 
attributed to the bioengineer who is obliged to: 
- calibrate and technically adjust RT devices 
according to the duly approved treatment 
programs; 
- participate in the checks on the qualitative 
operation of the RT devices; 
- assure  momentary detection of the work 
stoppage of any segment of ionizing radiation 
sources and considerable diminution or 

complete exclusion of unplanned exposure to 
ionizing radiation of the patients under 
treatment and the personnel of the RT service; 
- contribute to reduction of the level of exposure 
to ionizing radiation of the patients through 
assuring a higher quality of RT; 
- correctly calculate the radiation plan for the 
patient so that the necessary therapeutic effect 
be achieved through application of minimal but 
efficient radiation doses, protection or effective   
shielding of patient’s healthy organs and tissues; 
- participate in the permanent medical personnel 
training in the issues of radioprotection and 
source safety pursuant to the laws [1, 2, 8]. 

Source calibration is the prerogative of the 
medical physicist who must: 

- assure calibration of devices and equipment of 
the RT service according to the radiation energy 
and quality and in the units of the dose absorbed 
or the debit of the dose absorbed, at a distance 
set earlier, in specific conditions and in 
compliance with Council Directive 
2013/59/Euratom of 5 December 2013 [6]; 
- conduct calibration of the closed sources for 
brachytherapy after the activity, the control 
debit of the Kerma index or of the source of the 
dose absorbed for an environment after a certain 
time fixed and at a distance determined from the 
source with indicating the calibration date; 
- calibrate radiation sources prior to starting 
exploitation, following each repairs (in the case 
of impact upon dosimetry) and in the intervals 
determined by the hierarchically superior 
bodies; 
-  permanently improve knowledge to be a 
specialist accredited to calibrate the above 
sources in compliance with the laws. 

Within RT, the medical physicist must ensure 
estimation and enactment of the following 
volumes of: 
- minimal and maximal doses absorbed in the 
planned radiation volume, radiation dose 
prescribed by the physician, in the point of 
destination and of the dose absorbed in other 
points determined by the physician during 
telegammatherapeutic procedures; 
- the doses absorbed for particular organs;  
- the dose absorbed in particular points of the 
patient’s body in the case of brachytherapy. 

The medical physicist an optimal exploitation 
of the devices (equipment) so that the planned 
target volume designed for radiation receive the 
prescribed absorbed dose according to the time 
and energy indicated, while the radiation dose 
for other organs be minimal[11, 1, 2, 8]. 

QA of the exposure to ionizing radiation is a 
very important area in the profile activity, vital 
in meeting radioprotection and source safety [2]. 
In this context, the medical physicist must 
efficiently participate in the development and 
implementation of the QA program in the 
exposure to ionizing radiation. 
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The QA program in the exposure to ionizing 
radiation includes the following management 
measures: 
- the order of  physical parameter evaluation  for 
radiation devices; 
- verification of appropriate physical factors 
employed within implementation of the 
radiotherapeutic treatment; 
- quality control (QC) and the exploitation 
conditions of dosimetric and monitoring 
equipment; 
- systematic and high-quality verification, 
together with independent experts, of the order  
of the QA program implementation of treatment 
procedures. QA programs regarding medical 
exposure within RT application are directly 
influenced by the implementation, at the due 
level, of the QC of the RT equipment. This 
control is conducted at the acquisition and 
installation of the device with the assessment of 
its performances. The control is conducted 
periodically following repairs concerning [7]: 
- mechanical, electrical, and radiological safety; 
- mechanical and geometrical characteristics; 
- dosimetric  characteristics of the beams. 

The mechanical and electrical safety is 
assured through the following verification 
frequency: 
- display of functioning parameters – daily; 
- motion command – daily; 
- entrance door – daily; 
- emergency radiation shutdown – daily;  
- shutdown following treatment termination – 
monthly; 
- table shift – monthly; 
- scaling – quarterly. 
Radiological safety: 
- audio-video system – daily; 
- beam command – daily; 
- monitor – monthly; 
- patient and personnel protection – annually.  

Mechanical and geometrical characteristics: 
- telemeter for all distances: ±0.2 mm, weekly 
and after intrventions; 
- rotation of the bracket support of the  
radiogenic head in the principal positions for 
horizontal and vertical beams; tolerance ±0,5º - 
monthly; 
- head rotation on the support in reference and 
scaling position 0  ±0.2 mm – monthly; 
- isocenter: ±0.2  mm – monthly; 
- centerer: the point of the beam axis entrance to 
the  collimator  axis ±0.2  mm – monthly; 
- light field that includes the following 
parameters: conicidence of the light field with 
radiation field, densitometric comparison with 
radiation fields, ±0.2  mm –  monthly and after 
interventions; correspondence with the display 
indicating light field dimension; coincidence of 
opposite fields; 
- collimator  rotation: ±0.5º - monthly; 

- collimator symmetry and parallelism:  ±0.2 
mm, monthly; 
-   penumbra – monthly [7]. 

Prior to starting the treatment, all the 
information delivered to the patient by the 
attending physician is recorded in the treatment 
consent that is signed in two copies, one for the 
patient and the other is attached to the medical 
chart. The attending physician will actively 
follow the medical evolution of the patient 
during the whole treatment period and will 
complete, at each consult, a monitoring sheet 
indicating additional investigations that the 
patient will have to perform during and after the 
treatment [11, 1, 8].  

After the treatment plan has been developed, 
it is verified through virtual simulation, and final 
coordinates of the tumor volume are 
determined, which is indispensable for RT 
application [11]. 

After the completion of the virtual 
simulation, the patient is accompanied to the RT 
device, initially being instructed on his/her 
behavior in the treatment room. The radiological 
technician carefully verifies the patient’s identity 
(in this regard it is desirable to attach a recently 
taken photograph of the patient in the clinical 
observation sheet to avoid his/her confusion 
with another patient and rule out possible 
human errors). Further, the radiological 
technician selects the treatment plan established 
by special software and sets, if necessary, the 
positioning systems on the treatment table 
inviting the patient into the procedure room [11, 
1]. 

During the treatment, the patient is 
monitored by the radiological technician with 
the help of an intercom and a camera through 
which they communicate with each other (the 
both system must be functional). The correct 
positioning of the patient is of a paramount 
importance in order to obtain the expected 
results. This requires supplemental verification 
of the patient position with the aid of 
radiographic imaging techniques. Therefore, a 
radiographic imaging system must be part of the 
treatment device.  

The position verification is accomplished at 
particular RT sessions. In this context, the time 
the patient stays in the procedure room will 
range from 2-3 minutes to 10-15 minutes 
(sometimes more) in the case of the sessions 
where the patient’s position is verified with 
digital radiographic imaging. It is recommended 
to hold the first RT sessions in the afternoon 
when the positioning on the treatment table is 
verified according to a well-established 
procedure with the participation of the 
bioengineer. The time of RT sessions should be 
observed   as much as possible in terms of 
radiobiological aspect without changing the RT 
team as they are already familiar with the 



93 
 

specificity of each patient and may inform 
promptly the RT attending physician on possible 
modifications during the treatment. 
Discussion. A correct radiation of the patients 
with malignant neoplasm is possible only if the 
following principles of the clinical topometry    
are observed [1]: 
- establishment of the level of “copying” of the 
body contour above the projection of the tumor 
center and decoupling  of the contour itself; 
- accomplishment of examinations to determine 
the shape and actual sizes of the pathology, its 
topographic location, lymph circulation 
pathways, particular features of syntopy with 
adjacent organs, the depth of the location in the 
patient’s body; 
- drafting of the anatomotopographic schemes of 
the body transversal section at the level of the 
maximal tumor size;  
- marking of the tumor projection on the 
patient’s skin, formation of radiation fields, and 
determination of the radiation beam centering; 
- verification of the planning correctness and 
reproduction of radiation conditions [1]. 

Simultaneously, the topometric preparation 
of the patient includes the following measures, 
as well: 
1. Strict individualization for each patient in 
his/her topometric preparation. 
2. Strict examination of the patient in the 
position that will be applied during the 
treatment. 
3. Maximal approach of the physiological 
condition of the patient during examination to 
the physiological condition during RT 
application (time intervals between meals, acts 
of defecation and urination, depth of breathing).  
All these measures are meant to assure an equal 
degree of the cavitary organ filling and the 
physiological condition of the organism. 
4. Combination of the maximal possibility of the 
examination precision with assurance of 
minimal discomfort for the patient and milder 
conditions of the RT application by the 
personnel. Most frequently, this refers to 
accomplishment of radiodiagnostic 
investigations, early implementation of 
angiography, lymphography, scintigraphy, 
computer tomography, magnetic resonance 
imaging, positron emission tomography etc.  

Conclusion: 
The QA program contributes decidedly to 

reduction of the error number in the correct 
treatment planning.  This Program dictates the 
necessity of the permanent daily team activity 
and correct delegation of the responsibilities to 
all the qualified specialists.  

In order to obtain a beneficial result for the 
patient, it is currently necessary to recruit a 
dietician/nutritionist, speech therapist, 
physiotherapist, occupational therapist, and 

psychologist along with the specialists 
incorporated into QA program up to now.  

Simultaneously with the medical personnel of 
the institution, a major responsibility in the QA 
program rests on the medical physicist that is 
responsible for the maintenance of RT devices; 
correct drafting of the radiation treatment etc. 

 The program of quality assurance of RT 
implementation is directly influenced by the 
implementation of the quality control of the 
profile equipment.  

Enhanced efficiency of RT may be assured by 
a correct topometric planning for the patient, 
adequate behavior of the medical and technical 
personnel   towards the patient etc. 

Optimization of the treatment with ionizing 
radiation may be obtained through   multiple 
activity modalities incorporated into the QA 
program recurring its major importance. 
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Abstract. Annual chest screening in Ukraine is a needed diagnostic procedure due to high level of tuberculosis, and it 
essentially contributes to collective effective dose. Particularly this problem is actual for stout patients, who receive 
higher exposure dose during chest screening, compared to average patients. This is done to obtain X-ray images with 
proper visual contrast and accuracy. In the present study, the results obtained with the application of anti-scatter grid 
technique, common for clinical fluorography examination, were compared to results obtained by the image processing 
as improving visual contrast method for stout patients. In the present study, image processing increased the contrast 
value of test-object in range of the 2.0-2.73 times without ED increase; image processing after signal filtration with 
anti-scatter grid demonstrated the increase of image contrast 3 times in average along with the ED increase in Bucky 
factor to the 3.1-3.2. 

Key words: exposure dose, contrast of X-ray images, digital fluorography, image processing 

1. INTRODUCTION 

In Ukraine chest screenings are performed 
annually and significantly contribute to effective 
collective dose of adult population. This problem is 
particularly actual for stout patients, whose X-ray 
examination requires higher exposure dose to obtain 
diagnostic images with proper contrast and resolution. 
The photons, scattered by the human body, decrease 
the signal-to-noise ratio and reduce the chance of 
finding pathology in the X-ray image. The image 
quality can be improved by application of high or low 
tube potential technique. Both of these techniques 
have advantages and disadvantages. As it was shown in 
[1,2], usage of high potential technique can produce 
not only high energy transmitter photons, but also high 
energy scattered photons. Such photons can reach the 
adjacent or remote organs and tissues. The level of 
noise rises with the body thickness. In routine clinic 
practice, the application of anti-scatter grids with 
various grid ratios is effective method to remove 
scatter photons and obtain good quality images. 
However, unfortunately the anti-scatter device usage 
requires increase of the exposure dose in Bucky factor 
(in several times). For this reason the usage of high 
potential technique with anti-scatter grid is not 
recommended [1]. The stout patient examination 
requires higher energy photons (tube potential 
increase) or its bigger quantity (tube current increase). 
The disadvantage of low potential technique is negative 
biological effect of the low energy photons absorbed in 
soft tissues due to their weak penetration ability. But 
the optimal choice of technical parameters during the 

performing of high potential technique, with additional 
aluminum and copper filters, proper focus to film 
distance and air gap method application were 
demonstrated to be much more effective in reducing 
the exposure dose compared to anti-scatter grid 
application [3,4,5]. Other methods which allow the 
improvement of digital image contrast without dose 
increase include noise reduction algorithm and super-
resolution technique [6]. In addition, the visibility of 
the pathological structure in the digital X-ray image 
can be improved by a post processing [7,8,9,10]. 

In the present study we researched the optimal 
application of the anti-scatter grid and digital software 
processing (DSP) in the context of exposure dose 
reduction for stout patients. 

2. METHODS AND MATERIALS 

1.1. The Digital X-ray System 

The simulation of clinical chest screening was 
performed on the water phantom. The images were 
obtained by the digital X-ray unit at “Teleoptic PRA” 
Ltd laboratory, Kyiv, Ukraine. The digital X-ray image 
processing was performed with special software 
ContextVisionCVIE-teleoptic-XR2-ADI, which is based 
on the principle of non-linear signal filtering. 

The fluorography system generating photons (X-
ray tube by Toshiba) was equipped with X-ray 
dosimeter (Radcal Corporation, type 2026 Radiation 
Monitor) with ionizing chamber (20X-60) installed 
behind the anti-scatter grid. The figure 1 shows the 
experimental scheme. The measurements were 
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performed at screening tube potential 81 kV, standard 
for the chest, and focus-to-source distance 120 cm. The 
scatter photons were removed by SOYEE 11104 anti-
scatter grid with 10:1 ratio, 51 lines/cm and focus 
distance 120 cm. The X-ray images were obtained with 
digital fluorography receiver (Iona–R4000 by 
Teleoptic PRA Ltd). The image resolution was 
measured with X-ray test pattern (range: 1.0-10.0 
l.p./mm). The obtained X-ray image was processed by 
software ContextVision CVIE [11]. 

 
Fig. 1 The experimental scheme: (1) X-ray tube, (2) plate with 
aluminum test-objects, (3) the water chest phantom, (4) anti-

scatter grid, (5) digital receiver. 

1.2. The Phantom Study 

In the experiments, the patient chest was simulated 
by the water phantom. The phantom is a box with 
variable thickness from 9 to 21 cm. During the 
experiments the phantom thicknesses was changed 
gradually (by 3 cm of the water). According to clinical 
standards, the water layer in phantom more than 10 
cm thick corresponds to the patient with body mass 
index more than average. During the experiments, 

phantom thickness equaled to stout patient was 
gradually changed in a range of 9 to 21 cm. 

1.3. The Visual X-ray Image Contrast 

The visual contrast of the test-object was set as an 
evaluative factor for X-ray image quality improvement. 
The test-object was an aluminum disk, 0.5 mm thick 
and 15 mm in diameter. The contrast, C, was 
calculated: 

nbob BBBBC −−= , (1) 

oB  – an averaged brightness of the object in image, 

bB  – an averaged background brightness, nB  – an 

averaged background brightness value (X-ray tube was 
switched off). In the experiments, Bn equaled to 1000 
units of brightness scale. The brightness of image 
background was calculated using averaged brightness 
data over all pixels within the area around the test-
object. 

3. RESULTS AND DISCUSSION 

The phantom study results obtained under varied 
experimental conditions with application of anti-
scatter device and software processing are shown in 
Table 1. The 5% contrast threshold of the test-object 
image was set as a criterion of proper image contrast 
achievement. Such contrast threshold is considered to 
be crucial for visual revealing of chest organs 
pathology. During the experiment, the operating 
parameters such as tube current, exposure time (at 
constant tube potential) were selected in optimizing 
manner.  

The measurements performed on 9 cm thick 
phantom without usage of anti-scatter grid but with 
the next application of software processing 
demonstrated achievement of 5% visual threshold 
(figure 2). 

 

Table 1. The contrast values comparison analysis of images obtained with application of anti-scatter grid and 
software processing (constant tube potential 81 kV). 1I – tube current; 2t – exposure time; 3ED – exposure dose;  4C 

– image contrast value; 5Csp – image contrast value after software processing 

Water 
layer, 
cm 

Grid application 1I, 
mA 

2t, 
ms 

3ED, 
mGy 

Bucky 
factor 

Resolution, 
p.l./mm 

4C, 
% 

5Сsp, 
% 

9 no grid 320 80 1.39  3.1 2.2 5.0 
9 grid 320 150 2.32 1.2 3.1 3.6 8.6 
12 no grid 160 100 0.84  3.1 1.5 4.1 
12 grid 320 160 2.70 3.2 3.1 2.6 7.5 
15 no grid 320 80 1.39  3.1 0.9 2.8 
15 grid 320 250 4.32 3.1 3.1 2.0 6.2 
18 no grid 500 80 2.27  2.7 0.5 2.0 
18 grid 400 400 8.23 3.6 2.7 1.5 4.8 
21 no grid 500 160 4.81  2.5 0.5 1.0 
21 grid 320 800 15.36 3.2 2.5 1.6 3.2 

 

The usage of anti-scatter grid leads to the increase 
of ED in Bucky factor 3.1 on the obtained images with 

minimal visual quality.  The contrast value of test-
objects on chest phantom by 12 cm thick X-ray images 
obtained without anti-scatter grid application was 
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1.5%, after DSP – 4.1% and the exposure dose (ED) was 
0.84 mGy. The application of anti-scatter grid allowed 
the reception of images with 2.6% contrast value but 
the exposure dose increased in Bucky factor 3.2, ED = 
2.70 mGy. After additional DSP it achieved the visual 
threshold of 5%. 

 
Fig. 2 X-ray images of test-objects obtained for 9 cm thickness 

of water phantom: without usage of anti-scatter grid before 
software processing (1) and after (2); with anti-scatter grid 

before software processing (3) and after (4). 

The test-objects’ contrast value on the 15 cm thick 
water phantom X-ray images under minimized 
working parameters equaled 0.9%, after DSP it 
increased up to 2.8%, ED = 1.39 mGy. The anti-scatter 
grid application increased the test-object image 
contrast value to 2.0% (with ED rise in Bucky factor 3.1 
equaled 4.32 mGy) and the next additional DSP 
improved it up to 6.2%, reaching the visual contrast 
threshold. The experimental data demonstrated the 
successful results in obtaining of visual test-object 
image contrast using digital software processing (figure 
3). 

 
Fig. 3 X-ray images of test-objects obtained for 15 cm 

thickness of water phantom: without usage of anti-scatter grid 
before software processing (1) and after (2); with anti-scatter 

grid before software processing (3) and after (4). 

The next variation of the phantom thickness to 18 
and 21 cm demonstrated the almost equal quality 
image improvement possibilities of anti-scatter device 
and digital processing on the one hand, and both 
methods combining efficacy on the others. It should be 
noted that the fluorographic system resolution 
decreased from 3.2 p.l./mm to 2.5 p.l./mm. As shown 
in figure 4, the visual test-object image contrast 
decreases along with the phantom thickness variation. 
For the 12 cm phantom water layer, the anti-scatter 
device and the digital image processing improved the 
image contrast in 1.7 and 2.7 times respectively. These 
results show that the digital processing improves the 
contrast value in 1.6 times compared to the anti-scatter 
grid application while the exposure dose was 3.2 times 
less. The efficacies of the anti-scatter device and digital 
processing decreased along with rise of phantom 
thickness (15-21 cm) and demonstrated almost the 
same results in test-object image contrast 
improvement. The image visual contrast value 
obtained with anti-scatter grid application was 
successfully increased up to visual threshold by usage 
of DSP (15 and 18 cm). 

 
Fig. 4 The graph shows the change in contrast value of test-

object image against water phantom thickness under 
conditions of software processing and anti-scatter grid 

separate or simultaneous application. 

The obtained experimental data shows the 
effectiveness of DSP compared to anti-scatter device in 
the achievement of visual threshold without delivering 
high exposure dose to the patient. However, the 
problem of digital processing application for image 
quality improvement without the previous anti-
scattered grid signal filtering is based on the physical 
principles of X-ray image obtaining.  The anti-scatter 
device allows increasing the signal-to-noise ratio on 
the images via removing photons scattered by patient’s 
body. For this reason, the anti-scatter device cannot be 
replaced by software processing in case of patient with 
higher body thickness due to the image artifacts. The 
reasonable combining of anti-scatter application and 
additional DSP allows optimizing the exposure dose 
and receiving the images with a proper visual contrast. 

4. CONCLUSION 

The X-ray images with visual contrast value of 5% 
were successfully obtained using the anti-scatter grid 
and the software processing under minimal operating 
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parameters forming exposure dose delivered to the 
patient. 

The experimental data shows the possibilities of the 
software processing to increase the test-object contrast 
value in a range of 2.0-2.73 times without ED increase.  
The digitally processed image after signal filtration 
with anti-scatter grid demonstrated the increase of 
image contrast in an average of 3 times along with the 
ED increase in Bucky factor 3.1-3.2. 

The high exposure dose delivering to the stout 
patient during the fluorography chest screening can be 
significantly reduced due to reasonable operating 
parameters selection, anti-scatter grid application and 
software processing combining. 
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Abstract. Pediatric patients differ significantly from each other as by the geometric dimensions as well as by the 
density of the structures. The aim of the work is to evaluate the diagnostic capabilities of a digital microfocus 
radiography in pediatrics. The results of clinical application of digital microfocus X-ray system in a children’s 
emergency hospital are presented. More than 150 children aged from 1 to 17 years were examined. The examinations 
were performed using the zoom mode from 1.0 to 2.0. The composition of digital  microfocus X-ray system includes an 
X-ray source (output power less than 100 W, focal spot size less than 50 microns), X-ray universal tripod to perform 
examinations in the zoom mode, and digital receiver (the size of the working field is 18x24 cm, resolution is 4.0 p.l/ 
mm). In practical use of digital X-ray microfocus radiography among the children with different damages of upper 
extremities in 128 (83.7%) patients various fractures of the upper extremities were identified. Among these fractures 
physeal fractures were identified in 54 (42.2%) patients due to the peculiarities of microfocus X-ray radiography as 
were described above. Using digital microfocus radiography in the primary magnification mode allows to increase 
significantly the quality of  X-ray images, enables to increase the efficiency of diagnostics of limb injuries in children of 
different age groups and get a full picture of differential diagnostic of different types of injuries, followed by the choice 
of the appropriate treatment strategy to help reduce the number of adverse outcomes of injuries. 

Key words: pediatric diagnostic imaging, digital microfocus radiography, digital microfocus X-ray system, injuries 
childhood trauma, simulated fractures, physeal zone fracture  

Aim. Traumatic injuries of bones and joints in 
both adults and children occupy a leading position 
among emergency conditions. In the total number of 
injuries, childhood traumas account for 25-30% [1]. 
Children have their own characteristics in the location 
and types of injuries of bones and joints. In this case, 
fractures can be localized in bone and cartilage 
(physeal or growth zones), representing a feature of 
children fractures in the form of epiphyseolisis, 
osteoepiphyseolisis, apophyseolisis. Growth or physeal 
zone, consisting of proliferating cartilage cells between 
the epiphysis and metaphysis of growing bones lack 
the inherent mechanical strength of bone, and 
therefore, this portion is more susceptible to injury 
than the surrounding ossified tissue. Fractures often 
occur in the physeal zone between ossificated and non-
ossificated tissues [1,2]. The share of epiphysis among 
all injuries of bones and joints in childhood and 
adolescence is rather considerable. According to 
different authors, physeal fractures constitute from 3% 
to 60% of all skeletal injuries in children [1,3]. 

      Radiological diagnosis of muskuloskeletal injuries 
in children is difficult because of anatomical and 
radiological features of the structure of children’s 
bones, variants of secondary centers of ossification and 
hidden fractures [4]. Errors in diagnosis are more 
frequently observed in children under 3 years. Lack of 
history, well defined subcutaneous fat, which makes it 
difficult to palpate, and no displacement of fragments 

in fractures complicate right recognition and lead to 
diagnostic errors. Bruises are often diagnosed in the 
presence of fracture. Inadequate treatment in such 
cases leads to further development of deformities and 
disturbance of limb functions. 

     The main method of diagnosis of bone and joint 
injuries after clinical examination is radiography, 
including digital, which enables quick diagnosis of a 
fracture, establishing the involvement of neighboring 
joints, as well as the number and position of the 
fragments. However, radiographic assessment of 
fracture may be difficult due to the radiographic 
anatomy of the skeleton in children and the presence 
of hidden fractures. Hidden fracture is not visualized 
on radiographs in standard projections, often involves 
the physeal zone. According to different authors, 
hidden fractures account for 0.4 to 65% of delayed 
diagnoses in pediatric trauma [4, 5].  

      As physeal zone in young children is presented by 
cartilage and X-ray non-contrast, X-ray diagnosis of a 
fracture in the physeal zone (epiphysiolysis) can be 
provided based only on indirect signs. As a result, 
nearly 50% of children without fractures obtain 
unreasonable treatment, while about 30% of children 
with fractures do not receive appropriate treatment 
[6]. In this regard, studying of the problem of child 
trauma remains relevant. 

      Problems of diagnosis of physeal fractures are 
studied in a large number of papers of Russian and 
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foreign authors [4-6]. All authors point out to the need 
to find new methods of diagnosis of physeal zone 
fractures.   

      Materials and methods. To justify the 
possibilities of digital X-ray microfocus in the 
diagnosis of traumatic injuries of the musculoskeletal 
system, we carried out an experiment with modeling 
fracture of the physeal zone of olecranon on 4 stillborn 
animals followed by digital and digital microfocus 
radiography with magnification mode (2 times) 
confirming the results by morphological study (patent 
for utility model number 70 809 "Method of diagnosis 
of physeal zones fractures in the experiment" of 
09.12.2011, publ.25.06.2012, Bull. № 12). 

      To evaluate the effectiveness of clinical application 
of digital microfocus radiography, 153 children aged 
from 1 year to 17 years (87 boys and 66 girls - 56.9% 
and 43.1%, respectively) with a variety of traumatic 
injuries of the extremities in urban emergency station 
were examined. 

      X-ray examinations were carried out on X-ray 
diagnostic complex RDK-VSM equipped with X-ray 
tube "Toshiba" with the focal spot of 0.6 and 1.2 mm, 
and a multisensor digital receiver "Iona" with the 
working field of 38 x 38 cm and а resolution of 4.0 line 
pairs per millimeter, and on the X-ray digital 
diagnostic complex KRDTS-08-ALPHA, which 
includes a microfocus X-ray unit "Pardus-2" with a 
focal spot size of 50 microns, multisensor digital 
receiver "Iona" with a working field of 18 × 24 cm and 
a resolution of 4.0 line pairs per millimeter, universal 
radiographic tripod with a mobile radiolucent table 
(Fig.1). We used a primary double zoom mode 
(distance "source-receiver" - 40 cm, the distance "a 
source object" - 20 cm), exposure settings at the 
microfocus X-ray examinations: 70-85 kV, current - 
100 µA,  time - 1-2 sec.        

                                               
Fig. 1. Photo of digital X-ray diagnostic complex KRDTS-

08-ALPHA with the position of the table for radiography with 
magnification mode 

 

      Results. To determine the suitability of digital 
microfocus radiography in the diagnosis of traumatic 
injuries of  physeal zones in children, an experiment 
was carried out with the simulation of the growth zone 
fracture. After modeling the fracture of olecranon, 
digital radiography of the elbow in two projections was 

initially performed on a digital X-ray complex RDK-
VSM with 2 workplaces. This digital X-ray image 
(Fig.2) slightly reveals fracture line of the olecranon 
fracture line and physeal zone damage may be 
suspected by its slightly cuneated shape. 

                          
Fig. 2. Digital X-ray image in lateral view with simulated 

physeal fracture of olecranon 

 

      Next, microfocus X-ray digital radiography was 
carried out (Fig. 3), which did not differ from digital X-
ray images (Fig. 2), but the fracture line was more 
clearly defined. 

                            
Fig. 3. Digital microfocus X-ray image in lateral view of 

the same elbow 

 

      In microfocus digital X-ray image in primary 
magnification mode (Fig. 4), in addition to bone 
fracture lines which are clearly visualized, the lumen 
line between ossificated & non-ossificated tissues 
(arrow) is seen as a direct sign of traumatic injury of 
physeal zone, as well as small bone fragments in the 
extended physeal zone. 

                                 
Fig. 4. Digital X-ray microfocus  image in magnification 

mode 

Similar results were obtained in 7 of 8 simulated 
fractures (87.5%) of the elbow joint. For objectification 
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of X-ray results, morphological study of damaged areas 
was carried out which confirmed the presence of the 
physeal zone fracture (Fig.5). 

                               
Fig.5. Physeal fracture at morphological study 

 

       According to the experiment that proved that 
digital X-ray microfocus radiography, especially in 
primary magnification mode, could be used in 
diagnosis of physeal fractures due to visualizing of a 
lumen line between ossificated & non-ossificated 
tissues which was regarded as a direct sign of 
traumatic injury of physeal zone. Visualization of such 
lumen line is explained by physical and technical 
characteristics of digital microfocus radiography, first 
of all such an important feature of microfocus X-ray as 
phase contrast. On microfocus x-ray images the phase 
contrast is evidenced by the presence of light and dark 
lines between tissues with different densities, which 
significantly improves their visualization. 

       In practical use of digital X-ray microfocus 
radiography, of examined children, 128 (83.7%) 
patients had various fractures of the upper extremities. 
Among these fractures physeal fractures were 
identified in 54 (42.2%) patients due to the 
peculiarities of microfocus X-ray radiography (Fig. 6-
8) described above. 

                                   
Fig. 6. Digital microfocus X-ray image of the right wrist 

joint in frontal view of a 14 year old child shows the lumen line 
in the physeal zone right radius, indicating the presence of 
slipped epiphysis of the right radius without displacement 

(arrow) 

   

 
Fig. 7. Digital microfocus X-ray image of the right elbow 

in 17 year old child shows an intraarticular fracture of the 
head of right radius with the transition to the neck of the bone 

in the form of single trabeculae fracture (arrow) 

         
                                        a                                                                        
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                                         b 

Figure 8.  Digital microfocus X-ray image (a) the right 
elbow of a 4 year old child in direct view shows a lumen line in 
the physeal zone of capitulum of humerus (arrow) - 
epiphysiolysis  humerus capitulum. Ultrasonography (b) 
reveals uneven expansion of the physeal zone, hemarthrosis, 
which confirms the presence of epiphysiolysis 

 

      Conclusion. The use of digital microfocus 
radiography in the primary magnification mode allows 
to increase significantly the quality of  X-ray images, 
enables to increase the efficacy of diagnosis of limb 

injuries in children of different age groups and to 
obtain a fuller differential diagnostic picture of 
different types of injuries, followed by a selection of an 
appropriate treatment strategy to help reduce the 
number of adverse outcomes of injuries.  
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Abstract: We evaluated the ability of DAT scan on diagnosis of Idiopathic Parkinson’s Disease (IPD) patients in 
Parkinsonisms. The sensitivity was high level enough to diagnosis of IPD, however, the specificity and accuracy was 
low. It might be due to some atypical parkinsonisms and some technology at data aquisition.   

Keywords: IdiopathicParkinson’sDisease(IPD),AtypicalParkinsonisms

Introduction: The patients of Idiopathic 
Parkinson’s Disease (IPD)  has a mean prevalence of 
100~150 per 100,000 in Japan. Our hospital is a 
state-of-the-art on neurology, especially, IPD. The 
diagnosis of IPD is made clinically by expert 
neurologists in our hospital. In Nov. 2013, DAT-scan 
was approved for diagnosis of Parkinsonisms and 
Lewy-body dementia (LBD) in Japan. We evaluated the 
ability of DAT-scan on diagnosis of IPD patients in 
Parkinsonisms. 

Materials and methods: We evaluated 125 
patients who were suspected Parkinsonism consists of 
57 males and 68 females, 35~88 year old (mean 72.7 
y.o) from Feb. 2014 to Nov. 2014. Following the 
intravenous injection of 167 Mbq of 123I-Ioflupane, A 
single-photon emission computerized tomography 
(SPECT) imaging was acquired using a two-head 
gamma camera equipped with low-energy 
high-resolusion collimators. Reconstruction was 
performed on a ADAC FORTE (ADAC labolatories, CA, 
USA) workstation and software. The specific binding 
ratio (SBR) was also calculated1). 

We evaluated the image with visual assessment and 
classified following: (a) Normal (b) Abnormal grade 1 
(c)Abnormal grade 2 (d) Abnormal grade 3, according 
to Benamer’s classification2). Benamer’s classification 
includes (a): Tracer uptake bilaterally in putamen and 
caudate and largely symmetric. (b): Asymmetric uptake 
with normal or almost normal putamen activity in one 
hemisphere, and with a more marked reduction in 
contralateral putamen. (c): Significant bilateral 
reduction in putamen uptake with activity confined to 
the caudate nuclei. (d): Virtually absent uptake 
bilaterally affecting both putamen and caudate nuclei. 

Results: We found reduced accumulation of the 
radiopharmaceutical at the level of putamen and 
caudate nucleus in IPD patients. However, this findings 
were also partly seen in the patients with atypical 
Parkinsonisms such as Progressive supranuclear palsy 
(PSP), Multiple system atrophy (MSA), corticobasal 

degeneration (CBD). The patients with NPH (normal 
hydrocephalus), vascular Parkinsonism, Dystonia, and 
drug induced Parkinsonism (DIP) were  negative for 
DAT-scan. 

Sensitivity, specificity and accuracy of DAT-scan in 
diagnosis of IPD patients was 93%, 58%, 83%, 
respectively (Table 1). 

Discussion: Low specificity and accuracy might be 
due to some atypical Parkinsonisms. It was reported 
that DAT-SPECTs are not useful in differentiating 
between PD and atypical parkinsonisms (MSA, PSP, 
CBD)3)4). 

Differential diagnosis of IPD from these diseases 
were performed by clinical criteria of motor symptom, 
signs, and MRI. Moreover, in 123I-MIBG scintigram, 8 
out of 13 patients with MSA, PSP, CBD were normal 
(data not shown). 

The difference between  normal (Fig.1) and 
abnormal grade 1 (Fig.2) at Benamer’s classification 
was sometimes difficult when the patient was rotated 
position or moving at the table nevertheless image 
correction. The accumulation to striatum decrease 
5~7%/10 year are also mentioned.  

The quantitative assessment was desirable for  
diagnosis on DAT scan. However, SBR calculated in our 
institusion was unreliable. 
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Fig.1  77M patient with Essential tremor.  

 

 
Fig.2  72M patient with IPD. 

 

Table 1 

 IPD not IPD* total 

grade1~3** 81 16 97 

normal 6 22 28 

total 87 38 125 

*   : Include Atypical Parkinsonism 

** : Benamer’s classification  

 

Conclusion: We evaluated the ability of DAT-scan on 
diagnosis of IPD patients in Parkinsonisms in our 
hospital. The  sensitivity was high level enough for the 
diagnosis of IPD, however,  the specificity and accuracy 
was low. It might be due to some atypical 
Parkinsonisms and some technology at data aquisition. 
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POSSIBILITIES OF THE BEAM DIAGNOSTICS AT PATHOLOGY OF A VERTEBRAL ARTERY 
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Abstract. The research objective was the development of a method for the assessment of vertebral artery (VA) 
compression degree in the vertebral canal by CT and color duplex scanning (CDS) at cervical degenerative dystrophic 
diseases (DDD) and spinal injury (SI). 
Materials and methods. 110 patients with cervical DDD and SI were examined clinically and using beam. CT-
morphometry was used to measure cross section area of the VA canal at the level of C3-C6 on both sides. The presence 
and degree of stenosis was revealed and the cross-section area of the canal (SC) at the level of the stenosis was 
calculated. CDS was performed and the cross-sectional area of the artery (SA) on the side of pathology outside the 
stenotic area was determined. Compression index was calculated (IC) by the formula IC=⅓SC:SA. When the index was 
1.0 and over, no compression was observed, when it was within the ranges of 0.9 - 0.7 moderate compression of the 
artery was diagnosed, when it was from 0.6 to 0.4 significant compression was observed and when below 0.4 marked 
compression was registered. 
Results and discussion. Vascular geometry in the form of VA at CDS stroke deformation was found in most patients 
with SI (87.2%), and DDD (73.0%). Moderate compression occurred in 12.7% of cases at DDD, in 19.1% - at SI, 
significant – in 3.2% and 8.5%, respectively, expressed compression was found only at SI (4.3%). Systemic 
hemodynamic significance of local vertebral influences at DDD was found only in isolated cases (3.8%), while at SI – 
in 11.6% of patients. The results obtained should be considered when determining the course of treatment. The 
diagnostic indicators of the effectiveness of the proposed method using CT and CDS are comparable with the results of 
CT-angiography. 
Conclusions. The method of VA compression detection in vertebral canal allows to calculate the degree of expression of 
extravascular influences on the artery and thus choose the tactics for further surgical treatment. 

Key words: color duplex scanning, vertebral artery, degenerative cervical diseases, spinal injury, extravascular 
compression. 

1. INTRODUCTION 

The study of hemodynamics in vertebral arteries 
(VA) at norm and disease attracts the attention of 
many researchers [1-5]. Degenerative dystrophic 
diseases (DDD) are most common for cervical spine 
disorders [6-8]. Various aspects of cervical spinal 
injury (SI) are well described in scientific literature: 
classification and epidemiology [9], diagnostics, 
clinical management [10, 11] and surgical treatment of 
the patients [12-15]. 

Researches devoted to the study of VA pathology at 
SI, are based, as a rule, on radiopaque angiography and 
magnetic resonance angiography (MRA) [16] and 
mainly cover VA dissection problem [17]. The lack of 
common criteria and approaches to the evaluation of 
color duplex scanning (CDS) results, their comparison 
with the data of computed tomography (CT), MRI, 
MRA and CT-angiography used to identify VA 
extravasal compression, necessitates the improvement 
of methods of neuroimaging in diagnostics of VA 
pathology. 

2. RESEARCH OBJECTIVE 

The research objective was the development of a 
method for the assessment of VA compression degree 
in the vertebral canal by CT and CDS at cervical DDD 
and SI. 

3. MATERIALS AND METHODS 

A comprehensive clinical and beam survey was 
performed on 110 patients (47 with SI and 63 with 
DDD). The examination consisted of assessment of 
neurological and orthopedic status, plain and 
functional spine radiography, MRI, MRA, CT, CT-
angiography and CDS. Radiological diagnostics was 
performed using digital x-ray system with two tubes 
«Easy Diagnost Eleva» (Philips), MRI «Signa Exite 
1.5T» (GE), CT «Brilliance 6S» (Philips). At beam 
survey, morphometry was carried out with canal VA 
cross-area measurement at the level of the C3-C6-
vertebra on both sides using visualization console 
program Viewer. Then, the presence of bone 
(according to CT) compression was determined and 
comparison of cross-sectional area of VA canal on the 
side of the pathology with the opposite side was made 
(Fig. 1). 
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a b 

Fig. 1 CT-morphometry. Measurement of cross-sectional area 
of VA canals at the level of the C3-vertebra (a) and C4-vertebra 

(b) on both sides 

«Vivid S6» (GE) was used for CDS. Blood flow rate 
(peak systolic BF rate, end-diastolic BF rate, time-
averaged maximum BF flow rate) and peripheral 
resistance indexes (Gosling ripple index, Pourcelot 
resistance index, systolic diastolic ratio) were analyzed 
in four VA segments (V1-V4) and basilar artery (BA). 
The total volumetric blood flow in VA was calculated at 
the extracranial level. 

Determining the degree of VA compression in the 
same canal, it is necessary to consider VA diameter on 
the side of the pathology since the diameters of the 
right and left VA can vary considerably. Therefore, a 
method was suggested when at CT VA canal was 
examined, the presence and degree of its stenosis was 
determined, cross-sectional area of VA (SC) canal at 
the level of the stenosis was calculated. Full field CDS 
was performed and the cross-sectional area of the 
artery (SA) on the side of pathology outside the area of 
stenosis determined. Expected VA compression index 
(IC) was calculated according to the formula 
IC=⅓SC:SA. At index value of 1.0 or more, the 
compression was absent, when it ranged from 0.9 to 
0.7 moderate VA compression was registered, from 0.6 
to 0.4 – significant, below 0.4 – marked compression 
was observed (Fig. 2). 

 

a b 

Fig. 2 Moderate compression of the left VA (IC=0.72): stenosis 
of VA canal at the level of С6-vertebra on the left (the cross-
sectional area of VA (SC) canal is 21.5 mm2) (a), the cross-

sectional area of the left VA (SA) is 10 mm2 (b) 

Statistical processing of the obtained results was 
carried out using the mathematical package «Statistica 
7» (StatSoftInc) for «Windows XP». Extensive ratios 
(%), describing the relation of parts to a whole, as well 
as simple averages (M) and the mean errors of 
arithmetic mean values (m) due to the amplitude of 
variation series were calculated during statistical data 
processing. The probability of an erroneous deviation 
of a zero hypothesis was tested by χ2 criterion; 
difference was considered authentic (R) at the reached 
significance value (p) less than 0.05. 

4. Results and discussion 

Women prevailed among patients with DDD (67%), 
while men prevailed among patients with SI (83%), 
mean age was 54±5.2 (p=0.005) and 38±6.5 
(p=0.001), respectively. No significant differences in 

mean VA diameters in two groups of patients were 
identified. Injuries were caused by road traffic 
accidents (40.4%), diving in shallow water (21.2%), 
domestic injury (32.0%), falls from height (4.3%) and 
sports injuries (2.1%). 

During beam examination, the following injuries 
were found: fractures of the dens process of C2-
vertebra (8.5%), compressive, fragment and 
compressive-fragment fractures (61.7%) and fracture-
dislocations of the vertebrae (25.5%), injury of the 
cervical spine with foci of spinal cord (4.3%), traumatic 
hernia of intervertebral discs (6.4%) and multiple 
injuries (6.4%). 

According to the results of beam diagnostics the 
following changes were revealed in patients with DDD: 
intervertebral disc (IVD) hernias with the compression 
of the spinal roots and cord (55.6%), IVD hernias 
without the compression of neural structures (19.0%), 
vertebral osteoarthrosis with the compression of the 
spinal roots and cord (20.6%), multiple IVD 
protrusions without the compression of neural 
structures (4.8%). 

CDS showed disorders of the vascular geometry in 
the form of VA stroke deformation, mainly at C4–C5–
C6-vertebra level (Fig. 3) in most patients with SI 
(87.2%), and DDD (73.0%); at the same time 
hemodynamic significant deformations with bendings, 
such as S-shaped and V-shaped (Tab. 1), were more 
common for SI than DDD patients. 

 
a b c 

Fig. 3 CDS: C-shaped tortuosity (а) VА at DDD, S-shaped (b) 
and V-shaped (c) VА tortuosity at SI 

Table 1 Distribution of patients due to the forms of 
VA at DDD and SI deformations 

Forms of VA 
deformation in 
canal 

DDD 
N=63 

SI
N=47 

Abs. % Abs. % 
Angle deformation 32 50.7 23 48.9
С-shape tortuosity 9 14.3 8 17.0 
S-shape tortuosity 3 4.8 6 12.8 
V-shape tortuosity 2 3.2 4 8.5 
Straight stroke 17 27 6 12.8 
In all 63 100 47 100 

In VA tortuous stroke, local hemodynamic shift in 
the form of acceleration performance for more than 
30% of the original flow rate was registered in 25.2% of 
cases at DDD and in 31.6% at SI (Fig. 4), which 
testified to the vertebral influences on VA at this level. 
Local hemodynamic shift in the form of acceleration 
performance in the field of deformations was 
significantly higher at SI (p=0,032) than at DDD. 

Determining the degree of VA compression due to 
the suggested method, moderate compression (IC=0.7-
0.9) was found in 12.7% at DDD and in 19.1% at SI, 
significant (IC=0.4-0.6) – in 3.2% and in 8.5%, 
respectively, marked compression (IC=0.4 and less) 
was registered only at SI (4.3%); in other cases no VA 
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compression was determined (IC=1.0, and more). 
According to the CT, moderate and significant 
compression degenerative changes of the spine 
resulted in marked vertebral arthrosis, degenerative 
spondylolisthesis and the posterior-lateral osteophytes. 
VA compression was common in patients with 
dislocations, fracture-dislocations of the vertebra 
(p=0.037). Systemic deficiency of BF (decreased BF 
rate in VA and BA V4-segment) as a result of local 
extravasal effects was observed in 11.6% of patients at 
SI and only in a few cases at DDD (3.8%). 

 
a b 

Fig. 4 Extravasal influences on VA in the form of local 
acceleration rate parameters between C4-C5-vertebra (a) and 

C5-C6-vertebra (b) at SI 

The use of CT and CDS allows to diagnose the level 
and determine the degree of VA compression 
according to the proposed method, thus affecting the 
choice of treatment of patients. At moderate VA 
compression conservative treatment is possible, at 
significant – minimally invasive intervention may be 
used and at marked compression, open surgical 
removal of compression factors (discectomy in 
combination with facetectomy) should be considered. 

Irritative effects in the form of marked increased 
indexes of peripheral resistance throughout 
extracranial VA at SI were observed in 16.7% of cases 
and at DDD – in 9.5% of patients whose clinical 
symptoms were characteristic of VA syndrome. 

Traumatic VA dissection was observed at SI in two 
cases (Fig. 5). In one it was complicated by VA 
thrombosis at the extracranial level, while the blood 
flow in the BA remained within the normal values 
(compensation for the expense of the contralateral VA) 
and no ischemic changes in the brain in the vertebral-
basilar region were observed. 

 
a b 

Fig. 5 VA dissection between C4-C5-vertebrae with the 
formation of intramural hematoma on the front VA wall (a) 

and residual BF in VA distal to the area of dissection between 
C3-C4 vertebrae (b) 

The total volumetric flow in VA at DDD was within 
the standard values and averaged 181±43 ml/min 
(p=0.045). In 61.7% of patients SI revealed total 
volumetric flow within the standard values (176±48 
ml/min, p=0.046), at the lower boundary level of valid 
values – in 25.5% of cases (152±27 ml/min, p=0.047) 
and in 12.8% – below the standard values (104±35 
ml/min, p=0.047). 

In 32.7% of patients (n=110) with moderate and 
severe degree of compression calculated by the 
proposed method, CT-angiography was made, the 
results of which coincided with the received data. All 
patients showed VA deformation stroke in the bone 
canal, at a moderate VA compression the degree of 
artery stenosis in the field of compression was up to 
50%, at marked compression it was up to 60-70%. 
Diagnostic efficacy indicators of CT-angiography and 
of the proposed method for the determination of VA 
compression are comparable (Tab. 2). 

Table 2 Indicators of diagnostic efficiency (%) 

Indicators of 
diagnostic 
efficacy

CT-angiography 
N=36 

CT and CDS 
N=110 

Sensitivity 94.2 89.7
Specificity 89.9 83.8
Accuracy 93.4 87.5

Indicators of diagnostic efficacy of CT-angiography 
and of the proposed method for the determining VA 
compression are comparable: the sensitivity of the 
method is 94.2% and 89.7%, specificity - 89.9% and 
83.8%, an accuracy - 93.4% and 87.5%, respectively. 

The use of CDS in patients with DDD and SI allows 
detecting VA stroke deformation and determining the 
gradients of rate indicators in the field of tortuosity 
(local hemodynamic significance) and the degree of 
bloodstream compensation (systemic hemodynamic 
significance of extravasal influences). Calculation of 
the total BF volume in VA at the extracranial level 
allows diagnosing vertebral-basilar insufficiency. 

In patients with DDD and SI, VA stroke 
deformation was quite common. At SI, local 
hemodynamic shift in acceleration performance in the 
field of deformations was significantly higher than in 
degenerative diseases. At DDD, there were local 
hemodynamic changes without systemic deficiency of 
BF (decrease of BF rate in VA and BA was observed at 
SI in 11.6% of cases and at DDD – in 3.8%). At DDD, 
the total volumetric flow in VA was on average within 
the standard values. 

Based on the analysis of hemodynamic changes in 
VA in patients with SI and DDD it is possible to 
determine the following ultrasonic vertebral syndrome 
influences on VA: 

1) Irritative effects syndrome; it is manifested by 
the increased peripheral resistance index for V1-V3-
segments of VA (at least at the level of V4-segment) 
while maintaining BF rate parameters in most patients 
within the normative values; 

2) Hemodynamic insignificant VA stroke tortuosity 
in the bone canal without local gradients of the high-
rate performance and without systemic deficiency of 
BF; 

3) Extravasal influence on VA; it is manifested in 
the form of local hemodynamic significant gradients of 
rate indicators in the field of deformation and bending 
at the level of the V2-segment, without systemic 
deficiency of BF (linear and volumetric BF rate in the 
V3-segment was higher or equal to the index at the 
level of the V1-segment and remained within the 
normal values); 
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4) VA extravasal compression with hemodynamic 
significant local gradients of rate indicators and system 
of the deficit of BF. It is manifested by the increased 
peripheral resistance index in the proximal zone of 
compression, increased BF in the area of VA stroke 
deformation, decreased BF and peripheral resistance 
index distal to the zone of compression, decrease of the 
linear and volumetric BF rate in V3-segment 
comparing to the V1-segment, decrease of BF rate in 
intracranial department of VA; 

5) Venous blood circulation in the vertebral-basilar 
region is manifested in the form of dilatation of the 
vertebral veins with acceleration rate parameters in the 
horizontal position of the patient; syndrome of venous 
disturbance of circulation in most patients was 
combined with other ultrasonic syndromes. 

5. Conclusions 

The method for determining VA compression in the 
bone canal was proposed. It is based on the 
comparison of the cross-sectional area of the canal of 
the artery at the level of pathology according to the CT 
and the area of its cross-section outside the zone of 
compression according to the color duplex scanning, 
which allows calculating the severity of extravasal 
influences on the vessel. 

A moderate compression occurred in 12.7% of 
patients with degenerative dystrophic diseases and in 
19.1% of cases with spinal injury; significant 
compression was registered in 3.2% and 8.5% of cases, 
respectively; and marked compression was found only 
at spinal injury (4.3%). At spinal injury, systemic 
hemodynamic significance of local vertebral influence 
was observed in 11.6% of patients and at degenerative 
diseases only in a few cases (3.8%). 

Determination of the degree of compression of the 
vertebral artery affects the tactics for the further 
treatment: at moderate compression conservative 
treatment is possible, at a significant – minimally 
invasive intervention and at marked – open surgical 
removal of compression factors should be considered. 

Analysis of hemodynamic changes in VA in patients 
with injuries and diseases of the cervical backbone 
revealed the main ultrasonic vertebral syndrome 
influences on the artery. 
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RADIOLOGICAL IMAGES AND PROGNOSIS OF PNEUMOCONIOSES  
IN FUNDAMENTAL INDUSTRIES IN BULGARIA 

E. Petrova 

Tokuda Medical Center, Tokuda Hospital Sofia, 1407, Sofia, Bulgaria 

Abstract. The object of the study are lung X-ray findings and diseases of 480 miners exposed to quartz in coal mining, 
and lead-zinc mining, 120 workers exposed to mixed asbestos/quartz containing dust (MAQCD), and control group of 
28 non-exposed individuals. ILO International Classification of Radiographs of Pneumoconiosis (ILO’80) is used for x-
ray reading and diagnostics.  
Methods: A cross sectional case control study of x-ray findings on chest radiographs. Information collection for dust 
exposure. Using of SPSS software.  
Results: P1/1 small round opacities have been found amongst 8 (40.0%) black, 6 (30.0%) brown, 2 (10.0%) anthracite 
coal miners, and 4 (20.0%) workers exposed to MAQCD. P0/1 have been detected amongst 11 (9.5%) brown coal 
miners, 24 (21.1%) black, 10 (18.9%) – anthracite coal miners, 34 (27.9%) lead–zinc ore miners, and 8 (7.5%) workers 
exposed to MAQCD. P0/1 have been found amongst 11 (9.5%) brown, 24 (21.1%) black, 10 (18.9%) anthracite coal 
miners, and 34 (27.9%) lead–zinc ore miners, and 8 (7.5%) workers exposed to MAQCD. Р1/0 have been detected 
amongst 9 (7.8%) brown, 39 (28.3%) black, 14 (26.4%) anthracite coal miners, 40 (32.0%) lead–zinc miners, and 12 
(11.2%) workers exposed to MAQCD. T0/1, t1/1, and t½ irregular opacities have been found amongst 10 (8.6%) brown, 
22 (19.5%) black mining, 13 (24.5%) anthracite coal mines, 3 (2.4%) lead zinc miners, and 30 (27.8%) MAQCD exposed 
workers. S2/1 - s3/3+ irregular opacities (asbestosis) have been found amongst 12 (11.1%) MAQCD exposed workers. 
T2/1-t3/3+ (asbestosis) have been detected amongst 28 (25.9%) MAQCD exposed workers. Pl (pleural fibrosis, 
plaques) have been detected amongst 53 (49.1%) MAQCD exposed workers, 27 (22.0%) lead-zinc miners, 6 (11.3%) 
anthracite, 9 (7.8%) brown, and 8(7.1%) black coal miners (Р<0.0001). Calcified pleural plaques (PLс) have been 
detected amongst 10 (83.3%) last workers exposed to MAQCD, and 2 (1.8%) black coal miners. Pl and Plс have been 
predominated amongst MAQCD exposed workers (Р<0.0001). 
Conclusion: P1/1 initial silicosis has been found amongst 16 miners, 4 р1/1 mixed pneumoconioses due to MAQCD 
exposure in KZM, 43 asbestoses amongst workers in Steam power plant and brakes production. The average MAQCD 
exposure is 16 years with 17 year latent period. The asbestos pleural fibrosis and calcified plaques are predominated. 
Due to the high dust levels in the mines, the levels of MAQCD, the dose/effect studies ‘information, and the dynamics of 
pneumoconiosis diseases it is possible to prognosticate the development of silicosis, asbestosis and asbestos pleural 
diseases in future 10-15-20 years. 
 

Key words: silicon dioxide, mixed asbestos and quartz containing dust (MAQCD) ILO’80, chest radiography, silicosis, 
mixed pneumoconiosis

1. INTRODUCTION 

The early detection of the radiological impairments 
and the diagnostics of pneumoconiosis related to 
quartz, asbestos, mixed and other mineral dusts 
exposure are taken into account by many authors 
during the last years [1 - 11]. The characteristics of the 
health status of workers exposed to mineral dust above 
the permissible levels (PL) in Bulgaria during the last 
two to three decades were discussed by a number 
authors [2, 3, 6]. A new assessment of the chest X-ray 
changes among Bulgarian workers exposed to 
occupational mineral dust is necessary, as well as early 
detection of the diseases.  

THE AIM of the study is to characterize the main 
radiological finds, and dust lung diseases amongst 
workers from Bulgarian mine, and productions related 
to mixed asbestos and quartz containing dust 
(MAQCD). 

2. MATERIAL AND METHODS 

A case control cross sectional screening study of 
chest radiography deviations of 480 quartz exposed 
miners (116 brown coal miners, 113 black coal miners, 
53 - anthracite coal miners, 198 lead-zinc miners, 120 
workers exposed to MAQCD, and 28 non-exposed 
persons (control group), worked during 1985 – 2003 
was done. The radiographs were accounted according 
to ILO International Classification of Radiographs of 
Pneumoconiosis, Geneva, 1980 [ILO’80]. The collected 
information for workers exposed to dust in the work 
environment air in different enterprises was 
summarized. The finds on the radiography of the lung, 
and the high levels of respirable dust and the 
concentrations of the dust in the work environment air 
are basal circumstances for appearance of pulmonary 
disease caused by non-organic dusts. SPSS software 
was used. Pearson Chi-Square, Likelihood Ratio and 
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statistical significance (Р) were calculated. The average 
dust exposure duration amongst workers from black 
mining has been 10.4 year, followed by mixed asbestos 
containing dust (MQAED) exposed workers - 16.52 y, 
workers in led zinc ore mines -10.95 y, anthracite 
mines - 12.53 y, and brown coal miners -12.59 years. 
The average age amongst dust exposed miners has 
been 38.49; asbestos exposed workers - 45.57 y, and 
for unexposed persons (control group) - 42.33 years. 
The average duration of the latent period amongst 
asbestos exposed workers and exposed to MQAED has 
been 17.45y. Tobacco smokers and alcohol abusers 
amongst examined workers have exceeded 60%, 
excluding smokers in control group. The highest dust 
exposure amongst miners in first and second risk 
groups from all mines was predominated. The lower 
exposure has been found in black coal mines. The 
number of asbestos exposed workers in KCM has been 
71, followed by workers from clutch production (29p.). 
The number of fitter’s boiler equipment in power plant 
(20p.) was the lowest. 

3. RESULTS 

 

 

Fig. 1, 2, 3. resp. р 0/1, р 1/0 and р 1/1 small round 
opacities (ILO’80) found amongst quartz exposed 

miners and workers from mixed quartz and asbestos 
exposed group (MQAEG)  

Statistics: Chi-Square Tests: Pearson Chi-Square: 
23.366; Р = 0.009; 

P1/1 small round opacities amongst non - exposed 
individual (control group), as well as in the group of 
lead - zinc ore miners were not found. P1/1 small round 
opacities amongst 6 (30.0%) brown coal miners, 8 
(40.0%) black coal miners, and 2 (10.0%) anthracite 
coal miners were detected [fig. 3]. P1/1 small opacities 
among 4 (20.0%) workers from MQAEG were 
detected. A statistical significance of the distribution of 
р small round opacities among dust exposed workers 
was established (Р<0.01). P small round opacities 
among 10 (52.6%) workers from KZM (furnace 
builders, insulators), and in MQAEG were detected. 13 
(37.1%) machine locksmiths, welders, as well as fitters, 
and old asbestos installation have been exposed to 

MQAEG. P small opacities were found in a worker 
exposed to asbestos in insulating bricks production. 
P0/1 opacities among 11 (9.5%) brown coal miners, 24 
(21.1%) – in workers from black mining, 10 (18.9%) - in 
anthracite coal mines, as well as 34 (27.9%) – from 
lead – zinc ore mines, and 8 (7.5%) workers exposed to 
MAQCD were found [fig 1]. Р1/0 opacities among 9 
(7.8%) brown coal miners, 39 (28.3%) in black mining, 
14 (26.4%) – from anthracite coal mining, 40 (32.0%) 
workers in lead –zinc mining, and among 12 (11.2%) 
workers exposed to MAQCD were detected [fig.2]. S 
irregular opacities Саt.0/1, 1/0, 1/1, ½ (“borderline 
pneumoconiosis”) among 32 (27.6%) workers from 
brown mining, 48 (42.5%) – from black mining, 
19(35.8%) – from anthracite mining, and 77 (62.6%) 
workers from lead zinc or mining, and 36 (33.3%) 
workers in MQAEG were found [fig. 4]. T irregular 
opacities Category (Cat.) 0/1, 1/0, 1/1, ½ (“borderline 
pneumoconiosis”) amongst 10(8.6%) brown coal 
miners”, 22 (19.5%) – black coal miners, 13 (24.5%) – 
among anthracite miners, as well as 3(2.4%) lead zinc 
or miners, and 30 (27.8%) workers from MQAEG were 
detected [fig. 5]. Manifest asbestosis of Cat. S2/1 up to 
s3/3+ amongst 12(11.1%) workers from MQAEG, as 
well as asbestosis of Cat. t2/1-t3/3+ among 28 (25.9%) 
workers was diagnosed. Cases with mixed 
pneumoconiosis among MQAEG were presented on 
Fig.5.  

 

  

Fig.4, 5. Radiographic finds of s or t irregular opacities 
of Cat. 0/1, 1/0, 1/1 and ½, and s or t Cat. 2/1 up to 
Cat. 3/3+  amongst studied miners and workers in 

MQAEG (ILO’80) 
Statistics: Pearson Chi-Square=79.036;Р <0.0001 

The highest shares of u 0/1, 1/0, 1/1 and ½ 
irregular opacities among 79.7% miners in lead – zinc 
mining, followed by 73.6% anthracite miners, as well 
as 71.7% workers in black coal mines, and 30.2% 
workers from brown coal mining were established – 
Fig. 6 (Р<0.0001). U irregular opacities of Саt. 2/1 up 
to Саt. 3/3+ among 12 (10.3%) brown coal miners, 
followed by 12 (10.6%) black coal miners”, as well as 4 
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(7.5%) anthracite coal miners, and 3 (2.4%) lead zinc 
or miners were found. U2/1 up to- u3/3+ irregular 
opacities amongst 11 (10.2%) workers from MQAEG 
were detected as well (Fig.6). U irregular opacities 
were localized in lower lung areas - Fig. 6 (Р<0.0001). 
Pleural fibrosis (Pl) and pleural plaques (PLc) amongst 
53 (49.1%) workers in MQAEG were detected. Highest 
share of Pl findings amongst 27 (22.0%) lead zinc ore 
miners, followed by 6 (11.3%) anthracite coal miners, 
as well as 9 (7.8%) black coal miners, and 8 (7.1%) 
brown coal miners were detected (Р<0.0001). Pleural 
calcified plaques (PLс) in 10 (83.3%) workers from 
MQAEG, as well 2 (1.8%) black coal miners without 
asbestos exposure were detected. Pl and pleural 
calcifications (Plс) amongst workers in MQAEG were 
predominated Р<0.0001) - Fig.7.  

 

Fig.6. Radiographic finds of u irregular opacities of Cat. 0/1, 
1/0, 1/1, ½ and u 2/1 - 3/3+  amongst miners and workers 

exposed to MQAEG(ILO’80) 
Statisticsа: Chi-Square Tests: Pearson Chi-Square = 96.323; 

P< 0. 0001 

 

Fig. 7. Pleural fibrosis and pleural plaques (Pl, and Plс – by 
ILO’80) amongst miners and MQAEG exposed workers 

Statistics: Chi-Square Tests: Pearson Chi-Square = 82.258; 
P<0. 0001; 

Plc - Statistics: Chi-Square Tests: Likelihood Ratio = 27.062; 
P<0. 0001 

4. DISCUSION 

P1/1 small round opacities among 40.0% of black 
coal miners, followed by 30.0% of brown coal miners, 
as well as 10.0% of anthracite miners, and 20.0% of 
MQAEG were predominated. P1/1 small round 
opacities were defined as a sign of initial nodular 

pneumoconiosis. The share of p0/1 and р1/0 small 
round opacities amongst brown coal miners, followed 
by black coal miners was predominated. They were 
defined as a radiological image of borderline 
pneumoconiosis. It can be assumed that the initial 
interstitial silicosis might be associated with initial 
elastin formation, which could be followed by collagen 
deposition in the pulmonary interstitium, and 
formation of silicosis lesions in alveolar space. 
L.Olivetti et al [11] have defined silicosis as "minimal 
interstitial silicosis", and they considered that it old be 
displayed by chest high resolution computed 
tomography (chest HRCT). S and t small irregular 
opacities of category (Cat.) 0/1, 1/0, 1/1, ½, 2/1, 2/2, 
2/3, 3/2, and 3/3+ in miners were assumed as 
preclinical “borderline” silicosis. S and t 2/1, 2/2, 2/3, 
3/2, 3/3+ irregular opacities in mixed quartz and 
asbestos exposed group (MQAEG) have defined as 
radiological signs of asbestosis or mixed 
pneumoconiosis. U0/1-u½ and u2/1 up to u3/3 
irregular opacities on chest x-ray of non – exposed 
individuals could be related with last pneumonia or 
tobacco smoking. U irregular opacities among lead zinc 
ore miners, anthracite coal miners, black coal miners, 
and rarely - amongst brown coal miners were detected 
as well The correct differentiation of the Pl shadows on 
anterior posterior chest radiography was a basis for the 
diagnostics of benign asbestos pleural diseases (pleural 
fibrosis and plaques). Pleural impairments among 
43.3% workers in MQAEG were registered as well. The 
high frequency of the findings of pleural impairments 
among workers exposed to asbestos and mixed 
asbestos containing dusts were presented. The length 
of the latent period from the initial asbestos exposure 
to the appearance of asbestos related Pl and Plc has 
been about 15-20 + years. The calcium plaques on 
parietal pleura (Plс) amongst workers in MQAEG were 
found, and similar findings were rarely detected 
among underground miners. These findings could be 
assumed as last tuberculosis pleurisy. 

4. CONCLUSION 

1. The predomination of 0/1 and р1/0 small 
round opacities on chest radiography amongst 
black coal mines, followed the same x-ray finds in 
patients in black coal mining are an expression of 
preclinical condition, named “borderline 
pneumoconiosis”. 

2. 16 cases with р1/1 initial pneumoconiosis 
related to quart exposure at work place amongst 
brown coal mines, followed by black coal miners, 
and anthracite miners are diagnosed.     

3. Four cases of р1/1 mixed pneumoconiosis 
in furnaces repairing and insulations amongst 
workers in MQAEG are detected.  

4. Forty three cases of asbestosis  amongst 
installers of insulation in thermal power plant, 
mechanics welders, workers in manufacturing of 
ferodo with 16 years asbestos occupational 
exposure and exposure to asbestos containing 
dust and 17 years latency period from the 
beginning of dust exposure are diagnosed.  
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5. Fifteen cases of asbestos related pleural 
fibroses and plaques are established. 

6. Pleural fibrosis and plaques and calcium 
pleural plaques among workers exposed to 
asbestos and asbestos containing dust are 
predominated. 

7. Based on the exposed contingents high 
levels dust in the mines, asbestos exposure, dose 
/ effect studies and dynamics of dust diseases, 
increasing of incidence of silicosis, asbestosis and 
asbestos pleural disease from coal mining and in 
asbestos exposed in the next 10-15 - 20 years is 
predicted. 

8. It is necessary to provide dynamic check up 
of the exposed workers at appropriate intervals 
by inclusion pulmonary specialists with good 
preparation in ILO'80 radiographs reading. 
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VALUE OF IMAGING FOR SPINE SURGERY 
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Abstract. The aim of the research was to study CT-morphometry, densitometry and color Doppler Ultrasonography 
in establishing indications for degenerative-dystrophic diseases and backbone osteoporosis surgery. 
Material and methods. 330 patients with degenerative-dystrophic diseases and backbone osteoporosis underwent 
clinical and beam examination. CT-morphometry measuring areas of intervertebral foramens, vertebral arteries 
canal on both sides at the level of C3-C6, intervertebral canals volume, joint facet width and bone mineral density 
(BMD) was carried out. Strategy of treatment followed the principle of «accruing radicalism» with five-step staging 
(conservative therapy, blockades, minimally invasive surgery, decompressive and decompressive-stabilizing 
operations and reconstructive interventions). 
Results and discussion. Moderate (34% cases), expressed (31% cases) and severe (35% cases) degree of vertebral 
segment stenosis was revealed. It appeared that at moderate and expressed degree of stenosis minimally invasive 
interventions, which main targets were the intervertebral disc, vertebral artery and facet joints are more effective. 
Backbone osteoporosis was found in 37% of patients with degenerative-dystrophic diseases. With BMD lower than -2.5 
by T criterion (S.D.) use of backbone rigid fixation (transpeducular fixation) was found inexpedient because of 
complications. In osteoporosis minimally invasive transcutaneous vertebroplasty is the operation of choice. To avoid 
instability, it should be supplemented with minimally invasive dynamic backbone fixation by means of nitinol device 
with self-regulating compression. Efficiency of minimally invasive interventions in degenerative-dystrophic diseases 
and backbone osteoporosis 16 months after operation amounted to 83%. 
Conclusions. Use of the color Doppler Ultrasonography, CT-morphometry for different vertebral segment parameters 
and densitometry allows to justify the use of different surgical methods, including minimally invasive one. 

Key words: spine, degenerative and dystrophic diseases, backbone osteoporosis, beam diagnostic, surgery, 
vertebroplasty 

1. INTRODUCTION 

Backache is the second after respiratory diseases 
that are the most common cause for which patients 
seek medical aid. In most cases, there are lumbar 
pains, which almost every person suffers throughout 
his/her life. Recently, various issues of the spine 
degenerative-dystrophic diseases have become a 
socially significant problem due to their progressive 
prevalence, up to 75-80%, and economic losses for 
temporary and permanent disability [1-4]. Now, the 
problem of osteoporosis is particularly important due 
to the increase of elderly population and, in particular, 
the number of women in the postmenopausal period. 
Osteoporotic fractures, including those of the spine, 
significantly affect morbidity and mortality. World 
Health Organization’s data show that the number of 
bed-days per year for women in the postmenopausal 
period with osteoporotic fractures exceeds the 
incidence of such diseases as breast cancer, acute 
myocardial infarction, chronic lung disease and 
diabetes. According to epidemiological data, frequency 
of osteoporotic vertebral deformities is not less than 
7%, and women are more vulnerable than men [5-9]. 
Despite significant differences of such nosological 
forms as degenerative-dystrophic diseases and spine 

osteoporosis, orthopedic symptoms have common 
characteristics and most often manifest themselves in 
the spine biomechanical disorders with the emergence 
of instability and stenosis of various parameters of the 
vertebral segment, accompanied by compression of the 
neurovascular structures [10-15]. 

2. Research objective 

The aim of the study was to determine indications 
for surgical treatment in degenerative-dystrophic 
diseases and backbone osteoporosis. 

3. Materials and methods 

Complex clinical and beam examination of 330 
patients with the degenerative-dystrophic diseases and 
backbone osteoporosis of a backbone was carried out. 
CT-morphometry was performed for measuring 
intervertebral foramens (IVF), cross section of 
vertebral arteries canal on both sides at the level of C3-
C6, intervertebral canal volume (IVC), facet joints 
width and bone mineral density (BMD) (see Fig 1). It 
should be stressed that the study did not increase 
radiation load on patients, and allowed to get 
additional data necessary to specify tactics of 
treatment. Estimation of the radiation load was done 
automatically and amounted to 1.8-2.5 mSv in 
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examination of cervical spine. All this resulted in high 
quality image with minimal radiation load. Special 
program was used to measure IVF area. IVC volume 
was counted as a product of IVF area multiplied by IVC 
length. Facet joints pathology revealed the change of 
the articular cleft width. Therefore, comparison of 
these indicators from both sides is necessary. 

  
a b c 

Fig. 1 CT-morphometry of cervical spine: IVF in sagittal 
projection on left (a), right (b) and facet joints in sagittal 

projection (c) 

X-ray examination was performed using a remote 
digital x-ray apparatus, MRI «Signa Exite 1.5T», CT 
«Brilliance 6S» (Philips) and «Light Speed 16» (GE), 
dual energy x-ray absorbtiometry (DERA) was done 
with Highlogic explorer (GE), bone densitometry with 
QCT «Asteion VP» (Toshiba), and color Doppler 
Ultrasonography with «Vivid S6» (GE). Color Doppler 
Ultrasonography was performed following the 
standard procedure. Vertebral artery was visualized in 
longitudinal section from frontal lateral approach in 
patient’s supine position, beginning from the second 
segment progressing to the first one (point of its origin 
from the clavicular artery) and then to the third 
segment from the posterior approach behind the 
mastoid bone. Linear transducer was used with the 
frequency ranging from 5 to 7.5 MHz. The study of the 
vertebral artery was in B-regime and in the regime of 
color Doppler mapping. B-regime was used to estimate 
the vertebral artery wall state and intravascular 
formations, while color Doppler mapping was used to 
specify its course, reveal deformations and areas of 
turbulent blood flow. Then quantitative blood flow 
analysis was made considering the correct angle of 
location (from 30 to 60°), determining parameters of 
blood linear flow rate, voluminous blood flow rate and 
indexes of peripheral resistance. 

The results of the treatment were evaluated by 
MacNab scale, according to which good, satisfactory 
and unsatisfactory results were determined. Besides, 
evaluating the results of cervical spine treatment Neck 
Disability Index (NDI) was used, and in case of lumbar 
spine disorders Oswestry Low Back Pain Disability 
Questionnaire was employed. These questionnaires 
and indexes, due to their adequacy, have found 
widespread application in spine and spinal cord 
neurosurgery [1, 5, 7, 15]. 

Among the patients with osteoporosis women 
prevailed (83%), their mean age was 58±5 years. Mean 
QCT density was determined in the vertebral body 
spongy bone tissue by comparison with the calibrated 
phantom, in which BMD content was known. CT 
scanner was equipped with a special mat-strip in the 
recess of which reference phantom was inserted. To 
assess CT-densitometry diagnostic information, 
sensitivity (Se), specificity (Sp), accuracy (Ac), 
predictive value of positive (PVP) and negative (PVN) 
results of different methods of examination were 

studied together with determination of BMD (Tab 1). 
The obtained results showed that the diagnostic value 
of CT densitometry (QCT) with BMD definition is high, 
regardless of osteoporosis severity. However, all the 
indicators reach absolute maximum only in critical 
osteoporosis, accompanied by pathological 
compression fractures of the vertebral bodies. 

Table 1 Diagnostic information of BMD in 
osteoporosis, % 

Diagnostic 
method 

Indicators of information 
Se Sp Ac PVP PVN

Digital x-ray 65.2 69.8 63.6 66.0 62.3
DERA 88.1 89.2 85.5 81.8 83.6
QCT 99.4 99.5 99.3 99.1 99.2

According to WHO recommendations, there are the 
following groups of patients due to densitometry data: 
norm (T-score>-1), osteopenia (T-score>-1 and >-2.5), 
osteoporosis (T-score<-2.5) and critical or severe 
osteoporosis (value mineral density is significantly 
lower than -2.5). 

We considered the degree of IVF, IVC and vertebral 
arteries stenosis to be moderate if the indicators were 
less than 30%, expressed – when they were from 30 to 
60%, and severe – more than 60%. Strategy of 
treatment was based on the principle «accruing 
radicalism» with five-step staging (first of all, 
conservative therapy, then blockades, minimally 
invasive surgery, decompressive and decompressive-
stabilizing operations, and at last reconstructive 
interventions) (see Fig 2). 

Fig. 2 Diagram: the principle of «accruing radicalism» in 
treatment 

Morphometry allows us to facilitate this principle. 
If the degree of compression is moderate conservative 
therapy, blockades of various neural and vascular 
structures should be applied. If the degree is expressed 
minimally invasive surgery should be regarded. If it is 
severe decompressive-stabilization operations and 
methods of reconstructive surgery may be required. 

4. Results and discussion 

CT-morphometry with the measurement of the 
vertebral artery canal cross section at the level of C3-C6 
and color Doppler Ultrasonography of every segment 
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with determination of the spine artery cross section 
area were carried out. More than half of the examined 
patients with degenerative-dystrophic spinal column 
diseases showed radiculopathy syndrome (55.8%), 
while myelopathy (5.2%) and myeloradiculopathy 
(3.7%) were not so common. In most patients 
osteophytes were found at the level of С4-С5-С6-С7 
vertebrae (92.5%), in the rest of the examined patients 
(7.5%) – at the level of С3-С4-С5 vertebrae. Due to 
MRT, the size of intervertebral disk hernia was in 
average 3.6±0.08 mm (p=0.033). IVF stenosis was 
revealed in 82.3% of patients. According to IVF 
stenosis degree, three groups were determined: 
moderate (76.8%), expressed (21.0%) and severe 
(2.2%). Spinal canal stenosis was observed in 41.5% of 
patients: moderate (76.1%), expressed (20.4%) and 
severe (3.5%). Spinal cord compression was registered 
in 23.5% of patients. The algorithm for choosing 
curative tactics in degenerative-dystrophic spine 
disorders is shown in fig. 3. 

 

Fig. 3 Algorithm for choosing curative tactics in degenerative-
dystrophic diseases 

Vertebral artery syndrome occurs in every third 
patient with the cervical spine lesions. Complex 
symptoms include severe headache (often by the type 
of taking off the helmet), visual, vestibular, 
coordination disorders, and drop-attacks. X-rays with 
the functional images, MRI, MRA, CT, CT-angiography 
and color Doppler Ultrasonography are used for 
diagnostics. The obtained results suggest that color 
Doppler Ultrasonography data are rather informative 
and can be comparable with MRA and CT-angiography 
and in most cases they are sufficient for choosing the 
tactics of treatment. Similar data are available in 
reports by other authors [12, 14]. 

As an example, we present a case of examination 
and treatment of a female, 38 years old, with 
degenerative-dystrophic disease and left vertebral 
artery syndrome, which she has been suffering for two 
years. Cervical spine CT showed a decrease of vertebral 
artery canal at the level of C4-vertebra on the left (see 
Fig. 4). 

 
a b 

 
c d 

Fig. 4 Vertebral arteries canals on both sides at the level of C3 
(a), C4 (b), C5 (c) and C6 (d); decrease at the level of C4-

vertebra left 

Color Doppler Ultrasonography revealed extravasal 
impact on the left vertebral artery without systemic 
deficit of blood flow and local hemodynamic disorders 
manifested by significant gradients of speed indicators 
(see Fig. 5). 

a b 

Fig. 5 Extravasal impact on the left vertebral artery without 
systemic blood flow deficit, local hemodynamic disorders are 

manifested by significant gradients of speed indicators. 
Irritative syndrome of the vertebral artery 

The patient underwent a course of blockades of the 
left vertebral artery with a clear-cut therapeutic effect. 
When examined 1 year after treatment she felt well, 
had no complaints and she was satisfied with the 
results of treatment. Thus, minimally invasive surgical 
treatment in the form of blockades of the vertebral 
arteries to achieve favorable remote results turned out 
to be sufficient. 

Due to the results of color Doppler 
Ultrasonography three main ultrasound syndromes of 
the vertebral artery were determined. Course 
deformations with local vertebrogenic influences and 
without systemic blood flow deficit were registered in 
34.5% of patients, extravasal compression of the 
vertebral artery with the systemic deficit of blood flow 
– in 7.1% of cases, irritative influences on the vertebral 
artery – in 16,7%, and the rest of the patients had no 
hemodynamic disorders in vertebral arteries. Based on 
the studies performed, the algorithm for choosing the 
tactics of treatment of vertebral artery syndrome 
presented in fig.6 was suggested. 

Blockades of the vertebral arteries and ganglion 
stellate are most commonly used in the treatment of 
irritative syndrome (see Fig.7). 

In 35% cases, dereception of intervertebral disc by 
intradiscal injection of 2% solution of local anesthetic 
and alcohol 70° in equal proportions was used. In 15% 
of cases, laser hernia nucleoplasty of intervertebral 
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disks was performed, the efficiency of which was 86%. 
Manipulations on D2-sympathetic ganglion in the form 
of high-frequency electrical destruction or electrical 
stimulation were used in 17% of cases with 
electrophysiological control before and after invasive 
procedures (see Fig. 8). 

 
Fig. 6 Algorithm for choosing tactics for vertebral artery 

syndrome treatment 

 
a b 

Fig. 7 Diagram of vertebral arteries blockades (a) and ganglion 
stellate (b) 

 
a b 

Fig. 8 Manipulation on D2-sympathetic ganglion on left in 
high-frequency electrical destruction (a) with control before 

and after operation (b) 

Extravasal compression of the vertebral arteries 
was found in 3.8% of patients with degenerative-
dystrophic diseases. It was characterized by 
hemodynamic significant local gradients of speed 
indicators and blood flow deficit (see Fig. 9). 

During MRA and CT-angiography, tortuosity and 
stenosis of the vertebral artery in the field of its 
compression were sometimes observed (see Fig. 10). 

No less than 1/3 of patients with degenerative-
dystrophic diseases had the signs of BMD reduction. 
Osteopenia with BMD reduction within the range from 
-1.0 to -2.5 of the standard deviation (S.D.) and 
moderate risk of bone fractures was observed in 52.8% 
of cases. Osteoporosis with BMD reduction of -2.5 and 
less S.D. was registered. 

a b 

Fig. 9 Color Doppler Ultrasonography in case of vertebral 
artery compression: extravasal compression of the vertebral 
artery with hemodynamic significant local gradients of speed 

indicators and blood flow deficit 

 
a b c 

Fig. 10 MRA: tortuosity of the both vertebral arteries at the 
level of the V2-segment (a), C-shaped tortuous of the right 

vertebral artery in V2-segment (b) and stenosis of the vertebral 
arteries in the field of compression on the right 60-70% and 

on the left 50% (c) 

There was a high risk of developing bone fractures, 
and measures for their prevention in the form of 
conservative therapy were necessary (37.4%). Critical 
osteoporosis characterized by the occurrence of bone 
fractures, requiring surgical intervention together with 
conservative treatment, was found in 9.8% of cases. On 
the basis of BMD studies performed, algorithm for 
choosing the tactics of treatment for different degrees 
of BMD reduction was suggested (fig. 11). 

 
Fig. 11 Algorithm for choosing the tactics of treatment in 

different degrees of BMD reduction 

A breakthrough in the treatment of critical 
osteoporosis was made thanks to the introduction of 
vertebroplasty. The method allows providing fast relief 
of pain and early verticalization. However, when 
performing vertebroplasty in patients with 
osteoporosis, volume of the cement injected is 
especially important. 

The volume of the cement to be introduced should 
be calculated before the operation based on 
morphometric measurements of diameter and height 
of the overlying and underlying vertebral bodies 
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(Patent N 2509535 RU, publ. 20.02.2014). The method 
is based on the difference between normal and 
available volumes of the injured vertebra. Volumes of 
vertebrae above and below the damaged one were 
determined. At first, the average volume of the 
damaged vertebra was calculated in norm. This is an 
average value, calculated on the basis of the volume of 
the overlying and underlying vertebrae. Then the 
volume of the injured vertebra was determined. After 
that, the volume of the damaged vertebra was 
subtracted from a volume of a normal vertebra and 
thus the volume of the cement to be injected (see Fig. 
12) was obtained. 

a b 

 

c d 

Fig. 12 Calculation the volume of cement to be injected in 
vertebroplasty 

As a result of mathematical actions, the following 
formula was received: V=π×dav²:4[hav‒h1‒(h2‒h1):2], 
where V is the volume of the injecting cement; dav is the 
average diameter and hav is the average height of the 
overlying and underlying vertebrae; h1 is the lowest 
height and h2 is the maximum height of the damaged 
vertebra. 

Vertebroplasty is added by dereception of the 
underlying facet joints of a vertebra by introduction of 
1.5-2.0 ml of the solution consisting of equal quantities 
of local anesthetic and alcohol 70°. 

In some cases it was necessary to increase a basic 
function of a compressed vertebra. If the BMD 
indicator was up to -2.5 T-score (S.D.) rigid fixation 
(TPF) was performed. If BMD indicator was below -2.5 
T-score (S.D.) dynamic fixation (nitinol) was used 7-14 
days after vertebroplasty (see Fig. 13). 

Reconstructive surgery consisted of the 
replacement of various structures of the spinal 
segment such as: 1) body of the vertebra, 2) 
intervertebral disc, 2) anterior longitudinal ligament 
and 3) posterior support complex. 

 
a b c 

 
d e f 

Fig. 13 Reconstructive operations: vertebroplasty + rigid 
fixation (a–d) and vertebroplasty + dynamic fixation (e, f) 

One of the most common reconstructive operations 
is vertebroplasty, which allows saving the weight-
bearing capacity of the damaged vertebra and 
diminishing the degree of a pain syndrome. 

5. Conclusions 

Among patients with the spine degenerative-
dystrophic diseases, asymptomatic osteopenia and 
osteoporosis occur in 37% of patients. In such cases 
QCT with the determination of BMD is a highly 
informative diagnostic method. Sensitivity, specificity, 
accuracy and predictive value of the method in critical 
osteoporosis reach 99%. 

Morphometry serves as an optimization of CT on 
both sides of such parameters of the vertebral segment 
as the IVF area, IVC volume, cross-sectional area of the 
vertebral artery canal and facet joints width. The 
examination does not increase radiation load on the 
patient and allows getting high quality image and 
additional data to specify the tactics of treatment. 

Segment-by-segment vertebral arteries 
morphometry with diagnostics of irritation and 
compression syndromes is a further improvement of 
color Doppler Ultrasonography. Color Doppler 
Ultrasonography information is comparable with the 
results of the MRA and CT-angiography. 

Determination of vertebral artery compression 
allows quantitative calculation of the character and 
degree of the extravascular influence that defines the 
tactics for further surgical treatment. Modern 
diagnostics of cervical spine diseases must include 
obligatory color Doppler Ultrasonography of the main 
neck arteries. Development and implementation of the 
color Doppler Ultrasonography morphometry greatly 
enhances the diagnostic capabilities of this popular 
and economically cost-effective method of diagnostics. 

The algorithm of curative tactics should be based 
on clinical and beam comparisons, including CT data 
and color Doppler Ultrasonography morphometry, 
followed by conservative or surgical treatment. At 
present, surgical treatment of degenerative-dystrophic 
diseases and osteoporosis of the spine includes 
primarily the use of minimally invasive operations. The 
strategy of surgical treatment has to follow the 
principle of «accruing radicalism». In spine 
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osteoporosis surgical treatment BMD, the degree of 
compression of the vertebral body and the number of 
affected vertebral segments should be considered. 
Vertebroplasty has to be combined with a differential 
use of the spine rigid or dynamic fixation. Rigid 
posterior fixation of the spine is limited by BMD 
deficit, which should not exceed -2.5 by T-criterion. 
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0.3μ e-.3μ 

Absorbed 
radiation 

(%) 
0.05μ e- 0.05μ 

Absorbed 
radiation 

(%) 

 
0.1μ 

 
e-0.1μ 

Absorbed 
radiation 

(%) 

20 73.6 14.72 ~0 100 22,08 ~0 100 3.68 0.0252 97.47 7.36 0.0006 99.94
40 25.8 5.16 0.0057 99.4 7.74 0.0004 99.96 1.29 0.2752 72.47 2.58 0.0757 92.42
50 22.1 4.42 0.0120 98.8 6.63 0.0013 99.87 1.10 0.3312 66.88 2.21 0.1097 89.02
60 20.3 4.06 0.0172 98.3 6.09 0.0022 99.78 1.01 0.3624 63.76 2.03 0.1313 86.86
80 18.2 3.64 0.0263 97.4 5.46 0.0042 99.58 0.91 0.4025 59.75 1.82 0.162 83.79
100 17.1 3.42 0.0327 96.7 5.13 0.0059 99.41 0.86 0.4253 57.47 1.71 0.1808 81.91
120 16.1 3.22 0.0399 96.0 4.83 0.0079 99.21 0.80 0.4470 55.3 1.61 0.1998 80.01
140 15.4 3.08 0.0459 95.4 4.62 0.0098 99.01 0.77 0.4630 53.69 1.54 0.2143 78.56
150 15.1 3.02 0.0488 95.1 4.53 0.0107 98.92 0.75 0.47 53.00 1.51 0.2209 77.9

Table 1. Attenuation of X-ray beams in the human body and in water-made phantoms for arms 
and legs. The “absorbed radiation” columns specify the “f” factor absorption, whereas e-µx refers to the 
fraction of escaping photons “(1-f)” 



 3. THE IMAGE - DOSE RELATION 

The “sharp image at a low dose” contradiction is 
the basic problem in radiology. [4],[5] 
In fact, a sharp image could mean a high dose 
and a low dose could mean a bad image.  
In practice, the physician, based on his/her own 
experience, can make a compromise and choose 
between a sharp image and the lowest possible 
dose for the patient. 
A sharp image is obtained by a large number of 
photons reaching the detector. 
For photons with energy ℇ, this number is 
expressed by the following proportional 
relationship: 
 nt  ~ (݉ݏܣ)[1 − ݂(ℇ)],       (3.1) 
 
Where f(ℇ) is  the absorption factor,  
and [1 − ݂(ℇ)] is fraction of escaping photons 
 
In the medical equipment technique, the 
parameter (mAs) is the electric charge Q( mC) of 
the beam of electrons accelerated in the tube 
(na). 

 ݊ =  (3.2 )    ,݁/(ܥ݉)ܳ
 
Where: na is the number of accelerated electrons 

e is the elementary electric charge 
hence, na is proportional to (mAs). 
 
The number of emitted photons, nf , is 
proportional to na , whereas the number of 
incident photons, ni, is proportional to nf.  
 
 
The number of escaping photons:  ݊௧ = ݊[1 − ݂(ℇ)]    (3.3) 
 
 nt, is proportional to (mAs). 
 
Photons with the same energy ℇ, produce a dose, 
D, proportional to ℇ:  (ݏܣ݉)~ܦ ∙ ݂(ℇ) ∙ ℇ,          (3.4)  
As f(ℇ) is practically constant, the increase of ℇ 
leads to the increase of the dose, for a given 
number of incident photons. 

 
Every absorbed photon, with f(ℇ), emits its 
energy into the body. 
 
Considering all spectra, we will have: 
        ݊ ~(݉ݏܣ) ∙  1](ℇ)ݏ] − ݂(ℇ)]]݀ℇƐబ   (3.5) 
 
 
 And              (ݏܣ݉)~ܦ  (ℇ)ݏ ∙ ݂(ℇ)݀ℇƐబ          (3.6) 
      
  Where ℇ0 is the higher limit of spectrum  
         and s(ℇ) is the relative intensity of energy ℇ. 

 
 
 

 
 

 
a               b                 c
                              

                                     

                                                                                 

 

 
Fig. 1. Absorption of photons in human body.  

a – incident photons; 
b - escaping photons ;  
c – sharp image.  

 

Patient 
body 

   4. COMPARISON OF SPECTRA 
 
It is useful to compare spectra obtained at low 
and high voltages, to compare the doses 
produced by such voltages, and to identify the 
sharp images in these situations. 
Spectra produced at 90 kV and 150 kV were 
chosen. 90 kV is one of the usual voltages, 
whereas 150 kV is the upper limit in many of the 
x-ray equipment.  
The absorption factors f1 and f2, as well as the 
escape fraction (1-f1) and (1-f2), respectively, 
must be calculated.  
The indexes 1 and 2 refer to the 90 kV and 150 
kV, respectively. 
The factors are obtained as a weighted average, 
using the following formula: 

 ଵ݂,ଶ = ∑  (4.1)                        (ߝ)ݓ(ߝ)݂

 where w(ε) – the relative average, 
f can be found in the Table 1 for a body thickness 
of 30 cm (at high voltage) ,  
w(ε) are calculated in Annex, based on the shape 
of spectra . 
In formula (4.1), f(ε) and w(ε) can be interpreted 
as the average for a group of energies around ℇ. 
The results are:   

f1 =0.9978;  f2 = 0.9947;  
(1-f1)= 0.0022; (1-f2 ) =0.0053. 
 The number of photons incident on the human 

body for various energies:  
n1 =

ேଵିభ      (4.2) 

n2 =
ேଵିమ     (4.3)  

N is considered a large number of photons 
escaping to form a sharp image (fig. 1). 
 
Doses are expressed as follows: 

D1 = f1 n1 
ହସ   (4.4) 

D2 =f2 n2 
ଽ ଶܦଵܦ (4.5)   = 1,45  (4.6) 
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where, 
 m – is the irradiated  body mass 
54 keV and 90 keV are the averages of the 

spectra energies. 
Thus, high voltages produce a low dose to give 
the number N. This is due to the difference in 
the fractions of escaping photons. 
The actual values for D1, D2 and N are 
determined experimentally.  
In the comparison of the spectra, the contrasts 
which vary in energy, not only in number N, 
should also be evaluated and.  
However, the difference in contrast for various 
energies cannot be greater than the difference 
between the escape fractions. 
The density of the body’s internal organs is 
similar to the average density of the human body 
and their size is smaller than the diameter of the 
body.  
As regards the few Compton photons escaping 
from the outermost body layers, they cannot 
change the value 1.45 much in (4.6). 
 
5.  CONCLUSIONS 

In radiology, there is always a contradiction 
between sharp image and low dose. 
Although the absorption of photons in the body 
is huge, only a small part of the incident photons 
escape to form the image. 
Higher energies are preferable, in special cases. 
Inefficiently low energies must be filtered. This 
is not applicable to radiographs of arms and 
legs. 
There are cases where getting a sharp image is 
essential; the physician, based on his/her own 
experience, has to make a compromise and 
correctly choose between a sharp image and a 
low dose.  
For a sharp image obtained with a spectrum 
produced at 90 kV, the number of incident 
photons must be large; this number is small at 

150 kV (see the escape fraction). Therefore, the 
dose is higher in the first case. The difference is 
given by the escape fractions.  
The dose-economy in (4.6) is small, but for 
hundreds of radiographs it means quite a lot!  

6. ANNEX - CALCULATING WEIGHTS 

The energetic spectra of photons may be 
calculated using the following formula [6]: 
 

f(Ɛ) = K c2 Z Ɛ2( Ɛ0 –Ɛ)        ( 6.1) 
 
where, 
K –is experimentally determined;  
C - speed of light; 
Z – anode-specific Z; 

Ɛ - energy of photons; 

Ɛ0 – maxim energy of spectrum. 

If the spectrum abscissa and Ɛ are expressed in 
KeV, then ( K c2 Z) is expressed in number of 
photons X (KeV)-4 [the formula (6.1) is 
expressed in the number of photons X(KeV)-1]. 
 Applying the integral to the following formula 
(6.1) supplies the number of photons in the 
spectrum area: 
S(no. of photons) = 

= (Kc2Z) Ɛଶ(Ɛ − Ɛ)݀ƐƐబ = 

= (KcଶZ) ቚ Ɛ  Ɛయଷ − Ɛరସ    ቚ = 
Ɛబరଵଶ   (6.2) 

S(no. of photons) for range ( Ɛ1, Ɛ2) is calculated: 

S1,2  =(Kc2Z)  ℇ (Ɛ −  Ɛ) dℇ ƐమƐభ    (6.3) 

Ratio ( ௌభ,మௌ  ) supplies energy weighting within the 

range (Ɛ1 , Ɛ2 ). 
For the spectrum obtained at 90 kV, four ranges 
were chosen, expressed in KeV: ( 0, 30); (30,50); 
(50, 70) and (70,90). 
For the spectrum obtained at 150 kV, seven 
ranges were chosen, expressed in KeV: 
(0, 30), (30,50), (50, 70), (70,90), (90,110), 
(110,130) and (130, 150). 
If all weights are used in the calculation,  f1 and 
f2  are obtained using the following  formula:  
 

  f1,2 =∑ ݂ (Ɛ)ݓ(Ɛ). 
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BACKGROUND IN A TEST OF DETECTING “COOPERATIVE” PARAPOSITRONIUM 
ANNIHILATION BY THE 32-CRYSTAL SPECTROMETER ARGUS  
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Abstract. Parapositronium – a singlet positronium ground state, has the total angular momentum of electron and 
positron forming the atom Js = 0, magnetic quantum moment m = 0, and its annihilation spectrum is dominantly 
created by the 511 keV discrete photons. A process of cooperative emission of annihilation photons (cooperative 
annihilation) by a system of positronium atoms, i.e., annihilation superradiance, had been considered by other 
researchers, and the theory of annihilation superradiance in a system of parapositronium atoms for two-photon 
annihilation was constructed (two interacting parapositronium atoms; emission of the 1022 keV photons flying apart 
at an angle of 180°). The 32-crystal spectrometer ARGUS, with 16 detector pairs at an angle of 180° capable of 
registering double gamma coincidences, with lead collimators (80 mm in diameter) mounted on each detector – was 
used to test the phenomenon. Parapositronium annihilation spectra were acquired using 22Na (A = 4⋅105 Bq) as a 
positron source, and SiO2 (as „positronium forming“ medium; probability: 32 %), as well as Al (as „positronium not 
forming“ target) used as a blank – for estimation of the background events. In the case when after emission of two 
starting positrons from 22Na (i.e., the 1275 keV nuclear photons) coincident registration (respecting the spectrometer 
time resolution) of four annihilation photons should be considered as a six-fold coincidence event, experimentally 
obtained counting rates were – 0.25 s-1 (SiO2) and 0.23 s-1 (Al), while theoretically predicted – 0.34 s-1. The main 
background process competitive to a registration of the parapositronium cooperative annihilation is four-fold 
coincidence event (the two 180° detectors register 1275 keV photons, and two – summing of the 511 keV annihilation 
photons), with experimental counting rates – 0.026 s-1 (SiO2) and 0.023 s-1 (Al), as theoretically predicted – 0.023 s-1. 
On the other hand, cooperative annihilation should be a four-fold coincidence event (the two 180° detectors register 
1275 keV photons, and two – 1022 keV photons), which has not been registered by the ARGUS spectrometer 
(theoretically predicted counting rate – 1.7⋅10-5 s-1). The analyses showed that probability of detecting the 
parapositronium cooperative annihilation will increase significantly with increasing positron source activity, but also 
with decreasing diameter of lead collimators. 

Key words: spectrometer ARGUS, parapositronium, cooperative annihilation, background 

1. INTRODUCTION  

Positronium (Ps) – an exotic atom consisting of 
electron and positron, has two ground states: a singlet 
or para-Ps [sPs(1S0) or p-Ps], and a triplet or ortho-Ps 
[tPs(3S1) or o-Ps]; with lifetime in vacuum – 1.25⋅10-10 s 
and 1.4⋅10-7 s, respectively [1]. These states are 
different in regard to the total angular momentum of 
electron and positron forming the atom – Js = 0 in the 
case of p-Ps (electron and positron spins are 
antiparallel, and magnetic quantum moment: m=0), 
and Jt = 1 in the case of o-Ps (electron and positron 
spins are parallel, and three sub-states different in 
magnetic quantum moment: m = +1, 0, -1, are 
possible). The p-Ps experiences 2γ-annihilation (the 
511 keV discrete photons flying apart at an angle of 
180°), while o-Ps – 3γ-annihilation (continuous energy 
spectrum in the range from 0 to 511 keV) [1]. 

Experimental research on Ps atom was basically 
related to the energy spectrum of annihilation photons, 
coincidences of 3γ-decay photons, coincidence rates of 
2γ-decay photons as a function of angles between two 
detectors, delayed coincidences – positron emission 
and annihilation radiation [1], rare Ps decays –  on 4γ- 
(p-Ps) and 5γ-rays (o-Ps) [2], asymmetric 3γ-decay [3], 
etc. This atom (i.e., its decay) has been also used to 
test, for example, CPT-invariance [e.g., 4, 5, 6]. 

Despite the fact that annihilation of Ps atoms (in 
free space, but also in various media) has been studied 
in considerable details, there are theoretically 
predicted phenomena related to Ps-annihilation which 
have not been experimentally confirmed (detected) so 
far. 

This study considers possibility to detect 
annihilation photons from “cooperative” annihilation 
of p-Ps, using the 32-detector coincidence 
spectrometer ARGUS (Institute of Physics, National 
Academy of Sciences of Belarus, Minsk). 



 124

2. BASICS OF THE P-PS COOPERATIVE  ANNIHILATION  

THEORY 

 The process of cooperative emission of 
annihilation photons (cooperative annihilation) by a 
system of Ps atoms, i.e., annihilation superradiance, 
had been considered in a few works [e.g., 7, 8].  

Using the concepts of Dicke’s theory of optical 
supperradiance in a system of two-level atoms, as well 
as in a system of excitations, the authors of ref. [7] 
(emphasizing important differences between optical 
and annihilation superradiance) constructed a theory 
of annihilation superradiance in a system of p-Ps 
atoms – for 2γ-annihilation.  Based on interaction of 
the Ps atoms through the field of virtual photons 
(quantum electrodynamic effect of the fourth order), 
an equation of the annihilation radiation propagation 
in a Ps-medium was developed [7]. 

Considering electron-positron interaction as 
nonradiative in nature, and studying the radiative 
interactions of a Ps atom with the field of its own and 
external photons, it was concluded that a field changes 
significantly not only the energies, but also lifetime of 
the Ps atom states  [8]. That is then used for the study 
of the annihilation decay kinetics of a p-Ps atom from 
two states participating in stimulated optical 
transitions excited by a laser [9] (while two-, three-, 
and six-photon cross sections and ionization rates for 
Ps at laser frequencies of experimental interest were 
also calculated [10]; and Ps in a laser field was 
considered extensively [e.g., 11]). 

So, cooperative annihilation implies a bound state 
of two interacting p-Ps atoms, which decays through 
emission of two 1022 keV photons flying apart at an 
angle of 180° 

 
sPs+sPs→2γ.    (1) 
 

If a volume (of gas, for example) under 
investigation contains N positrons, it can be taken that 
Np of them annihilate without Ps forming (a free 
annihilation into two 511 keV photons), and that Np-Ps  
and No-Ps are numbers of p- and o-Ps atoms, 
respectively. 

According to the prediction (O. N. Gadomskii, as 
discussed in [12]), probability ratio: cooperative versus 
free annihilation of p-Ps is 

 

Ps)P(
P

s
Coop

 ≈ 5⋅10-5.   (2) 

 

If a sample is placed between two detectors (at an 
angle of 180°) registering double coincidences of the 
1022 keV photons, counting rate of the events 
corresponding to the p-Ps cooperative annihilation can 
be 

 

effectN ∼ ,ΩPεN Coop
2
1022Ps-p   (3) 

 

where ε1022 represents one-detector photoefficiency for 
the 1022 keV photon (assuming that detectors have the 
same registration efficiency); Ω is a solid angle from 
the source/target to the detector (there is a strong 
angular correlation between the decay’s photons: 
180°). 

Taking that (Np + Np-Ps) positrons give the decay 
into two 511 keV photons, it is possible to estimate the 
main background process. This process presents a 
registration (by two-detector system) of four 511 keV 
photons, which are products of two independent 
decays of p-Ps atoms (or free positron annihilation; or 
a combination of these processes) and due to the 
summing effect competitive to the photons from 
cooperative annihilation, i.e.,  

 

Nbackground ∼ ,Ω)εN(N 24
511Ps-p p+          (4) 

 

where ε511 is one-detector photoefficiency for the 511 
keV photon.  

From Eqs. (3) and (4), the effect/background ratio 
would be 
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3. SPECTROMETER ARGUS  

The spectrometer of γ-coincidences ARGUS 
consists of 32 sections (12 penta- and 20 hexahedral 
pyramids), i.e., 32 NaI(Tl) detectors (D) of (15 x 10) 

cm2  [13]. Its total solid angle is ∼0.9⋅4π sr, while the 
time resolution (τ) for two-fold coincidences (k = 2) is 
(45±5) ns at 100 % efficiency of registration [12]. There 
are 496 detector-duplet combinations capable of 
registering double gamma coincidences (among them, 
16 are at an angle of 179.99°, i.e., ∼180° – see, for 
example [14]).  

It is maintained in a low background room and 
shielded by concrete and lead. A special container 
consisting of a lead pyramid with walls up to 6 cm 
thick, as well as a 10 cm-thick disc, shields each of the 
detectors. Additionally, to reduce the probability of 
detecting Compton-scattered photons, a disc-shaped 
lead collimator (thickness 30 mm, and orifice 
diameters 80 mm – side facing the detector surface, 
and 70 mm – opposite site) was mounted on each 
detector (see, for example [14]). 

An outside overview of the ARGUS mechanical 
construction is illustrated in Fig. 1a, while a detector 
assembly – in Fig. 1b.  The detectors are denoted from 
1 to 32 such that the number for one detector and the 
number for the detector on the opposite side differ by 
16, simplifying the spectrometric data analyses. A 
counting mode can be integral (k≥1) or coincidence 
(with multiplicities from 1 to 5).  

The setup has modular pulse-processing electronics 
made in the CAMAC standard, and is operated online 
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with a personal computer (with several program 
packages available – for processing various 
spectrometric datasets [12, 13]). 

 
a) 

 
b)  

Fig 1 ARGUS schematic: outside overview of the 
mechanical construction (a), detector assembly (b) 

A schematic of the ARGUS system has been 
reported before (see, for example [14]), showing 
NaI(Tl) detectors,  time discriminators by the leading 
edge, delay univibrators, majority coincidence circuit 
operating by pulse overlapping and permitting the 
selection of a coincidence fold between 1 and 5, analog-
to-digital converters, hodoscope,  splitter-univibrator, 
counter of events,  clock-pulse generator,  live-time 
counter, CAMAC crate controller, strobe pulses for the 
ADC,  strobe pulses for the hodoscope, signal following 
the input strobe pulse from the majority coincidence 
circuit,  dead-time signal, clock pulses. Basically, for 
each detected coincidence, the numbers of detectors 
registering the event are recorded, as well as the 
photon energies. 

 

This spectrometer was used to test the p-Ps 
cooperative annihilation, i.e., to test possibility for 
detecting abovementioned photons (two, flying apart 
at an angle of 180°, both with an energy of 1022 keV) if 
22Na is a positron source. During its decay, emission of 
a positron is accompanied by the emission of a nuclear 
photon with an energy of 1275 keV.  

Namely, research on Ps-annihilation was often 
performed by means of 22Na and “Ps-forming” (such as 
SiO2) and “Ps-not forming” (such as Al) substances 

[e.g., 12, 15], and they were also used in the experiment 
presented here.  

4. THE  EFFECT/BACKGROUND RATIO  

It is important to note that the 511 keV photon 
probability (i.e., probability of its photopeak 
registration) for the ARGUS spectrometer was [12]  

P511 = 32ε511Ω = 0.13,   (6) 

where ε511 = 0.63 is one-detector photoefficiency for the 
photon with energy of 511 keV, and  Ω = 0.0064 – solid 
angle from the system’s geometric center to individual 
detectors. 

Analogously, 

P1022 = 0.107,     (7) 

in the view of ε1022 = 0.52. 

On the other hand, if 22Na is used as a positron 
source the 1275 keV photon probability is also 
important, and in the case of the ARGUS spectrometer 
it was 

P1275 = 0.1,    (8) 

since ε1275 = 0.49. 

Thus, by using 22Na and assuming that the 1275 
keV photon should be registered in a photopeak (in 
order to eliminate effects of scattered radiation), 
making events selection by the energy criteria 
(software ARGUS [12]) and taking into account the 
detectors energy resolution, processes that could 
obstruct a detection of cooperative annihilation have 
been considered. The source activity A = 4⋅105 Bq, time 
resolution τ = 45 ns, and the Ps formation probability P 
≈ 40 %, were taken into account. The statistical weight 
of the triplet state is three times as great as that of the 
singlet one, i.e., the para-state is formed in 25 % and 
the triplet-state in 75 % of the cases involving the Ps 
formation [1], then P(sPs) ≈ 10 %. 

Firstly, after emission of two starting positrons 
(i.e., the 1275 keV nuclear photons) coincident 
registration of four annihilation photons can be 
considered as a six-fold coincidence event 
[(1275)x(1275)x(511↑)x(511↓)x(511→)x(511←)] shown 
in Fig. 2.  

 
Fig. 2 A six-fold coincidence event 

The spectrometer ARGUS could register these 
events with the counting rate 
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At the same time, the main background process 
competitive to a registration of the p-Ps cooperative 
annihilation is a four-fold coincidence event 
[(1275)x(1275)x(511↑+511→)x(511↓+511←)]. It means 
that detectors in a pair (at an angle of 180°) register 
random coincidences of the 511 keV photons summing 
(Fig. 3). 

 
Fig. 3 The main background process: four-fold coincidence 

event  

The ARGUS spectrometer’s counting rate of these 
background events would be 
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On the other hand, the p-Ps cooperative 
annihilation should be registered as a four-fold 
coincidence event [(1275)x(1275)x(1022↑)x(1022↓)] 
illustrated in Fig. 4. 

 
Fig. 4 A cooperative annihilation of p-Ps  

The effect counting rate is 
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Therefore, under given conditions the ratio 
effect/background is around 0.07 %. 

 

In order to test these data, Ps-annihilation spectra 
were acquired by the ARGUS spectrometer using 22Na 
with an activity of 4⋅105 Bq. This source was put inside 
SiO2 (as „Ps-forming“ medium, with P ≈ 32 %), as well 
as Al (as „Ps-not forming“ target) which is used as a 
blank – for investigation of the background events. The 
samples were positioned in the spectrometer’s center, 
and then measured over 7500 s. Experimental 
counting rates N (in SiO2 and Al), as well as their 
theoretical values obtained using Eqs. (9) - (11), are 
given in Table 1. 

Table 1 Counting rate of the coincident events – 
spectrometer ARGUS 

Coincident 
event 

NSiO2 
[s-1] 

NAl 
[s-1] 

Ntheor 
[s-1] 

k = 6 0.25±0.02 0.23±0.02 0.34 
 

Background 
(k = 4) 

 
0.026±0.006 

 
0.023±0.005 

 
0.023 

 
Effect  
(k = 4) 

 
– 

 
– 

 
1.7⋅10-5 

The data reported in Table 1 confirmed that 
methodological approach was accurate, but the effect 
was not detected and it is not possible under given 
conditions.  

An analysis of Eq. (10) and Eq. (11) showed that for 
detecting cooperative annihilation – it is necessary to 
have a positron source with higher activity, as well as 
the system configuration with smaller solid angle from 
the geometric center to individual detectors. 

In this experiment diameter of introduced lead 
collimator was 80 mm. However, with a smaller 
diameter of the collimators (of 10 mm, for example; 
reducing the detector’s sensitive surface by a factor of 
1.56⋅10-2) and 22Na with an activity of 4⋅108 Bq, under 
the same conditions, background counting rate 
(Nbackground) would be 5.6 s-1, while the effect counting 
rate (Neffect) – 0.26 s-1, i.e., the effect/background ratio 
would be around 4.6 %, enabling an isolation of 
cooperative annihilation from the background. 

Moreover, by using the same positron source, and 
decreasing the detector’s sensitive surface by a 
collimator of 3 mm in diameter, the counting rates 
would be Nbackground = 4.5⋅10-2 s-1 and Neffect = 2.4⋅10-2 s-

1, i.e., the effect/background ratio of ∼ 53 % – ensuring 
registration of the p-Ps cooperative annihilation (if 
actually exists).  

Additionally, a use of positron beams (that increase 
counting rates of both – effect and background) will 
provide significantly shorter measuring time, since 
there is no registration of the 1275 keV nuclear photon. 
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5.  CONCLUSIONS 

Research on the cooperative decay is significant in 
the view of testing an interaction of Ps atoms in 
radiation fields.  

Probability ratio – cooperative versus free 
annihilation of p-Ps, was evaluated to be 5⋅10-5, with 
the effect/background ratio depending on the 
experimental setup photoefficiencies for the 511 and 
1022 keV photons (0.63 and 0.52, respectively – at the 
ARGUS spectrometer). In the experiment carried out 
using ARGUS with collimators (80 mm in diameter), 
and 22Na as a positron source (photoefficiency for the 
1275 keV – 0.49), background process (four-fold 
coincidences) obstructed detection of the effect. An 
analysis showed that the source activity was too low, 
but also diameter of the disk-shaped lead collimator – 
too large. 

Therefore, the cooperative p-Ps decay might be 
registered by the ARGUS spectrometer for a positron 
source (22Na) with an activity of 4⋅108 Bq, and disk-
shaped lead collimators mounted on each detector with 
a diameter of ≤10 mm (instead of 80 mm used in this 
study).  

Finally, a use of positron beams, when registration 
of the 1275 keV nuclear photon (from the 22Na decay) 
is avoided, would provide shortening of measurement 
times. 
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Abstract. The results of an intercomparison exercise, designed for the determination of anthropogenic and natural 
radionuclides in sediment and fish samples from the Danube River, are reported. The methods of gross beta and gamma 
spectrometry measurements were compared. Considering the uncertainties of measurements, a good agreement between the 
results obtained by two laboratories has been ascertained. 
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1. INTRODUCTION 

The Paks Nuclear Power Plant, located 5 
kilometres from Paks, is the first and only 
operating nuclear power station in Hungary. Its 
four reactors produce more than 40 percent of 
the electrical power generated in the country.  
The water of river Danube cools the reactors and 
and receives authorized radioactive liquid 
releases during normal operating conditions. 

The radioactivity control of the Danube River 
was performed by water quality experts of 
Serbian-Hungarian Subcommittee  from Serbian-
Hungarian Commission for management of water 
resources. The radionuclide content and gross 
beta activity were measured in the samples of 
filtrated water, suspended material, sediment, 
algae and fish, but 90Sr activity was determined in 
all samples except algae due to small quantity of 
the sample [1]. From 1997 to 2012 samples were 
collected 2 times per year at Bezdan in Serbia and 
2 times per year at Mohács in Hungary. In 2013 
and 2014 sampling was performed only in 
Mohács. 137Cs activity in sediments ranged from 
20 Bq/kg to 30 Bq/kg in 2000 [1].  

Regarding the external quality control of the 
measurements, during 2014 the Vinča Institute 
for Nuclear Sciences from Belgrade in Serbia and 
South Transdanubian Inspectorate for 
Environmental Protection, Nature Conservation 
and Water Management from Pécs in Hungary,  
have  participated in intercomparison exercise, 
which has been organized and developed  in the 
framework of Serbian-Hungarian Subcommittee 
for water quality. The subcommittee experts have 

coordinated an intercomparison exercise on gross 
beta activity and gamma spectrometry 
measurement in the sediment and fish samples 
with natural and artificial radionuclides. The 
scope of the intercomparison was to obtain 
information on the degree of agreement between 
the two laboratories.  Authors expected that 
radioactivity control of the Danube River will 
continue on regular basis  in the next year and it 
is very important to have very reliable 
measurement in both laboratories. 

2. MATERIAL AND METHODS 

2.1. Sampling technique and sample preparation 

The samples were collected in October 2013 
from Danube River near Mohács. The samples 
were  taken downstream from the nuclear power 
plant. Surface sediments were collected at four 
locations close to riverbank, 2 on the left and 2 on 
the right coast. Sediment samples were collected 
from the top 5 cm layer of the material, taken by 
a grab sampler, in polyethylene bottles.  

The samples were prepared in laboratory in 
Pécs.  The sediment samples were packed in a 
container made from nonradioactive material, 
sealed and labelled to avoid mix up and 
contaminations. Each sediment is dried at 1050C 
to constant weight, sieved and the fraction of the 
particles with diameter smaller than 250 μm is 
taken. 

Two species of fish were collected: Crucian 
Carp (Carassius   carassius) and Zander 
(Stizostedion lucioperca). Each fish was cooked 
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at 1000C and after that dried at 1050C to constant 
weight, fragmented and homogenized.  
The samples were homogenized in Hungary and 
we only transferred them to cylindrical  
containers or Marinelli beaker and sealed. The 
samples were kept hermetically closed 6 weeks in 
order to reach the equilibrium due to radon 
emanation. Since all the samples contained 
natural radionuclides, the emanation and 
consequently the loss of radon, as a decay 
product of some of these radionuclides, changes 
the activity concentration of said radionuclides. 
When the samples are sealed and stored for a 
certain amount of time, the radon does not 
escape but instead reaches the equilibrium with 
its decay products. Rn decays to 218Po which in 
turn decays to 214Pb, which is used for 
measurement of 226Ra. 

 

2.2. Experimental technique and method of 
measurements 

Participating laboratories had to measure the 
activity of the radionuclides detected in each 
sample, with particular attention to natural 
radionuclides (from the uranium and thorium 
series and 40K) and 137Cs. Each laboratory was 
requested to apply its own routine procedure for 
such measurements using its most recent 
efficiency calibration and its usual source of 
nuclear data. 

The measurement of gross beta activity is 
carried out by α-β-proportional gas counter 
“Thermo Eberline FHT770T” in both 
laboratories. The counting gas is a mixture of 90 
% argon and 10 % methane. The level of 
background radiation is from 0.005 - 0.01 imp/s. 
The size of planchet is 6 cm in diameter. In 
Serbia calibration was performed by using 
standard source of 90Sr (EM 145, Czech 
Metrological Institute, Inspectorate for Ionizing 
Radiation, Prague) with an activity of 189.4 Bq on 
the 1st August 2011, while in Hungary calibration 
was done with KCl. The counting efficiencies for 
beta counting is 35 % in Serbia and 25 % (for 
fish) and 35 % (for sediment) in Hungary. The 
efficency for fish is lower because the fish sample 
amount is higher than sediment sample amount 
in the planchete and atenation occurs. The 
background of each detector was determined by 
counting an empty planchet for 3600 s. 

A high-purity germanium detector system was 
used for gamma spectrometry. Each sample was 
mesured using standard method [2]. In Serbia 
two HP Ge p-type detectors Canberra with 
relative efficiencies of 20 % and 50 % were used 
for gamma spectrometry measurement. Duration 
of each measurement was 60000 s.  Calibration 
of detectors for sediment measurements was 
performed using silicone resin matrix spiked with 
a series of radionuclides (241Am, 109Cd, 139Ce, 57Co, 

60Co, 203Hg, 88Y, 113Sn, 85Sr and 137Cs) with total 
activity of 41.48 kBq on the day 31st August 2012 
(Czech Metrological Institute, Inspectorate for 
Ionizing Radiation, Prague, 9031−OL− 420/12, 
type ERX). Efficiency calibration for fish samples 
(the cylindrical geometry 120 cm3) is performed 
with secondary reference materials which was 
produced using certified radioactive mixture 
solution ER X 9031-OL-427/12,  issued by Czech 
Metrological Institute, Inspectorate for Ionizing 
Radiation, Prague.  The radioactive solution  
contained following radionuclides: 241Am, 109Cd, 
139Ce, 57Co, 60Co, 137Cs, 203Hg, 113Sn, 85Sr ,  88Y and 
210Pb, with the energies that span from 59 keV to 
1898 keV with total activity of 72.4 kBq at 
reference date 31.08.2012. In Hungary one HP 
Ge p-type detector Canberra and one HP Ge n-
type detector ORTEC both with relative 
efficiencies of 30% were used. Calibration of 
detectors was performed using calibrating source 
in cylindrical geometry, 220 cm3. Duration of 
measurement was 60000 s for the sediment and 
250000 s for the fish samples.   

Gamma lines used for determining the activity 
concentrations of the different natural 
radionuclides studied in the intercomparison 
were 295.22, 351.92, 609.32 and 1120.28 keV for 
226Ra, 338.3 and 911.07 keV for 232Th and 
1460.7keV for 40K. The activities of 137Cs was 
determined from its 661 keV γ−energy. For 
spectra processing the program Genie 2000 was 
used.  

The accuracy and reproducibility of gamma 
spectrometry systems are verified on a weekly 
basis. The detector-shield background, detector 
efficiency, peak shape and peak drift are 
measured and verified to be within the 
acceptance limits [3]. 

Beside that both laboratories used a Certified 
Reference Material  for radionuclides in sediment 
IAEA-385  for quality assurance/quality control 
of the analysis of radionuclides in sediment 
samples. 

3. RESULTS AND DISCUSSION 

Results obtained by the two laboratories 
participating in the intercomparison exercise, 
along with their respective combined standard 
uncertainties, are summarized in the Tables 1-4. 
We used the detector efficiency and counting  
uncertainty as the main contributor to the total 
uncertainty in the gross beta and gamma 
spectrometriy measurement. The measurement 
uncertainties are presented at the 95 % 
confidence level. In the figures and tables we 
used acronym SRB for the laboratory from Serbia 
and HU for the laboratory from Hungary.  

The results of gross beta measurement for the 
sediments and fish are presented in Tables 1 and 
2. There is good agreement between SRB and HU 
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results for gross beta activity in all sediment and 
fish samples. The results differ less than 15 % and 
all are within the limits of measurement 
uncertainty. 

Table 1 Gross beta activity in the sediments    

Sample 

SRB  
Activity 

(Bq/kg dry 
weight) 

HU  
Activity 

(Bq/kg dry 
weight) 

Sediment 1 880 ± 140 850 ± 100 
Sediment 2 900 ± 140 930 ± 110 
Sediment 3 940 ± 140 820 ± 100 
Sediment 4 970 ± 140 830 ± 100 

 

Table 2 Gross beta activity in the fish  

Sample 
SRB 

Activity 
(Bq/kg) 

HU 
Activity 
(Bq/kg) 

Crucian Carp   95 ± 12   83 ± 10 
Zander 89 ± 7 90 ± 10 

 
 

The results of gamma spectrometry 
measurements for the sediments are presented in 
Table 3. The spectra for all sediments are similar. 
If we observe only Serbian or Hungarian results 
of measurement we notice that the natural 
radionuclide levels did not change statistically 
significantly between the samples because all 
sediments were collected from the same river 
basin not far from each other. The results for 
137Cs activity also showed that there is no large 
difference between the samples (17 Bq/kg to 28 
Bq/kg). Because of the long half life of 137Cs the 
obtained results were similar as the previous 
measurements in 2000 [1]. 

Comparing the results between the two 
laboratories for each radionuclide for sediment 1-
4 we noticed that the results for 232Th, 40K and 
137Cs activity are the same within the 
measurement uncertainty. The results for 226Ra 
activity differ 20% between the two laboratories, 
which corresponds to the tolerances for this 
radionuclide in intercomparison organized by 
IAEA [4]. 

The results of gamma spectrometry 
measurements for the fish are presented in Table 
4. The spectrum of Zander showed that natural 
radionuclides could be also measured in fish, but 
because of the small amount of catched fish their 
values are very low and cannot be easily 
determined, except for 40K. The spectrum for 
Crucian Carp  is  similar. 

Table 3 Radionuclide activity in the sediments    

Sample 

 SRB  
Activity 

(Bq/kg dry 
weight) 

HU  
Activity 

(Bq/kg dry 
weight) 

Sediment 1 

226Ra 43 ± 3  33 ± 4  
232Th 40 ± 3 39 ± 3 

40K 530 ± 34  555 ± 61  
137Cs 17 ± 2  18 ± 2  

Sediment 2 

226Ra 46 ± 4  39 ± 5  
232Th 39 ± 3 42 ± 3 

40K 585 ± 37  609 ± 60  
137Cs 22 ± 2  25 ± 2  

Sediment 3 

226Ra 48 ± 4  37 ± 4  
232Th 43 ± 3 44 ± 4 

40K 622 ± 40  633 ± 63  
137Cs 28 ± 2  28 ± 2  

Sediment 4 

226Ra 44 ± 3  37 ± 4  
232Th 42 ± 3 42 ± 3 

40K 608 ± 40  631 ± 63  
137Cs 27 ± 2  28 ± 2  

 
 

Table 4 40K and 137Cs activity in the fish 
 

Sample 
 SRB 

Activity 
(Bq/kg) 

HU 
Activity 
(Bq/kg) 

Crucian 
Carp 

40K 108 ± 9  98 ± 10  
137Cs <  0.4   < 0.05 

Zander 
40K 105 ± 9  120 ± 10  

137Cs 0.5 ± 0.3    0.30 ± 0.01 
 

Comparing the results between the two 
laboratories we noticed that the results are the 
same within the measurement uncertainty for 40K 
activity in both fish and for 137Cs activity in 
Zander. 137Cs activity in Crucian Carp is lower 
than MDA. In Hungary duration of measurement 
was 250000 s for the fish samples and because of 
that their values for MDA were much lower. 

4.  CONCLUSION 

 
This intercomparison exercise was organised 

with the aim of providing the participating 
laboratories with the possibility of testing the 
performance of their analytical methods on a fish 
and sediment samples with elevated radionuclide 
levels due to the contamination of samples by the 
reprocessing nuclear plant. 

Considering the uncertainties of 
measurements, a good agreement between the 
results obtained by two laboratories has been 
ascertained. Such a comparison gave laboratories 
an opportunity to compare their work and results 
and help in evaluation of their analytical 
performance. 
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PERSONAL RADIATION DETECTOR γ-TRACER GT2-1 WITH A CdZnTe DETECTOR 

S. Gushchin, V. Ivanov, A. Loutchanski, V. Ogorodniks 

ZRF RITEC SIA, Riga, LATVIA 

Abstract. The Personal Radiation Detector (PRD) γ-Tracer GT2-1 was developed with a focus on gamma-radiation 
searches and detection and offers a gamma-radiation source localization function, enhanced PRD features and the 
capability of isotope energy pattern analysis. The device complies with general requirements and includes all typical 
features of PRD-class devices as well as supplementary modes such as multi-channel scaling (MCS), a spectrometer, 
library-driven analysis and a data logger. The GT2-1 uses a detector module built around a 0.4 cm3 counting-grade 
planar CdZnTe detector. 
CdZnTe offers high-efficiency gamma-radiation detection for a small detector volume and energy discrimination 
down to 30 keV. The GT2-1 was designed with power consumption in mind; its typical lifetime after a full battery 
charge exceeds 600 hours in measurements mode. 
Energy compensation techniques are employed for the dose rate calculations. The typical accuracy of the device in the 
energy range of 30–1500 keV is better than 10% for factory-calibrated devices. 
The GT2-1 features a library-driven isotope identification function. Its underlying concept is the use of a library of pre-
calibrated user-defined isotope patterns for comparison with the isotope under investigation. The identification 
algorithm is designed to evaluate the isotope energy pattern match. The execution of the algorithm yields the matching 
results between the tested isotope and the library in graphical form. 
The device’s search mode employs a proprietary Background Variation Tracking (BVT) algorithm. The implemented 
search and gamma-radiation source localization mechanisms facilitate the rapid (1–3 sec) detection of weak gamma-
radiation sources with intensities that exceed the background level by a factor of 1.5–3. Analysis of the time intervals 
between adjacent pulses in the input sequence is used to determine numeric characteristics that are also displayed in a 
user-friendly graphical form. The dedicated GUI approach and sound capabilities are tailored to facilitate search 
activities and support the operator in gaining experience with the device. 
The dedicated search algorithm implementation allows the device to be used as a homeland security detector by 
services responsible for the control of the relocation of radioactive materials, such as those at airports, border control 
checkpoints, and tolls. 
Test results for the GT2-1 in search mode are presented. 

Key words: Personal Radiation Detector, PRD, CdZnTe detector, dose rate, dosimeter 

1. INTRODUCTION 

Currently, CdZnTe nuclear radiation detectors of 
various designs and sizes are widely and successfully 
used for various applications because of their favorable 
detection properties, including the ability to operate at 
room temperatures, high efficiency, good energy 
resolution, small dimensions and low weight. There are 
a number of device applications based on these 
detectors. Among the wide variety of devices that 
contain CdZnTe detectors, there are compact pocket-
sized devices for the detection and measurement of 
gamma radiation parameters. Conventionally, such 
devices are divided into several groups that differ in 
their purposes, namely, Personal Radiation Detectors 
(PRDs), dosimeters, Spectral Personal Radiation 
Detectors (SPRDs) and Radiation Identifiers. 

The primary task of a PRD is radiation detection, with 
the intent of raising an alarm in the case of possible 
radiation threat to an operator or indicating the 
presence of a radiation source. Modern PRDs are 
hand-held, lightweight tools that can be kept in a 
pocket or fixed to the wearer's belt. The inherent ability 
of such devices to register dose rates allows a PRD to 

serve as a dosimeter – a device that serves to 
accurately measure the dose rate and the accumulated 
dose received by the wearer during a given exposure 
period. An instrument that is capable of registering 
and distinguishing gamma-radiation emission energies 
is known as an identifier tool. Its general purpose is 
the detection of the presence and the identification of 
isotopes. 

Existing commercially available devices are 
generally designed on the basis of Geiger-Mueller 
counters or scintillation detectors (NaI or CsI(Tl)). The 
primary disadvantage of the devices based on Geiger-
Müller counters is their low detection efficiency for 
gamma radiation, and devices based on scintillation 
detectors can detect radiation only in a narrow range of 
dose rates and are rather large in size and low in 
mechanical robustness. The use of CdZnTe detectors 
allows for the achievement of a detection efficiency 
that is sufficient for most tasks and extends the range 
of measurable dose rates. Such devices also have a low 
energy detection threshold; they are sensitive to 
energies of 20–30 keV and above. 
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Currently available SPRDs with CdZnTe detectors 
allow for the identification of radioactive materials 
based on their gamma-radiation spectra [1, 2]. 
Spectrometric detectors of various designs with 
sensitive volumes of 0.5–1.0 cm3 are used in these 
devices. These relatively large-volume spectrometric 
CdZnTe detectors are expensive. The additional cost 
for these devices is significant because of the detector 
complexity. Therefore, the use of these devices, despite 
their high spectrometric performance, is still limited. 

CdZnTe detectors have several features that must 
be taken into account for their successful application. 
First of these is the strong dependence of the detection 
efficiency on the energy of the detected gamma 
radiation and the problem of the tissue equivalence of 
CdZnTe detectors [3–6]. A special energy-
compensated technique must be used for correct dose 
rate evaluation. Additionally, the strong microphonic 
effect that occurs in CdZnTe detectors because of their 
piezoelectric sensitivity must be taken into account. 
These issues limit and complicate the use of CdZnTe 
detectors in PRDs and dosimeters for field 
applications.  

Research efforts have resulted in the successful 
solution of these problems and the implementation of 
this solution in the commercially available GT2-1 
detector. The device integrates the properties of PRDs 
and personal dosimeters as well as some limited 
capabilities of radiation identifiers. The GT2-1 was 
designed based on a reasonably cheap “counting-
grade” CdZnTe detector with a planar geometry and a 
volume of 0.4 cm3. A unique feature of this device is its 
search mode for the search for and detection and 
localization of gamma-radiation sources. 
Measurements of the true dose rate require energy 
compensation of the detection efficiency. The applied 
compensation method uses information regarding the 
spectral composition of the detected radiation.  

In this paper, descriptions of the device and its 
main features, main operating modes, signal 
processing algorithms and test results are presented. 

2. DESCRIPTIONS OF THE MAIN FEATURES AND MODES 

OF THE GT2-1 

The Personal Radiation Detector GT2-1 is a pocket-
sized, lightweight instrument for gamma and X-ray 

radiation measurements built around a solid-state 
CdZnTe detector. The main parameters of the GT2-1 
are summarized in Table 1. The device combines 
proven measurement characteristics and a rich set of 
functions and features with the benefits of a low-cost 
counting-grade planar CdZnTe detector application. 

Table 1. Main GT2-1 specifications 

Detector type 
 
Detector size 
Energy range 
Dose rate 
Dose 
Sensitivity to 137Cs 
Accuracy 
LCD 
Data recording capacity 
Operating time 
PC communication 
Operating temperature 
Weight 

Counting-grade planar 
CdZnTe

2 cm x 1 cm x 0.2 cm
30 keV–3.0 MeV

0.05–2000 µSv/h
0.05 µSv–10 Sv

15 cps/µSv/h
± 15%

98 x 64 pixels
up to 3000 entries

up to 900 h
micro USB

-20 °C to +50 °C
200 g

The device’s affordable price, freely available suite 
of PC tools and long duration of continuous operation 
without the need to recharge provide the user with a 
professional-class tool with only a moderate budgetary 
impact. The GT2-1 features professional-grade 
sensitivity (10 cps at 0.01 µSv/h 241Am), a wide 
measuring range (5 decades), sensitivity at 30 keV and 
above, the capability of energy-compensated true dose 
rate measurements and a rich set of additional 
features. The selection of CdZnTe provides an 
extended dynamic range, enhanced accuracy, perfect 
linearity over 4 decades, a wide temperature range and 
stability over time [7]. The GT2-1 is depicted in Fig. 1.  

A block diagram of the GT2-1 is shown in Fig. 2. 

The detector module (DET & PA) consists of a 
planar “counting-grade” CdZnTe detector and a 
charge-sensitive preamplifier. The detector dimensions 
of 2 cm x 1 cm x 0.2 cm have been found to be optimal 
for sensitivity and budgetary reasons, though other 
sizes are also feasible. The electrical pulses that are 
generated in the detector module as a result of the 

 
Fig. 1 Personal Radiation Detector GT2-1. 

 
Fig. 2 Block diagram of the GT2-1.  



 135
 

interaction of photon radiation with the solid-state 
detector material are then supplied to the data 
acquisition module and the processor (PHD, CPU). The 
results are processed by the CPU and stored in non-
volatile memory (MEM). The run-time processing 
includes alarm generation (UI) and control checks 
(KBD). The device’s power subsystem comprises a 
high-voltage generator and a linear drop-down 
stabilizer (PS) powered by a rechargeable Li-ion 
battery. 

This device architecture and the use of a low-power 
Cortex M0+ CPU allows for long-duration battery 
operation in the regular measurement mode and 
enables the implementation of additional functions 
typically associated with expensive professional tools. 
The selection of a non-spectrometric solid-state 
CdZnTe detector instead of a conventional scintillator 
or a Geiger-Müller counter provides a perfect 
compromise among sensitivity, linearity, and time 
stability with an additional set of functions for a lower 
price. 

The dose rate calculation with energy 
compensation for the non-spectrometric CdZnTe 
detector is based on the techniques suggested in [6]. 
The key advantage of this technique is its estimation of 
the power distribution across seven preset energy 
ranges and its analytic calculation of the dose rate 
using polynomial coefficients.  

A dedicated search mode is also implemented to 
facilitate the detection and localization of artificial 
radiation sources.  

The ability to perform a spectrum match analysis of 
gamma ray spectra is an optional tool that is available 
as a dedicated mode of the GT2-1 to facilitate isotopic 
identification based on the results of previous learning 
procedures. 

Three acquisition modes are designed to address 
various operation conditions and to tailor the intrinsic 
algorithm parameters to particular measurement 
conditions. These are Accuracy, Balanced and 
Response. The Accuracy mode is characterized by 
greater integration time constants, the Response mode 
is better suited for device operation in relatively 
rapidly changing radiation fields, and the Balanced 
mode is the default mode with balanced parameters.  

In measurement mode, the GT2-1 supports either 
dose rate or count rate measurements. All acquired 
results are stored in non-volatile memory and may be 
accessed as logs read using the GT2 Configurator PC 
software, browsed and converted to spreadsheet 
format. 

The alarm subsystem processes both dose rate and 
count rate run-time checks when the GT2-1 is in 
measurement mode. The alarm signal functions 
include sound (audible and earphones), two-color 
LEDs, and vibration.  

On par with conventional mechanical 
countermeasures, the GT2-1 introduces a detector 
condition supervisor firmware module to suppress the 
microphonic effect and to avoid the influence of 
electromagnetic fields.  

In the multi-channel scaling mode, the count rate 
of the detected pulses as a function of time is recorded. 
Both dose- and count-rate indicators are supported.  

All essential parameters can be quickly accessed via 
the Quick Set Menu and Main Menu options, and the 
full set of run-time parameters may be modified using 
the free PC software tool GT2 Configurator.  

3. SEARCH MODE ALGORITHM 

The implementation of a search mode associated 
with nuclear instruments is not a straightforward task 
because of the associated need to process a number of 
signals in real time with the limited computation and 
power resources of a battery-powered PRD. The 
inherently stochastic nature of the signals and the 
intensive statistical mathematical methods needed for 
search criterion evaluation pose a particular challenge. 

Regular search methods based on variations in 
count rate are best suited for devices with a large 
detector volume. Such methods are not feasible for 
portable devices because of size, weight and budgetary 
reasons. Instead, a new method based on timing 
analysis has been adopted and tested. The key 
assumption that drives its implementation is that its 
fault detection tolerance is notably higher than that of 
the regular measurement mode. Tailored visualization 
techniques are introduced to ease operator search 
practices and to improve the fault-detection-to-
missed-detection ratio for weak sources.  

The dedicated search mode of the GT2-1 is built on 
a proprietary Background Variation Tracking (BVT) 
algorithm. In this mode, the device focuses on 
detecting and localizing activity and offers an intuitive 
visual tool to enable the operator to reliably find 
sources of artificial radiation. An effective algorithm 
for the suppression of natural background variations 
employs both a static period distribution model and 
actual learning results. The operator has the option to 
manually select the sensitivity grade and thus optimize 
the tradeoff between the sensitivity and the fault 
detection rate.  

The key mathematical principle underlying search 
mode operation is a moving average [8] inter-pulse 
period estimation and a subsequent statistical 
processing step. The history of the run-time acquisition 
results is allocated to volatile memory tables. The two 
vertical bars show the results of the input count rate 
analysis and the BVT algorithm processing. The Fast 
response channel is related to the movements of the 
operator and indicates direction, whereas the Slow 
response channel is related to the proximity of the 
active source (see Fig. 3.). Some preliminary training 
exercises and practice sessions are required. The 
specific parameters of the algorithm were determined 

 
Fig. 3. Search mode monitor window. 
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by conducting field tests with several persons and 
evaluating the optimal parameters based on the best 
results. To address a wide range of possible initial 
background levels, the system offers manual controls – 
the buttons labeled Scale Up and Scale Down. Note 
that in search mode, the GT2-1 automatically modifies 
the integration time when the input count rate 
increases.  

4. SPECTRUM MATCH MODE AND ISOTOPE ID 

Budgetary requirements drive PRD vendors to use 
rather low-volume “counting-grade” detectors. This 
limitation makes the implementation of spectrum 
classification modes difficult because the available 
spectra have poor statistics and resolution and 
therefore lack the required information. However, 
certain spectrum processing techniques allow for 
isotope evaluation with relaxed time constraints and a 
limited set of reliably and simultaneously 
distinguishable isotopes [7]. The modified approach 
implemented in the GT2-1 realizes spectral 
comparisons using weighting coefficients. The 
implementation of this method as a dedicated device 
mode offers the user greater flexibility in practical 
nuclide identification. Based on preliminary 
investigations, the GT2-1 incorporates a proprietary 
low-resource radioactive isotope identification 
algorithm for a certain number of isotopes based on 
seven channels of region-of-interest (ROI) 
information. Effective background elimination ensures 
input count rates of 20–2000 cps for the detected 
isotope and significantly increases the sensitivity of the 
method. 

The key principle underlying this approach, in 
contrast to that offered in [7], is the comparison of 
corresponding ROI ratios between adjacent channels 
and the use of a background compensation process 
when calculating the compensated counts based on the 
average inter-pulse period for each ROI channel. This 
combined approach yields improved isotope spectrum 
matching performance, although it involves additional 
preparation steps and careful calibration to ensure an 
acceptable confidence level. 

A typical procedure begins with laboratory 
preparation: background calibration and reference 
isotope calibration for each isotope type to be used in 
the subsequent identification analysis. The 
identification performance depends on the 
corresponding user libraries and their quality. 
Therefore, for a given GT2-1 device, a library of 
reference spectra must be collected by the operator 
beforehand.  

In general, not only single isotopes but also random 
mixtures of isotopes can be used for library calibration. 
There are four isolated locations available in the non-
volatile memory of the GT2-1 that are intended for 
such mixtures or unknown isotopes, which are referred 
to as X1 – X4 in the system menu. When the GT2-1 is 
operating in identification mode, the spectrum under 
investigation is first identified as belonging to one of 
three classes – low, moderate or high energy. This 
classification is necessary to increase the evaluation 
speed and generates useful identification criteria. In 
the second stage, the collected spectra are repeatedly 
compared with all active library entries, and isotope-

tailored weighting coefficients (factory defaults) are 
applied to emphasize any notable spectral features. 
The ultimate results of the comparison are then passed 
to the statistical processing module, which yields 
correlation values proportional to the matching levels. 
The reference spectrum for which the best correlation 
is found is indicated on the display as the detected 
isotope type. Additional supplementary output informs 
the operator regarding the relevant match quality as a 
percentage, the current count rate and the volume of 
collected statistics used for the determination.  

The spectrum match mode implemented in the 
GT2-1 is not a full-featured, reliable tool; rather, it has 
obvious limitations imposed by the detector resolution. 
However, it may be a reasonable compromise for users 
who are interested in only a certain limited number of 
known isotope types and are subject to budgetary 
constraints. 

5. TEST RESULTS 

The accuracy certification for the GT2-1 was 
performed in the certified Secondary Standard 
Dosimetry Laboratory (Salaspils, Latvia). The 
calibration procedure was performed at a radiation test 
facility using a panoramic gamma irradiator capable of 
outputting 0.9–2300 µSv/h for 137Cs and 6.6–
160 µSv/h for 60Co.  

The tests indicated good accuracy in the dose rate 
measurements for the 137Cs source in the measured 
range of 0.9–890 µSv/h and for the 60Co source in the 
measured range of 12–155 µSv/h. The typical accuracy 
of factory-calibrated devices was found to be within 8% 
over 3 decades of load variation for both isotopes.  

Fig. 4 shows the dependence of the recorded count 
rate on the dose rate deduced from the measurements 
of the 137Cs source. Good linearity of the measured 
count rates in a dose rate range of up to 1500 µSv/h 
was observed. 

To systematically test and verify the search 
capabilities of the GT2-1, a measuring test setup was 
constructed. A schematic diagram of the test setup is 
provided in Fig. 5. A source of gamma radiation (137Cs, 
activity of 60 kBq) was placed in a moving holder (1). 
The holder was coupled to a reciprocating mechanism 
(2) controlled by a control unit (3). The radiation 
source in the holder could move between at stop at one 
of the two following positions: hidden behind a 50 mm 
lead shield (4) or set in front of a slit of 50 mm in 
width (with the source radiating toward the GT2-1 
device (5) through the slit). The movement speed of the 

 
Fig. 4 Measured count rate versus dose rate. 
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source was approximately 0.1 m/sec. As the source 
moved, evidence of device exposure did not appear 
immediately. The rise time of the recorded dose rate 
level was within 0.15–0.2 sec. The control unit allowed 
for the measurement of the time intervals during 
which the source was behind the shield or in the 
engaged position. The number of basic tests performed 
in a single trial could be specified and controlled 
through the setup of the control unit. The irradiation 
dose rate at the point of interest could be adjusted as 
desired by modifying the distance R between the 
source and the GT2-1 device. In the tests, we 
performed observations at dose rate levels from the 
natural background of 0.10 µSv/h up to a factor of five 
(based on the average count-rate ratio) above the 
background level. The count rate recorded by the tool 
at the background level was approximately 2 cps 
(137Cs). 

Each basic test consisted of the following steps: the 
source was moved to the slit, remained in front of the 
slit (in the radiation exposure position) for a certain 
amount of time and then was moved back behind the 
lead shield. Thus, the device was exposed to the 
radiation field for a time period T at a preset dose rate 
level (1.5, 2, 3 or 5 times above the background level). 
We used a series of basic tests to obtain the necessary 
statistical information for our trial. Every trial 
sequence was comprised of 100 identical basic tests. 
During each basic test, the device was either able to 
detect the source or not. In either case, the result was 
sent to the PC for the collection of the statistical 
information. For each series of tests, the number of 
successful detections of the sources as a percentage of 
the total number of basic tests in the series was 
determined. 

The radiation exposure period varied from 0.65 to 7 
seconds for the different trials. We had the opportunity 
to test the various operation modes of the GT2-1, 
obtain the relevant numerical values and compare 
them with the parameters of other detecting tools in 
the same test installation. All tools and supplementary 
measurement probes were placed at identical reference 
points with the specified gamma-radiation intensity. 
The devices were placed at the reference point such 
that the geometric center of the detector coincided 
with the reference point.  

A trial sequence of 100 basic tests was performed, 
and the number of warning signals issued was 
recorded.  

Fig. 6 shows the dependence of the number of 
successful detections of the source (as a percentage) on 

the radiation exposure period for various dose rate 
levels. The results indicated that in the search mode 
scale 1, the GT2-1 achieved a successful detection rate 
of approximately 70% in the presence of a weak 137Cs 
radiation source, creating a dose rate at the point of 
measurement of approximately 0.15 µSv/h (1.5 times 
the background) for an exposure period of 6–7 
seconds.  

Moreover, gamma-radiation sources that created 
higher dose rates were detected by the GT2-1 within a 
much shorter period of time. A gamma-radiation 
source with an intensity of 0.20 µSv/h (2 times the 
background) was detected in 70% of cases during an 
exposure period of 3–4 seconds, and a source with an 
intensity of 0.50 µSv/h (5 times the background) was 
detected within 1 second. At this intensity, a detection 
rate of 100% was achieved within 2 seconds. 

6. CONCLUSIONS 

The pocket-sized Personal Radiation Detector GT2-
1 was developed based on a planar “counting-grade” 
CdZnTe detector with the functionality of gamma-
radiation dosimetry and is commercially available. The 
GT2-1 was specifically designed for the detection and 
localization of gamma-radiation sources.  

The use of a rather small-volume CdZnTe detector 
of 0.4 cm3 and the implementation of a proprietary 
custom search algorithm allows for the detection of 
weak radiation sources within quite short periods of 
time. Thus, the gamma-radiation produced at a point 
with a measurement dose rate of approximately 0.20–
0.30 µSv/h can be detected within 2–3 seconds in 
more than 50% of measurements, and a 100% alarm 
rate can be achieved within 6-7 seconds.  

Operation of the device in isotope identification 
mode using a modified low-resource radionuclide 
identification algorithm allows for the identification of 
certain isotopes that are pre-defined in the device 
memory. 

Future efforts in the development of the GT series 
of PRD will include the integration of a small-sized 
spectrometric CdZnTe detector and a large-volume 
counting detector to extend the dynamic range of the 
measurable dose rates and to approach the isotope 
identification capabilities of expensive professional 
systems. 

 
Fig. 5 Schematic diagram of the test setup: 1 – 137Cs 
gamma-radiation source mounted in a holder, 2 – 
reciprocating motion mechanism, 3 – control unit, 4 – 
lead shield, 5 – PRD GT2-1, 6 – Personal Computer. 

 
Fig. 6 Number of successful detections as a percentage vs. 
the radiation exposure time for various dose rates: 1 – 
0.15 µSv/h (1.5 times above the background), 2 – 0.2 
µSv/h (2 times above the background), 3 – 0.3 µSv/h (3 
times above the background), 4 – 0.5 µSv/h (5 times 
above the background). 
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Abstract 
 
Cerenkov effect occurs when the charged particle velocity in a medium is larger than the speed of light in that 
medium. Cerenkov radiation is produced in water by ß-emitting radionuclides of energy greater than 265 keV. 
The advantages of the Cerenkov method for gross beta activity determination are simplicity of sample 
preparation, low cost, possibility of reusing the sample, easy discard and efficiency unaffected by chemical 
quenching. The aim of this study is to compare the background, efficiency, Minimum Detectable Activity (MDA) 
and Figure Of Merit (FOM) for the determination of ß-emitting radionuclides using two scintillation counters, 
Quantulus and Hidex. In order to evaluate these parameters, for both equipment, three standard solutions of gross 
beta activity were analyzed in triplicate. The performance of the determination of gross beta activity in water was 
evaluated by participating in a Proficiency Test organized by Instituto de Radioproteção e Dosimetria. The values 
obtained for the normalized standard deviation (D) was below 2, indicating a good precision and accuracy for 
both equipment. 
 
 

Key words (bold): Cerenkov, gross beta activity, drinking water 

1. INTRODUCTION  
 
 
Water is more than a resource is also a life 

source. Therefore, access to safe drinking water is 
essential to health and a component of effective 
policy for health protection [1].  

The process of identifying individual radioactive 
species in drinking water and determining their 
concentration requires sophisticated and expensive 
analysis, which is normally not justified, because the 
very low concentrations of radionuclides in most 
circumstances [1].  

A more practical approach is to use a screening 
procedure, where the total radioactivity present in 
the form of alpha and beta radiation is first 
determined, without regard to the identity of 
specific radionuclides.  

Screening levels for drinking-water below which 
no further action is required are 0.5 Bq per litre for 
gross alpha activity and 1 Bq per litre for gross beta 
activity [1, 2]. If this screening level is exceeded, 
then the specific radionuclides producing this 
activity should be identified and their individual 
activity concentrations measured. 

With respect to screening procedure, the wide 
use of liquid scintillation counting (LSC) is a 
consequence of numerous advantages: high 
efficiency of detection, sample preparation 
techniques, automation and simultaneous analysis 
of different radionuclides [3].   

When the sample to be analyzed consists of two 
radionuclides, one with energy exceeding the 
threshold and the other with energy within the 
threshold, the Cerenkov method can be used 
combined with LSC for the determination of gross 
beta activity.   

When the velocity of a charged particle in a 
transparent medium exceeds the speed of light, the 
resulting radiation produced is called Cerenkov 
Effect. The Cerenkov radiation consists of a 
continuous spectrum of wavelengths extending from 
the ultraviolet region into the visible part of the 
spectrum [3].  

When produced at significant levels, Cerenkov 
radiation can be employed for the measurement of 
radioactivity. Some radionuclides may be counted 
directly in water [3]. The advantages are: without 
scintillation cocktail, sample suitable for any other 
chemical tests; simplicity of sample preparation; low 
cost; easy discard and efficiency unaffected by 
chemical quenching [3]. 

The disadvantages are: the method is applicable 
only to beta emitters; energies above the threshold 
and the counting efficiency is lower when compared 
with LSC.  

The threshold energy for the production of 
Cherenkov photons by electrons or beta particles is 
262 keV [3]. 

The aim of this study is to compare the 
background, efficiency, Minimum Detectable 
Activity (MDA) and Figure Of Merit (FOM) for the 



 

determination of ß-emitting radionuclides using 
Cerenkov method and two scintillation counters, 
Quantulus and Hidex. The equipment 1220 
Quantulus™ Ultra Low Level Liquid Scintillation 
Spectrometer is composed by two photomultipliers 
and has the advantages of having an extremely low 
background for performing radioactivity 
measurements, while the Hidex equipment, model 
300-SL, is composed by three photomultipliers [4,5]  

 
2. MATERIAL AND METHODS 
 
The initial step of pre-concentration of the water 

samples consisted of heating on a hot plate, at a 
temperature of 80 °C, until reduction of the volume 
by a factor of 32. An aliquot of 20 mL of each sample 
was measured in the appropriate vial. 

The background was measured in triplicate with 
ultrapure water following the same pre-
concentration procedure.  

In order to evaluate these parameters, for both 
equipment, two standard solutions, Cs-137 with 
activity 2.4 Bq and Sr-90/Y-90 with activity  10.3 
Bq, were analyzed in triplicate.  

The performance of the determination of gross 
beta activity in water was evaluated by participating 
in a Proficiency Test organized by Instituto de 
Radioproteção e Dosimetria. 

The channel range used for the gross beta 
measurement was from 5 to 350, for both 
equipment.  

 
3. RESULTS AND DISCUSSION 
 

3.1. Background and efficiency 

The results obtained for the background and the 
efficiency for both equipment using the Cs-137 are 
presented in Table 1.   These results showed that 
the Quantulus presented a higher efficiency 
and lower background.  

 
Table 1 Background and efficiency for Cs-137  

 Efficiency  
(cps.dps-1) 

Background (BG)
(cpm) 

Quantulus 0.059  0.002 1.74 0.08 
Hidex 0.049  0.002  24.9 0.4 

 
The results obtained for the efficiency for both 

equipment using Sr-90/Y-90 are presented in Table 
2. These results showed that the efficiency was 
slightly higher for the Quantulus. 

 
 

 

 

 

Table 2 Efficiency for Sr-90/Y-90 for Quantulus and 
Hidex  

Sample Quantulus Hidex
Efficiency 
(cps.dps-1) 

Efficiency 
(cps.dps-1) 

1 0.644  0.002 0.607  0.04 
2 0.641  0.002 0.600  0.05 
3 0.641  0.002 0.599  0.05 

 
The efficiencies determined experimentally for 

Cs-137 and Sr- 90/Y-90 measurement are in good 
agreement with the literature values  [3].  

3.2. Performance of Quantulus and Hidex 

The performance of the measurement of gross 
beta activity in water using Cerenkov method was 
evaluated by participating in the Proficiency Test 
organized by Instituto de Radioproteção e 
Dosimetria IRD/CNEN. The results obtained are 
presented in Table 3.  

 
Table 3. Performance of the methodology  

PT Quantulus Hidex

(month/year) Measured 
value1 

(Bq.L-1) 

D2 

 
Measured 

value1 
(Bq.L-1) 

D2 

 

dez/12 1.938 -0.51 1.913 -0.62
abr/13 0.817 -0.13 0.872 0.43
ago/13 2.254 0.43 2.283 -0.32
dez/13 1.827 -0,42 1.882 -0.17

1
average value of 3 measurements 
2 
D: normalized standard deviation 

 
When D results are within the interval -2 ≤ D ≤ 

+2, the performance of the laboratory is considered 
good, data with D ≤ -3 or D ≥ +3 indicate that the 
measurement system is out of control and the 
performance is not acceptable. The values obtained 
for the normalized standard deviation (D) was below 
2, indicating a good precision and accuracy for both 
equipment.  

 

3.3. MDA and FOM  

 
The results obtained for MDA and FOM for the 

Quantulus and Hidex equipment are presented in 
table 4. The MDA was determined for a counting 
time of 14,400 s. 

 

 
Table 4 Results for MDA and FOM for Quantulus 
and Hidex 

MDA  (Bq.L-1) FOM
Quantulus 0.175  0.012 20

Hidex 0.798  0.145  1
 



 

The results obtained show that the minimum 
detectable activity for Quantulus was lower than for 
Hidex, and the FOM also presented best results for 
the Quantulus. 

 
4. CONCLUSION 
 

The Cerenkov method combined with LSC was a 
good choice for the determination of gross beta 
activity measurement of samples that consist of two 
radionuclides, one with energy exceeding the 
threshold and the other with energy within the 
threshold.  

It can be concluded from the results obtained 
that both equipment are suitable for the 
determination of gross beta activity by Cerenkov 
method, although the Quantulus performance was 
better.  

  

References  
 
1. WHO, 2012.  Guidelines for Drinking-Water Quality, 

third ed. World Health Organization, Geneva, 2012. 
2. M.S.. Nº2914 Portaria do Ministério da Saúde de 

dezembro de 2011, dispõe sobre os procedimentos de 
controle e vigilância da qualidade da água para o 
consumo humano e seu padrão de potabilidade, 
Brasil, 2011 (in Portuguese). 

3. L´Annunziata. Handbook of Radioactivity analysis, 3 
ed., pp. 935-1008, 2012. 

4. Quantulus, Instrument Manual-Wallac 1220 
QuantulusTM Ultra Low Level Liquid Scintillation 
Spectrometer, PerkinElmer, 2009.  

5. Hidex, Handbook 425-201Automatic Liquid 
Scintillation Counter, Hidex 300SL, 2008.  



 
 



Jelica K

1 Vinca
2 Scho

Abst
prot
(IMS
auto
inter
Indiv
cons
cons
and 
calib
plate
In th
throu
and 
done
both
read
valu
high
Hp(0
mea
valu
unce
In co
TLD
orde

Key w

 

1. INTR

The 
exposed 
radiation 
Vinca In
Individua
accredited
17025 [1
according
The RP 
monitorin
accepted 

Calibr
completel
its respo
responsib

BUIL

Kaljevic 1, J

a Institute of N
ool of Electrica

tract. The routi
tection program
S) at the INNV
omatic reader 
rnational GmbH
viduals Occupa

sideration, RP 1
sideration secon

of TLD cards, 
brated. During 
e of certain thic
his paper, influ
ugh changes in
without 2 mm 

e with 137Cs rad
h manufacturer
der was calibra
ues for detectors
her than RCF va
0.07) were aro
sured dose, rea

ues. The observ
ertainties. 
onclusion, if a c

D system that is
erly checked and

words: TLD, RC

RODUCTION  

routine mon
individuals c
 protection 

nstitute of N
al monitoring
d according t
1]. Working 
g to technical

160 aims a
ng practices a
standards and

ration of the d
ly performed 

onsibility acco
ble for a pr

LD-UP PMM

Jelena Stan

Nuclear Scien
al Engineering

ine monitoring 
m implemented a
V, accredited a

and thermol
H). Working pro
ationally Expos
160 is suggesti
ndary charged 
this considerat
reader calibrat

ckness placed in
uence of the bu
n reader calibra

thick build-up 
diation source lo
rs had 2 detecto
ated to measure
s measuring Hp
alues obtained w
ound 1% highe
ader calibratio
ved RCF devia

constant geome
s not stable for 
d reader calibra

CF, build-up pla

nitoring of t
constitutes an
program imp

Nuclear Scien
 service (IMS
o quality stan
procedures 

l recommend
at harmonizat
and is based 
d documents o

dosimetric sys
at the IMS. H
ording [1]. T
roper, reliabl

A PLATE EF

nkovic 2, 1, M

ces, University
g, University o

of the occupati
at the Vinca Ins

according to qu
luminescent do
ocedures are im

sed to External 
ing that routine
particle equilib

tion should be a
tion, secondary

n front of dosime
uild-up plate o
ation factor (RC
plate are prese

ocated at Secon
ors for measuri
e effective dose
p(10), from both
when irradiatio
r when the pla
n without build

ation of Hp(0.

etry and consta
a long time pe

ation should be 

ate, Hp(10), Hp

the occupatio
n integral pa
plemented at

nces (INNV). 
S) at the INN
ndard EN ISO

are impleme
dation RP 160
tion of indiv
on internatio

of relevance [3

tems is not alw
However, it is u
Therefore, IM
le and accre

FFECT ON C

Milos Zivan

y of Belgrade,
of Belgrade, Bu

ionally exposed
stitute of Nuclea
uality standard
osimeters (TLD

mplemented acc
 Radiation, RP
e calibration of

brium. As TLD 
applied in both 
y charged parti
eters. 

on reader calib
CF). RCF value
ented. Exposur
ndary Standard
ing the dose eq

e in terms of H
h manufacturer
ons were done w
ate had not be
d-up plate, in t
.07) detector i

ant operational
eriod is the TLD
done according

(0.07) 

onally 
art of 
t the 

The 
NV, is 
O/IEC 
ented 
0 [2]. 
vidual 
onally 
3].  

lways, 
under 

MS is 
edited 

c
c

(
c
d
e

c
T
t
e

d

CALIBRATIO

novic 1, San

 Mike Petrovic
ulevar kralja A

d individuals co
ar Sciences (INN
d EN ISO/IEC
D) from two

cording to Techn
P 160 (Europea
of dosimetry sy

system in use a
cases: when th

icle equilibrium

bration is being
es obtained dur
res of whole bod
d Dosimetry La
quivalent at the

Hp(10) and loca
rs, when irradi
with the plate. V
een used. As R
terms of Hp(10
is regarded as

conditions of T
D reader. To av
g to widely acce

calibration of
calibration faci

When cali
TLD) reader r

charge) of the
delivered rad
expressed in te

L

Q
RCF 

As this va
condition it is 
Thus, RCF is t
erms of charg

equivalent in t

Once TLD 
dosimeters can

ON OF TLD R

dra Ceklic 

ca Alasa 12-14
Aleksandra 73

onstitutes an in
NNV). The Indivi
C 17025, is usin

manufacturer
nical Recommen
n Commission,
stem should be
at IMS INNV co
he reader and t

m can be ensured

g analyzed. Thi
ring reader cali
dy TLDs placed
aboratory (SSD
e depths of 10 m

al skin dose in t
ated without th
Values of RCFs f
CF value is in

0), would lead 
s consequence 

TLDs are achiev
void inaccurate
epted standards

the dosimet
ilities [3]. 

ibrating ther
ratio between 
e calibration 

diation quant
erms of one va

. 

ariable is on
called Reader

the main link
ge or counts a
erms of Gray o

reader is calib
n be obtained f

READER 

1, Djordje L

4, 11001 Belgra
3, 11120 Belgra

ntegral part of 
idual monitorin
ng Harshaw 6
ers (Harshaw, 
endations for M
, 2009). Among
e performed ta

comprises of TL
the TLD cards a
d using build-u

is influence is 
ibration proced
d on slab phant

DL) at INNV. TL
mm and 0.07 m
terms of Hp(0.

he plate were ar
for detectors m

nversely propor
to underestima
of exposure c

ved, the only p
e results, RCF s
s, currently in ef

tric system in

rmoluminesce
average TL ou
Dosimeters 

tity (L) is 
ariable: 

nly dependan
r Calibration 

k between TLD
and absorbed 
or Sievert, res

brated, the do
from: 

Lazarevic 1

ade, Serbia 
ade, Serbia 

radiation 
ng service 
600 Plus 

RadPro 
Monitoring 

g general 
aking into 
LD reader 
are being 

up PMMA 

observed 
dure with 
tom were 
LDs from 
mm. TLD 
.07). RCF 
round 5% 

measuring 
rtional to 
ated dose 

conditions 

art of the 
should be 
effect. 

n use in the

nt dosimetry
utput (electric
( Q ) and the

conveniently

(1)  

nt on reader
Factor (RCF).
D response in

dose or dose
spectively [4].

oses from field

 

e 

y 
c 
e 
y 

r 
. 

n 
e 

d 



 148 

 
RCF

Q*ECC
D  ,  (2) 

where, D is the measured dose, ECC (element 
correction coefficient) parameter  linked to dosimeter 
calibration.  

As the hK - conversion coefficients from air kerma to 
dose equivalent quantity of ISO 4037-3, are valid only 
under conditions of secondary electron equilibrium, 
calibration of a TLD reader has to be performed taking 
into consideration secondary charged particle 
equilibrium [5]. Only then we can say that 

air
K

K
hd *)( 

p
H , (3) 

where, Hp(d) is dose equivalent at depth d, Kair is air 
kerma. 

By placing a layer in front of the detector which, 
together with the wall material and the cover of the 
detector, gives a combined layer of a thickness larger 
than the range of the most energetic secondary 
electrons, reproducible results can be obtained. 
According to [6] no additional layers are required for 
photon energies below 250 keV; a 1.5 mm thick layer of 
polymethyl methacrylate (PMMA) is sufficient up to 
0.66 MeV. For energies up to 1.33 MeV, a 4 mm PMMA 
layer is sufficient.  

The influence of the PMMA plate on the photon 
field by scattering and attenuation is taken into 
account by a correction factor kPMMA. The plate should 
be positioned immediately in front of the detector but 
in real condition it is hardly achievable. Thus, [5] 
recommends to locate the plate a certain distance away 
from the detector in the direction of the radiation 
source to allow a rotation of the dosemeter or of the 
combination of dosemeter and phantom. This 
arrangement also secures complete build-up for angles 
of rotation around 90° and it requires only one value of 
kPMMA for all angles of rotation. Now, instead (3), dose 
equivalent is calculated according to: 

 
air

K
K

h
PMMA

kd **)( 
p

H , (4) 

During TLD reader calibration, secondary charged 
particle equilibrium was ensured using 2 mm build-up 
PMMA plate placed between dosimeters and 137Cs (662 
keV) source [5]. kPMMA value for 137Cs is 1 [5]. 

Here presented is influence of the PMMA plate on 
TLD reader RCF. 

2. METHOD 

The IMS at INNV is using Harshaw 6600 Plus 
automatic reader and TLD cards from two 
manufacturers (Harshaw, RadPro international 
GmbH). 

In this paper two calibration procedures for 
Harshaw TLD reader will be addressed. For both 
procedures two sets of ten calibration dosimeters were 
placed on ISO slab phantom (dimensions: 30 cm × 30 
cm × 15 cm). One set was produced by Harshaw and 
the other by RadPro international GmbH. 

The positions of TLDs are shown in Fig. 1.  

 
Fig. 1. Dosimeters’ position during calibration 

Each dosimeter had two thermoluminescent (TL) 
chips made of LiF: Mg, Ti. One TL chip was behind 
filter 1 (ABS plastic + PTFE), and the other was behind 
filter 2 (Aluminized mylar) [4]. The TL chip that has 
filter 1 in front is used for measuring personal dose 
equivalent at the depth of 10 mm, Hp(10), and the 
other is use for measuring personal dose equivalent at 
the depth of 0.07 mm, Hp(0.07).  

Harshaw dosimeters were irradiated with the dose 
of 1 mSv, 3 m from the 137Cs (662 keV) source, and 
without PMMA screening plate. The dose rate was 
16.482 µGy/min. This was repeated also for Radpro 
dosimeters.  

In second case, exposition parameters were kept 
exactly the same as during first calibration. The only 
difference was that PMMA plate, 30 cm x 30 cm x 2 
mm, was positioned 15 cm in front of dosimeters (see 
Fig. 1). 

All irradiations were done in secondary standard 
laboratory (SSDL) at Vinca Institute of Nuclear 
Sciences. 

When 24 hours after exposure passed, the 
dosimeters were read on Harshaw TLD reader, while 
Reader calibration mode was enabled. The output 
signal of this mode is the electric charge produced by 
light emitted from stimulated TL chips. After acquiring 
the electric charge from each chip, nominal dose of 1 
mSv was manually put into the Reader. This enabled 
calculation of the RCF according to (1). 

3. RESULTS 

The results of calibration procedures with PMMA 
and without PMMA plate are shown in fig. 2-5. The 
output signal from TLDs in the form of electric charge 
was collected per each TL chip, and presented.  
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Fig. 2. Output signal from Harshaw TLD measuring Hp(10) 

 
Fig. 3. Output signal from RadPro TLD measuring Hp(10) 

 
Fig. 4. Output signal from Harshaw TLD measuring Hp(0.07) 

 
Fig. 5. Output signal from RadPro TLD measuring Hp(0.07) 

Values of calculated RCFs for measuring personal 
dose equivalent Hp(10), Hp(0.07) obtained by 
calibration with and without PMMA plate are shown in 
Fig. 6. 

 
Fig. 6. RCF values for Harshaw 6600 Plus Automated TLD 

Reader 

4. DISCUSSION 

TLD reader is one part of the TLD system that can 
become unstable over time [4] and it is important to 
regularly calibrate it. This paper presents influence of 
build-up PMMA plate on calibration of TLD reader. 
For this purposes dosimeters from two manufacturers 
were used. When PMMA plate was used, in both cases, 
the chip measuring deep dose irradiated less light and 
less electric charge was collected (see Fig 2-3). This led 
to smaller RCF (see Fig. 6). In fact, RCF calculated 
when PMMA plate was present during calibration, was 
nearly 5 % smaller. According to (2) dose is inversely 
proportional to RCF, and overestimated RCF would 
lead to underestimated dose.   

Analyses of chip response under filter 2 showed 
that for the dosimeters from both manufacturers 
utilization of build-up PMMA plate has no meaning 
(see Fig. 4-5). This is in accordance to standard [5]. 
The observed RCF deviation of Hp(0.07) detector of 
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nearly 1 % (see Fig. 6) is regarded as consequence of 
exposure conditions uncertainties. 

Uncertainties of L and Q parameter in (1) influence 
the results in this paper. The L and Q uncertainties are 
4.4% and 1.4%, respectively with coverage factor k=2. 
The calculated uncertainty calculated as combined is 
4.7%. This suggests that more measurements are 
needed to confirm that 5% difference is consequence of 
PMMA plate, and not of measurement uncertainty. 

5. CONCLUSIONS 

PMMA build-up plate, used while a radiation 
detector calibration is performed, assures that in the 
absence of the PMMA plate, the instrument correctly 
measures in photon fields, under conditions of 
electronic equilibrium which is nearly always met 
during TLD monitoring of occupationally exposed 
workers. 

Calibration of Harshaw 6600 Plus TLD reader was 
analyzed in this paper. Influence of 2 mm PMMA 
build-up plate was studied. The results showed that 
this plate should be used when reader is to be 
calibrated for measuring Hp(10). Considering 
Hp(0.07), PMMA plate has insignificant influence on 
calibration.  

Further studies are being planned for investigation 
the relation between RCF and the distance between 
PMMA plate and dosimeters.  
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REFERENCES  

1. International Organization for Standardisation and 
International Electrotechnical Commission, General 
requirements for the competence of testing and 
calibration laboratories, ISO/IEC Standard 17025, 1999.  

2. Technical Recommendations for Monitoring 
Individuals Occupationally Exposed to External 
Radiation, European Commission, Luxembourg, RP no. 
160, 2009. 

3. Fantuzzi, E., Alves, J.G., Ambrosi, P. Janzekovic, H. and 
Vartiainen, E., “Implementation of standards for 
individual monitoring in Europe”, Radiat. Prot. Dosim., 
vol. 112, no. 1, pp. 3-44, 2004.  

4. Harshaw TLD Model 6600 Plus: Automated TLD 
Reader, Thermo Fisher Scientific Inc., 2007. 

5. X and gamma reference radiation for calibrating 
dosemeters and dose-rate meters and for determining 
their response as a function of photon energy - Part 3: 
Calibration of area and personal dosemeters and the 
measurement of their response as a function of energy 
and angle of incidence, ISO 4037-3, 1999. 

6. International Atomic Energy Agency, “Calibration of 
Radiation Protection Monitoring Instruments”, Vienna, 
Austria, Safety Reports Series No. 16, 2000. 

 



 

BACKGROUND SPECTRUM CHARACTERISTICS OF THE HPGE DETECTOR LONG-TERM 
MEASUREMENT IN THE BELGRADE LOW-BACKGROUND LABORATORY 
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Abstract. The Belgrade low-level background laboratory, built in 1997, is shallow (25 m.w.e) underground space 
(45m2) which is constantly ventilated with fresh air against radon. The muon intensity (about 3.5 times less than at 
ground level), radon concentration (suppressed to averaged value of 15 Bqm-3), as well as gamma-ray background are 
monitoring for more than eight years. After long-term measurement using the radiopure HPGe detector with 35% 
relative efficiency, the measured data includes radionuclide concentration of detector surroundings, estimation of 
background time variation due to radon and cosmic-rays as well as MDA values for typical samples of water matrix. 
The detailed characteristics of gamma-ray background spectra are here presented. 

Key words : Underground laboratory, Low-level background, long-term  gamma-ray measurement  

1. INTRODUCTION 

Various experiments which strive for the detection 
of very rare events require the lowest possible 
background radiation which can be achieved only in a 
deep underground laboratory. Some of recent the most 
interesting are double beta-decay experiments, [1] and 
dark matter searches, [2]. In any applied 
measurements of low activities, a goal that is pursued 
by all gamma spectroscopist is to lower the minimum 
detectable activity (MDA) of their detection system 
obtaining more statistical evidence in less time.  

But, any long and even short-term gamma-ray 
background measurement is subject to certain 
temporal variations due to time variability of two 
prominent contributors to background, cosmic-rays 
and radon. The most of the low background 
laboratories that deal with low activity measurements 
have developed routine measurements of background. 
The duration of these measurements may be from one 
day to even a month and they are designed to produce 
results with sufficiently low statistical errors for the 
envisaged measurements. These measurements yield 
only average values of the background, what in 
principle may lead to systematic errors in later 
measurements, especially of NORM samples.  

The averaged values of the background, gamma 
lines and continuum, nuclide concentrations or MDA 
presenting a “personal card” of used detector system 
for certain samples in any low-level background 
laboratory, [3]. Here is attempt to present our low-
level background laboratory in a similar way. First of 
all, the detailed description of the laboratories and 
used detector system are described.     

 

2. DESCRIPTION OF THE LABORATORIES AND 
EQUIPMENT  

The Belgrade underground low-level laboratory 
(UL), built in 1997 and located on the right bank of the 
river Danube in the Belgrade borough of Zemun, on 
the grounds of the Institute of Physics. The overburden 
of the UL is about 12 meters of loess soil, equivalent to 
25 meters of water. It is equipped with ventilation 
system which provides low radon concentration of 
15(5) Bq/m3. The “passive” shield consists of 1 mm 
thick aluminum foil which completely covers all the 
wall surfaces inside the laboratory, including floor and 
ceiling. As the active radon shield the laboratory is 
continuously ventilated with fresh air, filtered through 
one rough filter for dust elimination followed by active 
charcoal filters for radon adsorption. The UL has an 
area of 45m2 and volume of 135m3 what required the 
rate of air inlet adjusted to 800m3/h. This huge 
amount of fresh air contributes to greater temperature 
variations and the long-term mean value of 
temperature inside the UL is 19(4)oC. The rate of air 
outlet (700m3/h) was adjusted to get an overpressure 
of about 200 Pa over the atmospheric pressure, what 
prevents radon diffusion through eventual 
imperfections in the aluminum layer. Relative 
humidity is controlled by a dehumidifier device, what 
provides that the relative humidity in the underground 
laboratory does not exceed 60%. The muon intensity 
(which is about 3.5 times less than at ground level), 
radon concentration and gamma-ray background are 
monitoring for more than eight years. Comparative 
background study is performing in the GLL (at ground 
level) which is equipped with a Ge detector (13% 
relative efficiency and not intrinsically low-
radioactivity level, named SGe) and a big plastic 
scintillator (1m2, named BPS) in veto position. The 
GLL is air-conditioned (average radon concentration of 
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50(30) Bq/m3) has an area of 30m2 and volume of 
75m3. The Fig. 1 presents veto arrangement of the 
HPGe detector (BGe, in 12cm lead shield) and big 
plastic scintillator, inside the UL. 

 

 
 

Fig. 1 Veto arrangement of the HPGe detector (BGe) and big 
plastic scintillator inside the UL 

3. DESCRIPTION OF DETECTOR SYSTEMS IN 
THE UL  

The low-level background detector system in the 
UL includes an intrinsically low-radioactivity level p-
type Ge detector (35% relative efficiency, named BGe) 
and another plastic veto scintillator (1m2, named BPS) 
situated coaxially above the BGe detector. The BGe is a 
GEM30 model (made by ORTEC) in LB-GEM-SV 
cryostat configuration with magnesium end cap. The 
energy resolution at 1332.5keV, measured by analog 
data acquisition system, is 1.72keV, 0.65keV at 122keV 
as well as the Peak to Compton ratio at 1332.5keV has 
value of 68. The cylindrical lead shielding of the BGe, 
with a wall thickness of 120 mm and an overall weight 
of about 900kg, was cast locally out of scratch 
plumbing retrieved after the demolition of some old 
housing. Radon monitoring inside the laboratories was 
performed by radon monitor, model RM1029 
manufactured by Sun Nuclear Corporation. The device 
consists of two diffused junction photodiodes as a 
radon detector, and is furnished with sensors for 
temperature, pressure and relative humidity. A pair of 
plastic scintillator detectors is used for CR muon 
measurements at both laboratories. One of them is a 
larger (100cmx100cmx5cm) detector (BPS), equipped 
with four PMT directly coupled to the corners beveled 
at 45°, made by Amcrys-H, Kharkov, Ukraine. The 
other, a smaller 50cmx23cmx5cm plastic scintillator 
detector, with a single PMT looking at its longest side 
via a Perspex light guide tapering to the diameter of a 
PMT, made by JINR, Dubna, Russia, and assembled 
locally. The smaller detector may serve as a check of 
stability of the muon time series obtained from the 
larger detector, which is important for long term 
measurements. Two flash analog to digital converters 
(FADC), made by C.A.E.N (type N1728B), which 
sample at 10 ns intervals into 214 channels were used 

to analyze spectra from Ge detectors as well as 
corresponding BPS. User-friendly software was 
developed to analyze the C.A.E.N data with the 
possibility to choose the integration time for further 
time-series analysis that corresponds to integration 
time of the radon monitor. The performances of digital 
acquisition system as well as software developed for 
analysis were described in detail, [4]. 

 

4. THE RESULTS OF BACKGROUND 
MEASUREMENTS IN THE UL 

Additional to intrinsically low-radioactivity level of 
the BGe itself, environmental radioactivity is low, too. 
The UL was built from low activity concrete about 12 
Bq/kg of U-238 and Th-232, and of 23 Bq/kg and 30 
Bq/kq of surrounding soil, respectively. Radioactivity 
of aluminum wall-lining is negligible. Pb-210 activity of 
used lead shield of 30Bq/kg is measured. After long-
term cosmic-ray, [5], radon concentration, [6] and 
gamma-ray background measurements, no significant 
long-term time variations of gamma background was 
found, [7]. After several years of almost continuously 
background measurements, the integral background 
rate in the region from 40keV to 2700keV has mean 
value of about 0.5 cps. The lines of Co-60 are absent in 
the background spectrum, while the line of Cs-137 with 
the rate of 1×10–4 cps starts to appear significantly only 
if the measurement time approaches one month. 
Fukushima activities, though strongly presented in our 
inlet air filters samples, did not enter the background 
at observable levels, in spite of the great quantities of 
air that we pump into the UL to maintain the 
overpressure, and it seems that the double air filtering 
and double buffer door system, along with stringent 
radiation hygiene measures, is capable of keeping the 
UL clean in cases of global accidental contaminations. 
No signatures of environmental neutrons, neither slow 
nor fast, are present in direct background spectra. 

The Fig. 2 shows a characteristic shape of 
background spectrum obtained in the UL after about 6 
months of measuring, with distinctive Pb X-ray lines at 
the beginning of the spectrum, annihilation line, and 
lines from 40K and 208Tl (2614.5keV) at the end of the 
spectrum with a lot of post-radon lines between them.  

 

Fig. 2 Background spectrum of the HPGe detector (BGe) 
inside the UL after about 6 months of measuring 

The table 1 in the third column presents gamma-
ray background values of typical spectrum measured in 
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the UL using the BGe in direct (no veto) mode. The 
measurement time was about 6 months. 

Table 1 The background characteristics of the BGe 
inside the UL 

Line/ 
region 
(keV) 

Radionuclide/ 
series/ 
nuclear 
reaction 

Intensity  
(10-3 s-1) 

MDA 
(mBq) 

for 
100ks 
Water 
matrix 

40-2700 - 500 - 
46.5 Pb-210/U-238 0.38(11) 1500 
53.2 U-234 - 9400 
63.3 Th-234 - 700 
72.8 Pb-X-Kα2 3.1(1) - 
75 Pb-X-Kα1 6.2(1) - 

84.9 Pb-X-Kβ1 4.2(1) - 
87.3 Pb-X-Kβ2 1.49(6) - 
92.5 Th-234 - 100 

143.8 U-235 - 20 
163.4 U-235 - 110 
200.3 U-235 - 100 
238.6 Pb-212/Th-232 0.83(4) 40 
242 Pb-214/U-238 0.20(2) - 

295.2 Pb-214/U-238 0.71(4) 40 
338.3 Ac-228/Th-232 0.15(2) - 
351.9 Pb-214/U-238 1.26(5) 30 
477.6 Be-7 - 40 

510.8+511 
Tl-208/Th-
232/ANN 

7.0(1) 
- 

583.2 Tl-208/Th-232 0.30(3) 56 
609.2 Bi-214/U-238 1.08(5) 60 
661.7 Cs-137 0.10(5) 9 
727.3 Bi-212 - 200 

803.3 
Pb-206 (n,nI) 

Pb-206 
0.11(2) 

- 

911.2 Ac-228/Th-232 0.25(2) 110 
969 Ac-228/Th-232 0.11(2) 80 
1001 Pa-234m - 1300 

1120.4 Bi-214/U-238 0.28(3) - 
1173.2 Co-60 - 19 
1332.5 Co-60 - 11 
1238.1 Bi-214/U-238 0.09(2) - 
1460.8 K-40 3.27(9) 850 
1764.6 Bi-214/U-238 0.49(3) 230 

2103.7 
2614.5SE/Tl-

208 
0.13(2) 

- 

2204.2 Bi-214/U-238 0.15(2) - 
 2614.5 Tl-208/Th-232 1.05(5) - 

 

The fourth column of the same table presents 
minimum detectable activity (MDA) calculated for 
predicted measurement time of 100000 seconds 
(approximately one day) for cylindrical sample 
(volume of 120cm3) situated on the top of the detector. 
Efficiency calibration was obtained by GEANT4 
simulation toolkit as well as experimentally using 
appropriate standard. The difference between the two 
efficiency calibration curves is less than 5% for sample 
of water matrix, which MDA is here presented. MDA 
values are calculated as MDA=LD/(t x Eff x p), where 
the LD=2.71+4.65B1/2 is detection limit. B is 
background at the energy of gamma-ray line with 

absolute detection efficiency Eff and emission 
probability p. If the predicted measurement time t is 
valued in seconds then MDA values have Bq unit. The 
obtained MDA values are presented for water matrix 
cylindrical samples in bottles with volume of 120cm3. 

With the BPS currently positioned rather high over 
the detector top, at a vertical distance of 60cm from 
the top of the lead castle, in order to allow for the 
placing of voluminous sources in front of the vertically 
oriented detector, the off-line reduction of this integral 
count by the CR veto condition is only about 18%. Up 
to a factor of two might be gained if the veto detector 
were to be positioned at the closest possible distance 
over the BGe detector. This configuration requires 
some changes of the lead shield including introducing 
a sliding lead lid. Such a new shielding and veto 
configuration would be additionally reduce gamma-ray 
background up to the same  factor that corresponds to 
factor of reduction expected for cosmic rays. 

We do not insist on the lowering of statistical errors 
which depend on background levels solely and are 
difficult to reduce further with available means, but 
rather emphasize its stability due to the low and 
controlled radon concentration in the laboratory. This 
is essential, especially in NORM measurements, and 
makes our system virtually free of systematic errors as 
compared to systems which operate in environments 
where radon is not controlled. In that systems the 
reduction of post-radon background activities is 
achieved by flushing the detector cavity with liquid 
nitrogen vapor, where the transient regimes during 
sample changes and possible deposition of radon 
progenies may introduce systematic uncertainties 
which are difficult to estimate. 
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Abstract. Variations in efficiency of the ORTEC HPGe detector depending on the source-detector geometry (different 
distances from detector and different geometries at the same distance), were experimentally determined and analyzed, 
using the Czech Metrology Institute calibration sources. The point  EFS X (mixture of radionuclides), volume 50 mL and 
200 mL (type CBSS 2) sources, were put on detector (central position), as well as at the holder corners for several 
source-detector arrangements, and measured for the same measuring times. The ratio of central position efficiency and 
efficiency in positions at the holder corners (positions labeled as 1, 2, 3 and 4) for the point source was the highest for 
the 59.54 keV (241Am) – from 41.5 for position 4 to 48.68 for position 2 (zero-height), and from 2.18 for position 4 to 
2.84 for position 2 (at the height of 10 cm). Smaller discrepancies have been determined for the 661.62 keV gamma ray 
(137Cs): 7.24 (the highest for position 2) at the zero height and 1.51 (the highest again for position 2) at the height of 10 
cm. For the gamma ray of 1836.06 keV (88Y) it is 5.53 (position 2) at zero-height, and 1.52 (position 2) at the height of 10 
cm. The same ratio between the efficiencies for 137Cs and 88Y gamma rays was registered - for all four off-center positions 
at the zero height, as well as for positions 2, 3 and 4 at the height of 10 cm.  The cylindrical 50 mL calibration source was 
also measured and considered in similar way, and the highest discrepancies of efficiency ratio between central and off-
center positions were registered for 241Am (position 3 for the zero height, and position 4 for the height of 10 cm). 
Efficiency ratios (central/off-center) for 137Cs and 60Co were 3.67 and 3.23, respectively (if positioned directly on the 
detector), and 1.38 and 1.44, respectively (for the height of 10 cm). In a consideration of the 200 mL cylindrical source, 
discrepancies of the efficiency ratio between central and off-center positions 2 and 4  for a height of 1 or 10 cm, were in 
the range from 1.24 (137Cs, for position 4 at the height of 10 cm) to 4.24 (241Am for position 2 at the height of 1 cm).  
 

Key words: photoefficiency,	HPGe	detector,	measuring	geometry 

 

1. INTRODUCTION  

Detection efficiency, as one of the main gamma 
detector’s characteristics, can be determined 
theoretically (applying various methods), semi-
empirically and experimentally [1], but its 
experimental determination is the most commonly 
used [e.g., 2, 3, 4].  

The results presented in this paper show changes in 
registration efficiency, depending on the detector-
source geometry. In a standard semiconductor gamma 
spectrometric procedure, calibration is performed by 
counting standard radiation sources of various shape, 
volume and density, requiring the same for analyzed 
samples. The samples should be prepared and sealed 
in vessels having the same shape as the calibration 
source, but should also be placed on the detector in the 
same way. A negligible error is made when Marinelli 
beakers are used. In the case of smaller sources, e.g. 

cylindrical and quasi point, it is possible that a tested 
sample has not position identical with one of the 
calibration source, which contributes to measurement 
uncertainty.  

The dependence of the photopeak efficiency 
(detection efficiency for the total photon energy 
deposit by the photoelectric effect) on photon energy, 
source position and measuring geometry, has been 
examined at the ORTEC HPGe spectrometer GEM – 
40190 (with relative efficiency of 40%). In a series of 
measurements, which included different source 
positions, as well as several distances from the 
detector, certified multistandards were used in three 
different geometries – quasi point, cylindrical volume 
of 50 mL, and cylindrical volume of 200 mL. Photons 
with energies of 59.54 keV, 661.62 keV and 1836.06 
keV (from 241Am, 137Cs and 88Y, respectively [5]) were 
observed in quasi point and cylindrical measuring 



 

geometry (241Am and 137Cs), while that of 1332.5 keV 
(60Co) in cylindrical geometry only. 

 

2. SPECTROMETER AND RADIATION SOURCES 

Gamma spectrometric system in the Center for 
Ecotoxicological Research in Podgorica (Fig. 1) consists 
of two ORTEC HPGe spectrometers, belonging to Extra 
Low Background (XLB) class. The energy range of both 
spectrometers is from 40 keV to 3000 keV (16 000 
channels). This energy range covers the main γ–lines 
of a large number of radionuclides. The components of 
these systems are [6]: NIM BIN 4001 chassis with 
power supply 4002D; Double 5 kV power detector 
model 660; Preamplifier model 257 P with a high 
voltage filter 138: Spectroscopic amplifier model 672; 
The analyzer with four inputs model 919, Spectrum 
master multichannel buffer; Cryostats CFG – XLB – 
GEM – SV; The detector housing with protection: Von 
Gahlen model VG – BB – 98/19A – 2, consisting of 100 
mm Pb, Cu 2 mm, 1 mm Cd, 4 mm Perspex.  

As mentioned above, the coaxial HPGe detector 
(ORTEC, GEM-40190; relative efficiency 40 %; 
FWHM, 1.80 keV at 1.33 MeVFWHM, 840 eV at 122 
keV; background, 1.23 cps; Softwares—Gamma Vision 
32 A66-B32 V 4.12 and Gamma Vision 32 A66-B32 V 
5.2; Nuclide Navigator V 1.01), is used in the present 
study.  

 

 

Fig. 1 System for gamma spectrometry in the Center for 
Ecotoxicological Research (Podgorica) 

Calibrations sources (Czech Metrology Institute) – 
quasi point and cylindrical, used in the measurements 
are shown in Fig. 2. Quasi point source is 
multistandard of the type EFS X, certificate no. 9031-
OL-267/12 (May 29, 2012). The 50 mL cylinder is 
multistandard of the type CBSS 2, certificate no. 9031-
OL-587/08 (October 24, 2008), while the 200 mL – 
multistandard CBSS 2, certificate no. 931-OL-093/01 
(March 14, 2001). Activities of 241Am, 137Cs and 88Y 
were 8.154 kBq, 3.484 kBq and 7.048 kBq, respectively 
(quasi point source); 241Am, 137Cs and 60Co – 6.356 
kBq, 2.567 kBq and 2.461 kBq, respectively (cylindrical 
source of 50 mL), as well as 10.75 kBq, 3.35 kBq and 
3.25 kBq, respectively (cylindrical source of 200 mL). 

 

 

 

 

Fig. 2 Calibration sources 

The sources were firstly placed at the central 
position, then at the positions 1, 2, 3, 4 (off-center) [7], 
as well as at the E1, E2, E3 and E4 (“edge positions”), 
as illustrated in Fig. 3. The spectra were acquired for 
different heights (distances source–detector varied 
from 0 cm to 10 cm), as well. Measuring (live) time was 
3000 s – for all the arrangements; and 
photoefficiences were determined in a standard 
procedure, i.e., using net counting rates under selected 
photopeaks, known activities and gamma rays 
intensities. 

 

 

Fig. 3 Schematic of the source-detector arrangements  

3. RESULTS AND DISCUSSION 

First results have been obtained when calibration 
sources were put at the center and corners (off-center) 
of the detector (positions C, 1, 2, 3 and 4 in Fig. 3). 
Efficiencies in corners were smaller than central 
efficiency, up to 48.68 times (for position 2 at zero 
height) for 241Am gamma ray, as it was expected.  

The ratio of efficiency in a central position and 
efficiency in positions in the holder corners for point 
source was found to be the highest for the 59.54 keV 
photons (241Am) – from 41.5 for the position 4 to 48.68 
for the position 2 (zero height), and from 2.18 for the 
position 4 to 2.84 for the position 2 (at height of 10 
cm). Considerably smaller discrepancies were 
determined for the 661.62 keV photons (137Cs): 7.24 
(the highest for position 2) at zero distance, and 1.51 
(the highest again for position 2) at the height of 10 
cm. For gamma rays of 1836.06 keV (88Y) it was 5.53 
(position 2) at zero height, and 1.52 (position 2) at the 
height of 10 cm. The same ratio between the 
efficiencies for the cesium and yttrium gamma rays 
was recorded – for all four off-center positions at zero 
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height, and for the positions 2, 3 and 4 at the height of 
10 cm.  

Abovementioned efficiency ratios are shown in Fig. 
4 – for 241Am, 137Cs and 88Y photons emitted from 
quasi point source.  

 

 
Fig. 4 Efficiency ratio for quasi point source – 

center/corners (1, 2, 3 i 4) for: zero height (a), height of 10 cm 
(b) 

 

The cylindrical 50 mL calibration source was also 
measured and considered in similar way, and the 
highest discrepancies of efficiency ratio between 
central and off-center positions were registered 
for 241Am (position 3 for the zero height, and position 4 
for the height of 10 cm). Efficiency ratios (central/off-
center) for 137Cs and 60Co were 3.67 and 3.23, 
respectively (if positioned directly on the detector), and 
1.38 and 1.44, respectively (for the height of 10 cm). 
The efficiency ratio for cylindrical source of 50 mL is 
shown in Fig. 5. 

For the 200 mL cylindrical source, discrepancies of 
the efficiency ratio between central and off-center 
positions 2 and 4  for a height of 1 or 10 cm, were in the 
range from 1.24 (137Cs, position 4 at the height of 10 
cm) to 4.24 (241Am, position 2 at the height of 1 cm). As 
in the case of the 50 mL source, similar discrepancies 
of the efficiency ratio were shown by 137Cs and 60Co for 
both heights, and for 241Am – in particular for the 
position 4. 

 
Fig. 5 Efficiency ratio for cylindrical 50 mL source – 

center/corners (1, 2, 3 i 4) for: zero height (a), height of 10 cm 
(b) 

 

 

A careful analysis showed that  

the highest photoefficiency was recorded for the 
661.62 keV gama rays from 137Cs – in all positions and 
distances from the detector; 

for all considered gamma rays, efficiency was the 
highest in the case when the source was located on the 
detector, in the central position, in particular for quasi 
point source (by a factor of 3 higher than that for the 
50 mL cylindrical geometry, and at least by a factor of 
7.5  higher than for the 200 mL cylindrical geometry);  

photoefficiency decreases with an increase of  a  
distance from the detector, and it is significantly lower 
at a height of 10 cm than at zero height (at least by a 
factor of 11.4 – for quasi point source, 7 – for the 50 
mL, and 3.6 – for the 200 mL cylindrical source). 

In regard to efficiencies given by corner (off- 
center) positions and their different heights, any clear 
dependence could not be found. However, slightly 
higher photoefficiency was observed when the source 
was placed at the position 4. That position (4) gave the 
highest efficiency for the 241Am photons from quasi 
point source (0 cm and 10 cm from the detector), as 
well as for the 50 mL source at zero height.  

The highest efficiency for the 137Cs photons, in the 
case of quasi point source, was shown by the position 1 
(at zero height) and 1 and 4 (at 10 cm); but also by the 
position 1 (at zero height) and 3 (10 cm) – in the case 
of the 50 mL source; and by the position 4 (at 1 cm and 
10 cm) – for the cylindrical source of 200 mL. 

For the photons from 88Y emitted from quasi point 
source, the efficiency at zero height was found to be the 
highest at the position 3, while at 10 cm – at the 
position 1. 



 

The second dataset showed the efficiency changes 
due to different distances from the detector in the 
central position (steps 1 cm) and “edge positions”. 
Radioactive sources were put in four opposite “sides” 
on the detector (positions labeled with E1, E2, E3 and 
E4 in Fig. 3). Because HPGe detector is coaxial, with 7 
cm in diameter, obtained efficiencies were averaged 
and presented as one value. The same approach was 
applied for the off-center (i.e., corner) positions, i.e., 
one (averaged) value of efficiency was obtained for the 
positions 1, 2, 3, and 4 – at several distances from the 
detector. The results are presented in Tables 1, 2 and 3.  

Table 1 Photoefficiencies – 59.54 keV (241Am) 

Position Height 
(cm) 

ε 
point 

source 

ε 
cylinder 
50 mL 

ε
cylinder 
200 mL 

Center 

0 0.042841 0.014159 /
1 0.033188 / 0.005636
2 0.023736 / /
3 0.01708 / /
4 0.012781 / /
5 0.009443 0.00403 /
6 0.007245 / /
7 0.005692 / /
8 0.004578 / /
9 0.003878 / /
10 0.003405 0.001614 0.001264

Edge of 
detector 

0 0.010186 / /
1 0.010235 / /
2 0.009134 / /
3 0.008283 / /
4 0.00737 / /
5 0.006138 0.002961 /
6 0.005087 / /
7 0.004342 / /
8 0.003926 / /
10 0.002871 / /

Out of 
the 

detector 
–  

corners 

0 0.000982 0.000901 /
1 0.00112 / 0.002086
2 0.001052 / /
7 0.000822 / /
8 0.000825 / /
10 0.001414 0.000839 0.000864

 

The efficiencies reported in Tables 1 and 2 are also 
displayed in Figs. 6 and 7 – showing the discrepancies 
in efficiency for two positions and different heights. 
The highest discrepancy in efficiency for 241Am gamma 
rays from quasi point source is on 0 cm, and efficiency 
for the edge of the detector is by a factor of 4.2 lower 
than the center-efficiency (Fig. 6). The efficiency ratio 
for central position at 0 cm and 10 cm is 12.6, while for 
edge positions it is 3.5. 

For the 137Cs efficiency (Fig. 7), discrepancies were 
smaller than in the case of 241Am. Again, the largest 
differences were on 0 cm (and the smallest – on 10 
cm), although they were not so large (efficiency on the 
edge positions was by a factor of 1.6 less than efficiency 
in center). The efficiency ratio for central and edge 
positions at 0 cm and 10 cm was 14.7 and 9.7, 
respectively. 

Table 2 Photoefficiencies – 661.62 keV (137Cs) 

Position Height 
(cm) 

ε
point 

source 

ε 
cylinder 
50 mL 

ε
cylinder 
200 mL 

Center 

0 0.04987 0.0177377 /
1 0.03131 / 0.006475
2 0.021023 / /
3 0.015116 / /
4 0.011511 / /
5 0.008755 0.005155 /
6 0.006868 / /
7 0.005619 / /
8 0.004546 / /
9 0.003962 / /
10 0.003371 0.002151 0.001615

Edge of 
detector 

0 0.031276  /
1 0.02017  /
2 0.014839  /
3 0.01156  /
4 0.00934  /
5 0.007442 0.004272 /
6 0.00597  /
7 0.005013  /
8 0.00417  /
10 0.003219  /

Out of 
the 

detector 
– 

corners 

0 0.007468 0.005241 /
1 0.005922 / 0.004091
2 0.005251 / /
7 0.002851 / /
8 0.002715 / /
10 0.002335 0.001617 0.001272

Table 3 shows efficiencies for 88Y (from quasi point 
source) and 60Co from cylindrical sources.  

Table 3. Photoefficiencies – 88Y and 60Co  

Position 
Height 
(cm) 

ε
point 

source 

ε 
cylinder 
50 mL 

ε
cylinder 
200 mL 

Center 

0 0.20139 0.009846 / 

1 / / 0.004016 

10 0.00176 0.001413 0.0011 

Out of the 
detector – 

corners 

0 0.004397 0.003317 / 

1 / / 0.002662 

10 0.001383 0.001033 0.000846 

 

 
Fig. 6 Efficiency for 241Am from point source (“edge positions“ 

and central position) 
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Fig. 7 Efficiency for 137Cs from point source (“edge positions“ 

and central position) 
 

Additionally, Fig. 8 shows efficiencies for 241Am, 
137Cs and 88Y (from quasi point source) at the corner 
positions (averaged value) and different distances from 
the detector.  

 

 
Fig. 8 Efficiency for 241Am, 137Cs and 88Y from point source 

(corner positions) 
 

 

4. CONCLUSIONS  

Variations in efficiency of the ORTEC HPGe 
detector GEM-40190, in dependence on the source-
detector geometry (different distances from detector 
and different geometries at the same distance), were 
experimentally determined and analyzed.  

Presented results show that a change in position of 
examined source can bring error in efficiency up to 4 
times (for 241Am at contact with end-cap), depending 
on source position and height, as well as type of 
radionuclide. Since reposition of tested sources 
increases (or can increase) a measurement uncertainty 
in real situation, it is very important to know how 
efficiency changes contribute to measurement 
uncertainty. Obtained information are particularly 
important for the analysis of quasi point and 
cylindrical (small) samples, and they are a good basis 
for a further research, which should also include the 
other sources, i.e., gamma rays. 
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Abstract. The aim of this study is to determine natural radionuclides (Unat and Th), rare earth elements (Ce, Eu, La, 
Lu, Sm, Tb and Yb) and metals (As, Ba, Co, Cr, Cs, Fe and Sc) in soil samples around Instituto de Pesquisas Energéticas 
e Nucleares (IPEN) facilities.  

Key words: metals, natural radionuclides, rare earth elements, soil. 

      

Introduction: For the assessment of the quality of 
the soil, it is important to check possible 
contamination due to anthropogenic influence. The 
aim of this study is to determine natural radionuclides 
(Unat and Th), rare earth elements (Ce, Eu, La, Lu, Sm, 
Tb and Yb) and metals (As, Ba, Co, Cr, Cs, Fe and Sc) 
in soil samples around Instituto de Pesquisas 
Energéticas e Nucleares (IPEN) facilities. IPEN is 
located in the city of São Paulo, Brazil, and comprises 
several nuclear and radioactive facilities, spread over 
an area of about 500,000 m2 with buildings covering 
85,000 m2. Among these activities, it is worth to 
mention the nuclear fuel cycle (beneficiation process) 
and the thorium nitrate production, which can release 
to the environment rare earth elements, metals 
impurities, U and Th.  

 

     Materials and Methods: Soil samples were 
collected at six different locations at IPEN, using a PVC 
pipe with 7.2 cm of diameter and 15 cm of depth, after 
cleaning the surface manually. The quantity collected 
was about 500 g, and each sampling point was 
analyzed in triplicate. The soil samples were 
homogenized, dried to constant mass and passed 
through a sieve of 250 µm.  

The determination of the radionuclides, rare earth 
elements and metals was carried out by Instrumental 
Neutron Activation Analysis (INAA). The technique 
consisted of irradiating approximately 150mg of the 
sample during 8 hours at a neutron flux of 1012 n cm-2 

s-1, at the nuclear research reactor IEA-R1 of IPEN. The 
induced radioactivity was measured by gamma-
spectrometry with a hyper-pure germanium detector, 
with 25% relative efficiency and resolution of 2.10 keV 
at 1332 keV. The spectra analyses were made by 
WinnerGamma program on InterWinner [1]. The 
concentration of the analyzed elements was 
determined by comparing the activity obtained in the 
samples with that obtained with the standard reference 

material IAEA SL-1 and IAEA SL-3 by the expression 
(1): 
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where: Cai  =  i-element concentration in the sample 
(µg g-1 )  

Cpi = i-element   concentration   in   the   standard 
(µg g-1 ) 

Aai  = i-element peak area in the sample (cps) 

Api = i-element peak area in the standard (cps) 

ma e mp = standard and sample weight, respectively 
(g) 

  = radioisotope decay constant (s-1) 

ta - tp = Difference between sample and standard 
count time (s).  

 

The determination of the minimum detectable 
activity (MDA) for INAA was carried out using 
standard reference material by the expression (2) [2]: 
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where: MDA= minimum detectable activity (μg g-1 ) 

CpR = concentration of the element in the standard 
reference material (μg g-1) 

Bg = background count of the element in the 
sample (counts) 

T = counting time (s) 

C = counting in the peak area of the element in the 
standard reference material (cps) 

3 = level between the certified value and the 
definitive value. 
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Results and Discussion:  

The coordinates of the soil sampling sites are 
presented in Table 1. 

 

Table 1. Coordinates of the soil sampling sites 

Sampling Point Coordinates 

1 23°33'56.66"S,46°44'07.04"O 

2 23°33'55.64"S, 46°44'05.63"O 

3 23°33'59.69"S, 46°44'15.48"O 

4 23°33'46.15"S, 46°44'13.36"O 

5 23°33'48.21"S, 46°44'16.35"O 

6 23°33'41.26"S, 46°44'28.92"O 

 

The results of natural radionuclides (Unat and Th), 
rare earth elements (Ce, Eu, La, Lu, Sm, Tb and Yb) 
and metals (As, Ba, Co, Cr, Cs, Fe and Sc) in soil 
samples are presented in Table 2. 

The standard reference materials IAEA SL-1 and 
IAEA SL-3 were used to evaluate the accuracy of the 
methodology, and the results are presented in Figures 1 
and 2, respectively.  

 
 

 

 
 

 

Table 2. Results of the natural radionuclides, metals and rare earth concentration (µg g-1) in the soil samples. 

 

   Sampling  Point    

Element 1 2 3 4 5 6 mean value

Natural Radionuclides       

Unat 6.15±1.11 5.55±1.03  3.12±0.53   3.73±0.36  3.96±0.41  5.42±0.48  4.65±1.21 

Th 28.3±1.2  33.3±1.4   19.5±0.8 46.9±2.1  33.9±1.5  57.4±2.5  36.6±13.6 

Metals        

As 9.90±0.92  20.9±1.7  4.00±0.54  8.23±0.72  7.29±0.51  MDA  10.1±6.4 

Ba 263±53  MDA  205±52  204±60  396±72  354±68  285±87 

Co 4.49±0.29  4.13±0.23  2.61±0.15  8.95±0.48  6.44±0.38  5.94±0.36  5.43±2.20 

Cr 61.1±4.7  80.5±5.8  28.3±2.5  76.6±5.2  79.2±5.49  81.9±5.7  68.0±20.8 

Cs 2.99±0.53  3.09±0.52  1.75±0.30  4.53±0.41  4.48±0.42  3.95±0.38  3.47±1.07 

    Fe(*) 4.02±0.06  6.21±0.09  2.30±0.03  6.41±0.11  6.76±0.11  7.47±0.12  5.53±1.96 

Sc 13.8±0.5  15.0±0.5  9.66±0.33  22.8±0.82  22.8±0.8  26.5±0.9  18.3±6.5 

Rare 
Earth 

       

Ce 79.8±4.6  71.0±4.2  77.0±4.9  183±14  132±10  254±19  133±74 

Eu 0.64±0.06  0.41±0.04  0.49±0.04 0.85±0.09  0.71±0.08  1.28±0.14  0.73±0.31 

La 44.6±1.0  28.4±0.6  58.6±1.3  55.5±1.1  46.8±0.9  95.5±1.8  54.9±22.5 

Lu 1.55±0.16  1.22±0.13  0.56±0.06  0.76±0.08  0.61±0.06  0.60±0.06  0.89±0.40 

Sm 12.7±0.6  7.44±0.36  16.5±0.8  6.20±0.21  4.32±0.15  7.18±0.25  9.04±4.57 

Tb 3.05±1.36  3.02±1.43  1.33±0.63  1.55±0.30  1.66±0.33  1.27±0.36  1.48±0.98 

Yb 6.19±0.54  3.53±0.30  2.51±0.22  4.72±0.39  3.97±0.34  3.55±0.31  4.08±1.26 

(*) Fe in %. 
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The relative error ranged from 0.3% (Lu) to 9.5% 
(Fe) and relative standard deviation from 4.6% (La) to 
10.8% (Ba) for standard reference material IAEA SL-1. 
For the standard reference material IAEA SL-3, the 
relative error ranged from 1.7% (Yb) to 9.3% (U) and 
relative standard deviation from 0.35% (Sm) to 10.1% 
(Th). In general, relative standard deviation and 
relative error were lower than 10% proving the 
precision and accuracy of the INAA technique. 

The values obtained for the MDA were: U (< 1.32 
μg g-1) and Th (< 0.78 μg g-1); Ce (< 5.31 μg g-1)  , Eu (< 
0.13 μg g-1), La (< 0.8 μg g-1), Lu (< 0.07 μg g-1), Sm (< 
0.12 μg g-1), Tb (< 1.5 μg g-1)  and Yb (< 0.85 μg g-1); As 
(< 1.2 μg g-1), Ba (< 82 μg g-1), Co (< 1.3 μg g-1), Cr (< 
8.4 μg g-1), Cs (< 1.30 μg g-1), Fe (< 0.18 %) and Sc (< 
0.19 μg g-1).  

Ruby et al. [3] determined the concentration of U 
and Th in soil samples used in agriculture and in 
pristine area of the State of São Paulo. The results 
obtained range of 0.5 to 5.81 μg g-1 and 4.6 to 54.37 μg 
g-1 for U and Th, respectively in agriculture soil; and 
range of 0.24 to 3.45 μg g-1 and 4.19 to 62.42 μg g-1 for 
U and Th, respectively for pristine area. 

Peres [4] determined the natural radioactivity 
concentration in the soil of the State of São Paulo. The 
results obtained ranged from <1.9 to 16.1 μg g-1 for U 
and from 2 to 20.1 μg g-1 for Th.  

The State of São Paulo Environmental Agency, 
Companhia Ambiental do Estado de São Paulo 
(CETESB) [5] established also reference values for soil 
quality and values for prevention and intervention in 
industrial soil. The quality reference level corresponds 
to a concentration below which the soil is considered 
clean. Prevention reference level corresponds to a 
concentration upon which the soil quality can be 
affected. Intervention reference level is the 
concentration upon which potential risks to human 
health exists. The reference values established for 
CETESB are presented in Table 3.  
 
Table 3. Quality, prevention and intervention reference 
levels in industrial soil (µg g-1). 
 

Metals 
 

Quality 
reference 

level 

Prevention 
reference 

level 

Intervention 
reference 

level 

As 3.5 15 150 

Ba 75 150 750 

Co 13 25 90 

Cr 40 75 400 

 

 

Conclusion:  

The results obtained of U and Th in soil samples 
around IPEN is in good agreement with the literature. 

The concentrations obtained for As and Cr were 
below the prevention limits established by Cetesb. For 
the concentration of Ba, the values are above the 
prevention and below the intervention limits. The 
concentrations obtained for Co were below the value of 
the quality reference level. 

There are no guiding values for the metals Cs, Fe, 
Sc and rare earth elements in the soil. The results 
obtained were compared with the values of the 
Continental Crust [6]. The concentration of Cs, Fe and 
Sc obtained in the soil samples around IPEN facilities 
is of the same order of magnitude of the Continental 
Crust.  

The results obtained for the concentrations of rare 
earth elements were twice the values of the Continental 
Crust, with the exception of Eu, which concentration 
was below the value reported for the Continental Crust.  
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ADVANCED TEACHING WITH THE EMBEDDED MINI LAB: PROPOSAL  
FOR DEVELOPING A RADIATION DETECTION PLATFORM FOR LABORATORY USE  

WITH MULTI RADIATION SENSOR BOARD, ARDUINO AND RASPBERRY PI 

 Gordana Laštovička-Medin 

 

Faculty of Natural Sciences and Mathematics, University of Montenegro, Podgorica, Montenegro 

Abstract: The aim of this paper is to present the new,  innovative teaching approach and tinkering pedagogy 
towards developing the students skills in STEM domains (science, technology, engineering and mathematics) with aim 
to the designing the laboratory for radiation detector development. Involving from one side concept of social 
situatedness and  connectedness, and from another the concept of  independent, self-directed and self-regulated 
student learning, the project was based on assembling the mini-lab, Radiation Sensor Board for Arduino, that was 
originally designed to help people in Japan to measure levels of radiation in their everyday life after the Fukushima 
accident. As it was reported elsewhere, this product was an example of crowdsourcing. When Libelien designed the 
Radiation Sensor Board for Waspmote, the idea was simple: with the Arduino platform  people will be able to have 
easily running their own detector at home while on the other hand with Waspmote platform authorities will be able to 
deploy autonomous sensor networks to send the radiation levels from dangerous areas using wireless sensor platform 
ZigBee and GPRS technologies.  This  paper present students developing project where the Sensor Board for Arduino 
was used as assembling, teaching tool. The Do-It-Yourself and Internet of Things  can be used both in educational, and 
in the research and development purposes. Owning their own mini-lab at their disposal anytime, students worked at 
their learning speed. It also boosted the interest, confidence of students and highly affected three domains of learning: 
cognitive domain (activities like instrumentation, modeling, experimentation, data analysis and design, psychomotor 
domain (activities like manipulating the apparatus, sensory awareness) and affective domain (behavior and attitudes 
to learn from failure, creativity, collaborative communication, safety and ethics in the laboratory). We show that 
networking  learning, supported by hands-on labs on chip, and an open source electronics prototyping platform as 
Arduino and Raspberry Pi, give great opportunities for teaching and learning the tinkering and inventing skills, an 
request we have to deal with it at the University of Montenegro. Such project support exploratory and serendipitous 
learning. It moved teching from an emphasis simply on linear logic and programmed instruction, towards non-linear, 
networked, branching, hypertext views of learning, in which connections between knowledge are made and 
developed. It is based on principle of situated cognition and Vigotskian thought: situatedness, commonality, 
interdependency and infrastructure where learning is fascinated by an activity. The presented project integrate a 
Virtual Learning Environment,  networking knowledge and student-owned  movable laboratory on the chip, where 
radiation was used as a topic and where electronics was embedded and embodied.   
 

Key words: embedded, open source hardware, radiation, Fukushima, DIY, Arduino, Raspberry Pi 

1. INTRODUCTION 

 

In this technical proposal we explore and employ 
the open source hardware in education. We moved 
traditional laboratory into real world, and introduced 
student to open source platforms and its recurrences. 
We created student-owned laboratory and provoked 
intellectual flow. Employing the architecture and 
design of embedded systems as well as the architecture 
of sensor wireless networks into science lessons we 
encourage students to learn through research and to 
create, innovate through knowledge construction. 
Assembling do-it-yourself kits is creative approach in 
teaching students the complexity of setting and 
building an experiment (designing, prototyping and 

technology challenge). In this paper we explore the 
“pedagogy of things” as emerging models of 
experiential learning and Do-It-Yourself as a creative 
approach to innovative education. As didactic and 
research tool we employ DIY Radiation Arduino Kits, 
exposing students at the same time to the real world.  

The work is under progress. Due to  its early stage, 
paper does not provide any novelty as it is stated in the 
first sentence of the abstract. All discussed concepts 
(Arduino, Raspberry Pi, ZigBee, GPRS, Geiger counter) 
are well known.  However they have never been 
applied in research at the University of  Montenegro, 
so from the technical point of view the proposal of 
multisensory and wireless radiation detection platform 
for laboratory has a certain novelty (placed in the our 
social context). The proposal for developing a radiation 
detection platform is based on the multi-radiation 
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sensory boards for Arduino and Raspberry pi which 
was not yet fully explored elsewhere (no published 
papers). The project is also part of university novel 
initiatives towards teaching students to develop the 
business agile model using disruptive technology.  

At this level we do not have yet substantial results, 
since we still work on multi-modality platforms, 
applying the philosophy of LEGO system, which can be 
easily modified and extended. At this moment we still 
learn how to combine electronic components to get the 
best solution. As such, we found this paper very useful 
as tutorial for students.  

Montenegro does not have  developed wireless 
sensor radiation platform, neither web platform for in-
real-time radiation monitoring and  data visualization. 
The proposal presented here is initial step towards this 
issue.  

1.1. The Pedagogy of Things: Emerging Models of 
Experiential Learning 

 

The emergence of ubiquitous computing 
technologies have made the once theorized “Internet of 
things” a reality, and this quickly evolving 
technological infrastructure, in conjunction with a 
variety of mobile devices, including smart phones and 
tablets, is providing incredibly rich opportunities for 
learning. 

There is a lot of published papers exploring the 
impact of authenticity activities in classroom. We refer 
to some of them. As pointed out in [1] : “The emerging 
Internet of things holds great promise for disciplines 
that engages in research, data collection, or activities 
outside of traditional classroom walls. The Association 
of Experiential Education defines experiential learning 
as “a process through which a learner constructs 
knowledge, skill, and value from direct experience” [2].  
Grounded in Dewey’s conceptions of authenticity in 
instructional activities [3,4] and Vygotsky’s notions of 
social learning [5], experiential learning overtly 
connects knowledge development to interaction and 
environmental experiences [6]. It is within this context 
that pervasive and permanent technological 
augmentations in the real world are changing the very 
nature of the word “authentic” [7]. Characteristics of 
this new authenticity include capabilities that are not 
only highly supportive of student-to-student 
interaction, but they are also supportive of student-to 
environment interaction and vice versa. Our physical 
landscape now contains data collecting and sharing 
nodes that can provide a persistent and evolving 
connection between students, teachers, digital artifacts 
and the physical world via cellular, Bluetooth, WiFi, 
and other connectivity means. Ultimately, the new 
pedagogy of things is enabled, to a large extent, by the 
rapid and broad adoption of smart phones, tablets, and 
other similar devices that enable mobility while 
possessing connectivity functionality [8].” 

 

1.2. Non-linear, networked, branching, hypertext 
views of learning 

 

Teaching with Internet and ICT has to be carefully 
planed and introduced, otherwise ICT may reinforce 
established style of whole-class teaching 

unproductively, rather than promoting new, innovative 
teaching approaches. ICT has to be used to support 
learner’s creation of knowledge, and their 
investigation, developing questioning, and critical 
thinking (for knowledge construction and knowledge 
creation).  As it is emphasized in [9]: “The use of 
computers, it is argued, is best conceived in terms of 
metaphors from biology, rather than instruction, being 
medium for growth – intellectually and cognitively – 
rather than simply a tool. School have moved some 
way from an emphasis simply on linear logic and 
programmed instructions and learning , towards non-
linear, networked, branching, hypertext views of 
learning, in which connection between knowledge is 
made and developed. “  

 

1.3. Do-It-Yourself as a Creative Approach to 
Innovative Education 

 

In what follows we explain our motivation to 
introduce students to Do-It-Yourself embedded kits: 
Firstly we want to teach students the meaning of web 
of things, what is it, what problem it can solve.   
Secondly we want to introduce students to 
architectural consideration (how it looks like, what the 
components are). Thirdly, students learn what the 
“ingredients” are, and how things stick together. As 
final aim, we want to teach student to understand the 
application and services, what can be built on top of it, 
how to apply “jigsaw”/ lego philosophy in the creation 
of new things using recycling material or by  
reconnecting, redesigning already existing DIY kits.   
To explore the meaning of term “things” students 
explore embedded device in connection to the physical 
object such as iPhone. Then we explore the sensor 
node and set of sensor nodes and/or embedded device 
in connection to physical things which are abstracted 
as one “thing” (set of sensors monitoring temperature, 
humidity). The software platform are still under 
design. 

 

1.4. Transition towards machine generate 
information and research question 

 

With the aim to build laboratory for developing 
detectors for nuclear and particle physics we decided to 
speed up teaching and make it more efficient so we 
introduce students to embedded systems  at science 
lessons and basic measurement in physics at the 
Faculty  of mathematics and science at University of 
Montenegro. Transition towards machine generates 
information and research question. The basic research 
question is: how to develop a low-cost, reusable, and 
easy-to-use wireless sensing network for a given case? 
What is the best architecture to meet the 
requirements? What protocol should be used? Is a 
prototype built with open-source hardware and 
software, which demonstrates the possibility of using 
the Arduino/Raspberry Pi platform for wireless 
network good enough for the research and education 
purpose?  

 

1.5. Why to use open source software and 
hardware platforms?  
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Why do we use an open source hardware platform 
in the classroom? Firstly, we did it with aim to change 
the rigid, detached traditional teaching approach 
where context is disconnected from the real world and 
students do not build ownership relation to knowledge 
construction. Thus, we linked the classroom to open 
source educational resources, and the student enquiry 
based projects were connected to world-problems. The 
heart of this approach is to connect students to “open” 
movement, open labs, and consequently, to provoke 
intellectual flow. “Open” movement or “open” mode 
emerged as result of several factors.  The general 
motivation behind this movement is the ability for the 
free sharing the resources and tools in an effort to 
promote economic efficiency by improving access to 
much wider group users. This movement would not be 
able without cultural shift, which created completely 
new types of labs in the world – cultural labs, and new 
type of scientists – DIY. Though open source was 
initially described as software whose source code is 
open to public review and use, it has since evolved to 
describe a set of values and apply to both software and 
hardware. Supported by a diverse and highly active 
community, open source offers an incredible array of 
benefits, from flexibility, scalability, and rapid 
innovation. 

2. OPEN-SOURCE PLATFORMS: ARDUINO AND RASPBERRY 

PI 

 

The Raspberry Pi is microprocessor, and stand-
alone as computer. It has fantastic potential for 
developers, and in education. It is primary designed to 
boost children skills in programming. The Arduno is 
stand-alone controller very popular with artist and 
engineers alike. It’s a better than the Pi at doing things 
that require very quick responses and accurate timing., 
but it has no display and can only be programmed in 
C++.  The Pi and Arduino can work quite well together 
and so Gert board has included one of these processors 
on his board. The Gertr board is primary design for 
education, to give a flavor of different types of 
interfacing techniques.  The images of Raspberry pi 
(Model B), and its  connected to the PC are displayed 
inn Figure 1 and 2, respectively. The image of Arduino 
Uno is displayed in Figure 3. , and  

 

 
Fig.1 Image of Raspberry pi (Model B).  

 

 
Fig.2 Image of Raspberry Pi’s connection  to the PC 

 

Fig.3 Image of Arduino 
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3. THE RESPOSNSES OF THE OPEN SOURCE COMMUNITY 

TO THE  FUKUSHIMA NUCLEAR ACCIDENT 

 

After earthquake and tsunami strucked Japan in 
March, 2011, causing Fukushima nuclear accident, 
engineers at Libelium developed a new sensor board to 
measure radiation (see Figure 4). Before March 2011, it 
was very difficult to find radiation meters on the 
market, and almost impossible to find one affordable 
for most citizens. Libelium decided to develop a 
radiation sensor shield for the Arduino platform due to 
its affordability and seeming ubiquity. Libelium also 
wanted to give citizens the opportunity to monitor 
these levels by themselves instead of relying on local 
authorities. The design of the board was open 
hardware and the source code was released under 
general public license (GPL).  [11,12] 

 

 
F 

Fig 4.  Radiation measurement after Fukushima nuclear accident. 

 

Soon after the Radiation Board for Waspmot was 
realized (see Figures 5 and 6). Set up was equipped by 
Radiation sensor board, Geiger tub,  Waspmote, 
ZigBee Radio, Lithium Battery, GPRS and GPS. Geiger 
tube is plugged on radiation sensor  board. Waspmote  
was used as an open source wireless sensor platform  
specially focused on the implementation of low 
consumption modes  to allow the sensor nodes ( 
"motes") to be completely autonomous  and battery 
powered. Xbee is based on the 802.15.4-2003 
standard. This standard is designed for point-to-point 
and point-to-multipoint communication. XBee is the 
radio and ZigBee is the communication protocol for 
XBee radios. Compared to Bluetooth, XBee is more 
efficient in its power management; it has a wider 
working range, and has a very stable and bug-free 
protocol. The idea is simple, and well developed. Each 
node acts as an autonomous and wireless Geiger 
counter. It measures the number of counts per minute 
detected by the Geiger tube and sends this value using 
ZigBee and GPRS protocols to the control point. The 
system is powered with high-load internal batteries 
what ensures a lifetime of years. 

 
Fig. 5 Waspmote & Radiation Sensor Board [11]In addition to 

the Radiation Sensor Board for Arduino,  

 

 
Fig. 6 Different parts of the system for measuring Radiation 

using Waspmote [11] 

4. PROPOSAL FOR REMOTELY CONTROLLED ARDUINO-
BASED DISIMETER WITH CAMERA, ULTRASOUND SENSOR 

AND GEIGER COUNTER: PROJECT CONDUCTED AT THE 

UNIVERSITY OF MONTENEGRO 

  

The proposal is based on the open-source hardware 
and software platform. As topic we decided to build 
remotely controlled Arduino based robot with camera 
and Geiger counter. Students had experience in 
controlling the Arduino via computer from previously 
conducted small projects where they measure distance 
using ultrasound sensor that was plugged on the 
breadboard and then connected to the Arduino.  The 
choice of the project was in line with our curriculum 
and enough complex to cover targets of curriculum,  
and  inspirational for students to provoke their 
engagement at the same time  promoting student’s 
self-motivated and student’s self-regulated learning 
approaches. To build robot, students decided to 
explore potential and merge two financially affordable 
and in market available DIY kits: Arduino Geiger 
Sensor Kit and Arduino Robot Vehicle kit.  Tutorial 
and educational material are provided with the kits. 
We also found very useful video instructions which are 
freely available on the YouTube. As learning target we 
set the following:  understanding the concept behind 
open source hardware platform, understanding the 
difference between microprocessor and 
microcontroller,   programming the microcontroller 
and employing the potential of Raspberry Pi. What we 
actually found very important is to teach student to 
grasp the whole picture of planning and setting up an 
experiment, data acquisition (in real time) and while 
planning an experiment leave room for any potential 
upgrade or extension.  



 169

As already mentoned in introduction, the platform 
is under developing phase. Few steps are realized:  
gathering and ordering hardware components, 
classifying and understanding the connectors, pins,  
ports and parts assembled on the Arduino/Raspberry 
pi  circuit board, programming the Arduino, 
assembling Arduino Radiation Sensor Board (including  
LCD and Geiger Tube) planning how to perform  data 
acquisition in the real time, connect and assemble 
Arduino vehicle robot kit. The most challenging task is 
to connect radiation sensor board to the robot vehicle 
and to provide control the (robot kit) using Raspberry 
pi.  Additional challenge is to develop multiradiaton 
boards. A lot of obstacles already happened and it was 
not so bad since students were encouraged not to be 
fearful from mistakes but oppositely encouraged to 
build self-confidence through learning from mistakes 
and obstacles. 

Here we give brief overview of hardware 
components we intend to employ and short overview of 
realized steps.  As mentioned above we want to  
employ two DIY sets in order to build robotic 
dosimeter. As part one we use Radiation shield for 
Raspberry Pi + Geiger Tube pack which already include 
Geiger Tube and is  available on the market for the 
prize of £159 (displayed in Fig. 7, 8 and 9). This kit 
includes: Pack radiation sensor board for Arduino / 
Raspberry Pi + Geiger tube and Raspberry Pi to 
Arduino shield connection bridge with the following 
documentation: tutorial for radiation shield for 
raspberry Pi + Geiger tube. Documentation including 
Tutorial for Radiation shield for Raspberry Pi and 
Tutorial for Raspberry Pi to Arduino Shield Connection 
Bridge are provided  together with the pack. The idea 
behind the Raspberry Pi to Arduino shields connection 
bridge is to allow to use any of the shields, boards and 
modules designed for Arduino in Raspberry Pi. It 
includes also the possibility of connecting digital and 
analog sensors, using the same pinout of Arduino but 
with the power and capabilities of Raspberry. In order 
to make compatibility manufactory has created the 
arduPi library which allows to use Raspberry with the 
same code used in Arduino. To do so, manufactory 
additionally has implemented conversion functions so 
that user can control in the same way as in Arduino all 
the I/O interfaces: i2C, SPI, UART, analog, digital, in 
Raspberry Pi. Raspberry Pi to Arduino Shields 
Connection Bridge can be ordered separately for the 
price of £40.  The Radiation Sensor Board has two 
main parts, the power circuit used to provide the 
voltage necessary for the Geiger tube (400V- 1000V) 
and the signal circuit used to adapt the pulses output 
from the tube and connect it to the input of the 
microcontroller [13,14].   

 

 
Fig. 7 Radiation Sensor Board for Arduino / Raspberry Pi 

pack and Raspberry Pi to Arduino Shield Connection Bridge 

 

 

 
 

Fig. 8 Radiation Sensor Board + Geiger Tube for Arduino, 
Raspberry Pi and Intel Galileo 

 

 

 
Fig. 9 Radiation shield for Raspberry Pi + Geiger Tube  

Figure 10 shows the Raspberry Pi camera robot kits 
which we might use to connect it to the Arduino Geiger 
sensor board through Arduino shield Connection 
Bridge. The camera has to be connected to the 
Raspberry Pi. 

 

Fig. 10. Arduino Robot Kit  

 

4.1. Project  development 

 

 

Firstly, student learnt to use Fritzzing (Fig. 11) – 
virtual platform for electronic circuit designing.  Then 
we learn how to deal with GPIO pins. After pins of 
Radiation Board were identified (Fi. 12) we connect 
sensor radiation board to Arduino (Fig. 13, 14). In 
order to lean how to control external device we 
conducted small projects (meanwhile gathering idea 
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for arduino based vehicle robot) such as controlling 
LED diodes via Raspberry Pi (see Figure 15) . 

  

 

Fig. 11 Pins of Radiation Board werer identified 

 

 

Fig. 12 Pins of Radiation Board werer identified 

 

 
Fig. 13 Connection of radiation board to Arduino 

 
Fig. 14 Arduino;s connection to PC/Iphone 

 

 

 

 
Fig. 15  Controling an LED using the Pi 

 

To develop wireless sensor network (see Fifure 16, 
17) we decide to use ZigBee based local sensor 
networks,  GSM/GPRS interconnection with control 
center and for  radiation dose rate to be transmitted we 
discussed to use wireless modules Xbee, or RFBee, 
while for data acquisition and storage we need to 
develop an application program 

Figure 18. shows LCD connected to Arduino which 
will be used to visualize the measurement  outcomes. 
Software to manipulate LCD using Arduino is already 
developed. An attempt to measure distance via 
ultrasound sensor, see Figure 19, (which will be used in 
robot design for the detection of obsracles) is done, 
and software developed. 

 

 

Fig. 16  Arduino/XBee and sensor on breadboard. Test with 
thermistors as sensors 
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Fig. 17  Arduino/XBee and sensor on breadboard 

 
Fig. 18 The name of the course (Basic Measurement in 

Physics), is displayed on the LCD screen  

 

Fig. 19 Arduino with ultrasound sensor for distance 
measurements 

 

 

Fig. 20 Arduino software  in order to to manipulate data from 
ultrasound (for the robotic dozimetruy) (based on literature 

from Readwrire/Openelectronics  (SEP), Raspbian 
(Bytemark), Modern electronics (L.V), Arduino (OS). 
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Fig. 21  Arduino software in order  to manipulate the radiation 
measurement (based on literature from 

Readwrire/Openelectronics  (SEP), Raspbian (Bytemark), 
Modern electronics (L.V), Arduino (OS)) 

 

The software for maintaining ultrasound via 
Arduino is displayed in Fig. 20. Figure 21 displays the 
software for maintaining radiation measurement. An 
attempt of this application is successfully performed.  
In future we plan to employ IDE Microsoft Visual 
Studio Professional. The project has potential to be 
developed adding sensors to control the environment 
such as thermistors, gas sensors. For that purpose we 

plan to use Grove boards, which are adapted to 
Arduino configuration and can be easily configured.  
For data analysis we are adapting open-source, object-
oriented framework ROOT. Alternativelly, we might 
use Mathlab to control the Arduino, and/or Labview to 
maintain the data.  

Future plan and possible extension of project:  We 
intend to add independent project we did with 
students – weather station to the radiotion robotic 
platform. Figure 22 shows the block diagram of 
platform we worked on.  

  

Fig. 22  Block diagram of weather station we plan 
to add to the radiation board platform. 

5. DISCUSSION AND FUTURE PLANS 

 

A laboratory platform based on a remotely 
controlled radiation sensor is under developing at 
Faculty of science and mathematics at the University of 
Montenegro with aim to introduce undergraduate 
students of physics to the setting the experiment and to 
maintain the data.  Owning their own mini-lab at their 
disposal anytime, students worked at their learning 
speed. Learning, supported by hands-on labs on chip, 
and an open source prototyping platform as Arduino 
and Raspberry Pi, give great opportunities for teaching 
and learning the tinkering and inventing skills, as well 
as programming, a target we set to achieve at the 
University of Montenegro. Such project support 
exploratory and serendipitous learning. It moved 
teaching from an emphasis simply on linear logic and 
programmed instruction, towards non-linear, 
networked, hypertext featured way of learning, in 
which connections between knowledge are made and 
developed.  

In this technical proposal we explore and employ 
the open source hardware in education in order to 
develop a radiation detection platform for laboratory 
use. 

  We plan also to add the weather station to the 
radiation board (which was investigated in an 
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independent student’s project- separately from the 
radiation board measurement development project). 

 We succeeded in testing the components and 
controlling them using Arduino. We also hope that 
sustainable results will be presented on the next 
conference. 

Acknowledgement: The paper is a part of the Basic 
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Abstract: In this article we present an analysis of special cases of certain types of radioactive waste and specificity of 
analytical methods which have been applied in the identification and quantification of contained radionuclides. In the 
article we present case studies in our work with radioactive waste that is stored in the central storage of radioactive 
waste in Montenegro, which is managed by Center for Ecotoxicological research Podgorica (hereinafter CETI). 
The scope of radioactive waste management is very complex and involves many individual stages. Radioactive waste 
can occur in many different forms. One of the major problems in radioactive waste management is to determine 
activity and/or activity concentration of radionuclides in radioactive waste. In many cases due to lack of information 
about initial activity, the only way is to determine the source activity by applying some of the classic analytical 
methods of analysis of radionuclides. In the case of radiation source which belongs in the category of sealed 
radioactive sources (SRS), this is the least problem, because SRS’s are sources of relatively small dimensions and with 
well-defined geometries, which is usually cylindrical. In this case, even on the basis of dose rate measurement, source 
activity can be very well determined.  
Problems arise in cases of radioactive sources - radioactive waste in special form or shape. Some of these types of 
radioactive waste are compasses with fluorescent colors that contain Ra-226 and tritium as well as metal alloys for 
special purposes, which contain Th-232. In these cases we have a radioactive material which is located at several 
places on the body of the compass, or homogeneously distributed throughout the mass and volume of the metal parts. 
In both cases the geometry is unfavorable and requires special analytical approach. 
Due to the described problems, the analysis of gamma emitters we have been doing on HPGe detectors and the 
calibration of efficiency is performed using the point calibration standard with a mix of radionuclides while the tritium 
analysis was performed on a liquid scintillation counter. In this article, we described this analysis and all the specifics 
that followed this analytical approach. In all cases we got valid results, based on which we were able to determine and 
classify radioactive waste. 

Key words: radioactive waste management, gamma spectrometry, liquid scintillation counter, calibration standard, 
efficiency calibration, 

 

1. INTRODUCTION 

Radioactive waste management is an area which is 
very much known, but on the other hand in all of this 
there are also a lot of unknowns, hidden secrets and 
sometimes facts that fascinate. For example, an 
accident in Goiania, Brazil [1] is one of the most 
classical examples where the lack of regulatory control 
and also dysfunctional system of radioactive waste 
management, has led to tragic consequences. Most of 
things about this accident are well known, including 
the number of victims and the exposed persons, the 
amount of waste that has been accumulated during 
source recovery operation and decontamination, 
including a total cost. It is known that the source was 
Cs-137, but what is less known regarding the accident 
is that the cesium source was in the form of cesium 
chloride powder and its mass was 93 grams and with a 
volume of 31 cm3. So, 93 grams contaminate an area of 

over 1 km2 and produced about 3500 m3 of radioactive 
waste [1]. There were about 250 people exposed out of 
which 20 people were hospitalized and four of them 
died within a month from admittance to the hospital 
[1]. And perhaps this is what is the most fascinating 
with sources of radiation and radioactive waste i.e. 
their real size after exclusion of all external elements, 
capsules, protection and other structural elements. In 
such a small volume there is so much potential, which 
can create a lot of problems and unfortunately, like in 
case of accident which is described, which can lead to 
fatal consequences on the exposed people. 

The thing that fascinates also is half-life. Co-60 is 
radionuclide with a half-life of 5.27 years, which is not 
a significant time compared to other sources half-lives 
like 30.07 years for Cs-137, 432.2 years for Am-241, 
1600 years for Ra-226 or several millions or billions of 
years for the isotopes of uranium and thorium. The 
significance of radionuclide’s half-life can be also 
observed by comparing the time necessary for activity 
of a single source to falls below a certain threshold 
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values. For example one spent sealed radiotherapy 
cobalt 60 source of 27.75 TBq (750 Ci), in order to 
decay to activity of 37 GBq (1 Ci), it takes about 50 
years, and to the activity of 37 MBq (1 mCi) of about 
100 years, which represents time which is longer than 
an average human life. 

The problem of radioactive waste management is 
complex and requires involvement of a large number of 
different activities. Activities like collection, 
processing, conditioning, packaging, storage, disposal 
and some other are very well defined and there is a lot 
of literature and resources for them [2]. Also 
classification of sources, as well as available data on 
types, activities, is also very well covered and there are 
plenty of resources and data available [3].The area of 
nuclear waste is covered more, deeper and in more 
detail, having in mind importance and above all 
possible dangers if this type of waste is not managed 
properly. In many cases, the area of nuclear waste 
management is covered with a solid and stable 
financial basis and considerable capacity in terms of 
analytical support.  

The situation is often very different in the case of 
small non-nuclear countries and this is particularly 
true in the case of developing countries that due to the 
development economic problems, financing of 
activities for radioactive waste management hold at the 
lowest possible level. Therefore, it often occurs that 
national institutions or organizations responsible for 
management of radioactive waste have very limited or 
do not have any significant analytical support. In many 
cases analytical support in management of radioactive 
waste is limited on detection, dosimetry, 
contamination level check and similar basic 
measurement techniques. Very rarely an organization 
or institution dealing with radioactive waste 
management, has a good and a fully equipped 
laboratory with all, sometimes necessary and 
sometimes of crucial importance, spectrometric 
techniques. 

2. RADIOACTIVE WASTE MANAGEMENT IN 

MONTENEGRO [4] 

The problem of radioactive waste in Montenegro 
appeared during 2004. By reconstruction of the state 
union which was in form of Federal Republic of 
Yugoslavia to State Union of Serbia and Montenegro, 
all competences and authorities in the field of 
protection against ionizing radiation are transferred on 
member states. In Montenegro, at that time there was 
no facility of any kind that would serve for 
classification and processing, and temporary or 
permanent storage of radioactive waste material. Only 
such facility within the State Union of Serbia and 
Montenegro was located within the Vinca Institute – 
Belgrade, but by the Decision of the Ministry of Science 
and Environmental Protection of Serbia, import and 
storage of all types of radioactive waste from any 
foreign country was banned, including radioactive 
waste from Montenegro. Bearing in mind that an 
adverse situation had occured, there was urgent need 
for Montenegro to obtain a facility and all necessary 
supporting installations which would be designated 
and serve for treatment and temporarily store of 
radiation sources and radioactive waste. 

Because of all this Montenegrin Ministry of 
Environment and Physical Planning has formed a team 
of experts with task to prepare project for facility for 
processing and temporary storage of radioactive waste. 
In this way, there was created initial text "Project 
facility for processing of radioactive waste and 
temporary storage", which was completed in 
September 2005 year. As the most suitable location for 
this Installation - Facility for processing radioactive 
waste and temporary storage the immediate vicinity of 
the building of CETI was chosen, reasons of physical 
protection requirements, infra-structure and proximity 
of technical and analytical support necessary for the 
smooth operation of the planned installation.  

Since its founding in 1996 and beginning of its 
operations in 1998, CETI is the only institution in 
Montenegro that is fully equipped and functional in 
the field of analytics of ionizing radiation. CETI covers 
all major techniques such as alpha and gamma 
spectrometry, analysis of on a liquid scintillation and 
flow proportional counters, dosimetry, QA / QC of 
radiation sources in medicine and other applications, 
as well as a range of activities in the area of control of 
exposure of professionally exposed persons. 
Radioactive waste management is an activity, which is 
a logical and justified continuation of activities carried 
out earlier by CETI. 

At the same time International Atomic Energy 
Agency - Vienna recognized importance of this Project 
and offered and provides its support, so soon after that 
that became official IAEA project “MNE/3/002 Project 
Strengthening Radioactive Waste Management”. As 
part of this Project IAEA organizes expert missions to 
Podgorica, and they have done a complete review of 
Project documentation, provide suggestions that are 
implemented and that was the base for construction – 
civil engineering part of Project. During 2005 and 
2006 all preparation and construction works i.e. civil 
engineering works and construction of storage building 
was completed.  

IAEA has provided all necessary working, 
protective, security and analytical equipment as well as 
all additional devices and tools necessary for smooth 
operation of the storage facility. IAEA also provide 
complete staff training and give an expert assistance in 
preparation of all necessary documentation. Complete 
licensing process of the storage facility was under the 
supervision of IAEA experts. 

License for the radioactive waste storage facility 
was issued by Montenegrin Environmental Protection 
Agency on 13th of June 2012. 

Almost immediately after licensing, trough 
realization of EU IPA Project Management of sealed 
radioactive sources, including radioactive lightning 
rods in former Yugoslav Republic of Macedonia, 
Kosovo (under UNSCR 1244/99) and Montenegro, a 
team from CETI managed to collect and store all 
known SRS including radioactive lightning rods and 
also some other special types of radioactive waste in 
Montenegro in Storage facility for radioactive waste. 

 

Through our participation in IAEA Project, code 
INT9176 Strengthening Cradle-to-Grave Control of 
Radioactive Sources in the Mediterranean Region, 
IAEA provide to Montenegro INT9176 52 01 Expert 
mission on the Conditioning of Disused Sealed 
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Radioactive Sources (DSRS). Expert Mission was 
organized in the period from 18th to 27th June 2014 
and consisted of the IAEA and EKOTEH dosimetry Co. 
Croatia Experts.  

The main achievement of this expert mission was 
that nearly 100 sources are dismantled and 
conditioned. Remaining unconditioned are two 
industrial cesium 137 sources which are so corroded 
that it is almost impossible to be dismantled. Also 
unconditioned military origin compasses remains - 
nearly 7000 pieces, with fluorescent paints that 
contain Ra-226 and Tritium sources. This is very 
complex issue that should be addressed in the near 
future. Determination, more accurate assessment of 
activity concentration of radium and tritium in these 
compasses, among others, will be discussed 
hereinafter. 

3. DESCRIPTION OF PROBLEM [4] 

During the realization of the EU IPA Project: 
Management of sealed radioactive sources, including 
radioactive lightning rods in former Yugoslav Republic 
of Macedonia, Kosovo (under UNSCR 1244/99) and 
Montenegro, more precisely its II Phase: Management 
of sealed radioactive sources, incl. lightning rods in 
Montenegro, among other types or SRS and 
radioactive waste we also collect nearly 7000 of 
compasses which contain Radium 226 and tritium 
colors – paints.  

Compasses were in storages of the Army of 
Montenegro. In fact, these compasses are from the 
time of the former Yugoslavia Army, and they were 
specially designed for the purposes of military use and 
they were produced by the ex-Yugoslavia military 
industry. 

There is several different models of compasses, but 
regardless of the model of compass, luminescent colors 
are applied not only to the functional part of the 
compass, but also to its body – housing and is some 
cases there are almost 15 different points, triangles, 
lines, letters - various forms and all contain Ra-226 
and tritium radionuclide. Places – position of Ra-226 
and tritium paint on one of compass model, is shown 
on picture 1. 

 
Picture 1 Ra-226 and tritium paint on compass 

body 

We would normally try to obtain information’s 
about these compasses especially about total activity 
per compass and also about activity concentration of 

luminescent paints, but it was almost impossible 
bearing in mind that after the collapse of the former 
Yugoslavia and its army, most of the data of this type 
disappeared. Information about total activity of Ra-
226 on compass we obtain from our colleagues from 
other ex Yugoslavia countries and we got two different 
information’s, first 20 000 - 30 000 Bq per compass 
and second 35 000 – 40 000 Bq/ compass. For 
compasses with tritium, we have not managed to find 
any data. Bearing in mind difference in information 
about the activities of radium and also lack of 
information about the activities of tritium, we decided 
to analyze in detail this problem. On the other hand, a 
normal and common practice in this area of radiation 
practice is that in any case when it is possible and 
feasible and even in case when they exist, all 
information on the characteristics of radiation source 
should be verified and confirmed through performing 
of independent tests. So, because of all this, we 
perform analyze of radionuclide content in paint from 
compasses.  

Another problem we had is with one particular type 
of radioactive waste. It is a metal alloy of unknown 
chemical composition, origin and purpose of which is 
found in stock of a local company engaged in recycling 
of scrap metal. This waste was in the form of broken 
solid parts of different and irregular shapes. The total 
mass of radioactive waste was 5.4 kg. Dosimetric tests 
have shown a dose rate of about 17 Sv/h on contact 
and 0.50 Sv/h at a distance of 1 meter from sources. 
Gamma spectrometric analysis showed presence of 
radionuclide Th-232. 

4. MATERIAL AND METHODS 

Dosimetric measurements were performed 
with Victoreen 451 P. Detector is ionization chamber 
under a pressure of 8 atmospheres with volume 230 
cm3. Energy range for beta is above 1 MeV and for X 
and gamma above 25 keV. Measurement range is (0 to 
500) mSv/h.  

Liquid scintillation counter - Beckman Coulter 
LS6500, with a multi-channel analyzer (32,768 
channels). Factory libraries are available for 
radionuclide’s H-3, C-14, P-32, S-35 and I-125. There is 
also the possibility of extending the library, as in the 
case of our systems have been done for radionuclide’s 
Am-241 and Sr-90. As a scintillator is used Beckman 
Coulter Ready Gel and analysis was performed using 
Poly-Q Vials of 18ml volume.  

Analysis of tritium was conducted in accordance 
with the method: ASTM D4107 - 08 Standard Test 
Method for Tritium in Drinking Water. For the 
purpose of calibrating a liquid scintillation counter and 
also the validation of test methods, we used the 
standard NIST SRM 4926. 

 

System for gamma spectrometry - Ortec 
HPGe detector, Relative efficiency 41 %, FWHM=1.80 
keV at 1.33 MeV Co-60, Peak shape=1.83 and 
FWHM=840 eV at 122 keV Co-57. Energy and 
efficiency calibration of detector in this case is 
performed using point source multi standard produced 
by the Czech Metrological Institute. Standard type is 
EFSX with a mix containing radionuclide’s: Am-241, 
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Ba-133, Cd-109, Ce-139, Co-57, Cr-51, Cs-137, Mn-54, 
Sn-113, Sr-85, Y-88, Zn-65. 

The efficiency calibration curve and method are 
verified through measurement of point sources 
standards of radionuclide’s Co-57, Co-60 and Cs-137, 
also produce by Czech Metrological Institute.  

5. MEASUREMENTS RESULTS 

Dosimetric tests done on compasses were 
conducted with Victoreen 451 P. Results of dosimetry 
tests of compasses are given in table 1. 

Table 1 Dosimetric test of compasses 

Compass 
model 

Background 

(Sv/h) 

Measured  dose 
rate 

(Sv/h) 

M53A S1 0.20 ± 0.02 2.10 ± 0.15 

M53A S19 0.20 ± 0.02 2.3 ± 0.16 

M53 S08 0.20 ± 0.02 0.20 ± 0.02 

Dosimetry test results showed that the compass 
Model M53A S08 does not give an increased dose 
relative to the background, while on compasses model 
M53 S1 and M53A S19 is registered dose, which is 10-
12 times higher than the background.  

According to the performed dosimetry tests and 
based on known radiological characteristics potentially 
present radionuclide’s, it was assumed that in case of 
compasses M53A S1 and M53A S19 it is luminescent 
color containing Ra-226, while in compass M53 S08 
we assumes presence of H-3. Presence of Ra-226 in the 
above mentioned compasses was confirmed by 
qualitative gamma spectrometric analysis, first on NaI 
spectrometer and later on an HPGe detector. 

In this regard, analysis was continued on systems 
for gamma spectrometry and liquid scintillation 
counter.  On these analytical systems qualitatively is 
confirmed presence of these radionuclides and by 
subsequent quantitative analysis we succeed to 
determine activity concentration of radionuclides 
which were investigated. 

Spectrometry measurements of all models of 
compasses on systems for gamma spectrometry and 
liquid scintillation counter were performed with one 
general limitation. Regardless of the model of compass, 
common to all is that luminescent paint is applied to 
the functional part of the compass, also on their body 
in almost 15 places, as it is shown in Picture 1. These 
are points, triangles, lines, letters - various forms and it 
is impossible to perform spectrometric analysis of the 
entire compass, because it is a geometry that is 
unsuited for spectrometric analysis. Because of this, we 
perform spectrometric analysis of individual small 
parts - dots, which were removed from the body of 
compass, measured on analytical balance, so we obtain 
results of activity concentration of analyzed 
radionuclides. 

Tritium content determination in the case of 
compass model M53 S08, measurements by liquid 
scintillation counter was performed by removing from 
the body of this compass model, 0.56 mg of 
luminescent color, which was dissolved in nitric acid. 

The thus obtained solution was diluted to 50 ml, using 
water with a negligible content of tritium - dead water. 
From such obtained initial sample, 6 aliquots were 
taken and analyzed.  

Each of the samples, analyzed on Liquid 
Scintillation Counter was measured in 10 cycles of 50 
minutes, so a total measuring time was 500 minutes 
per sample. Detection limit for tritium, for described 
measurements conditions was 4.4 Bq / l. 

Result of the analysis represents mean value of 
tritium content in luminescent color on compass 
model M53 S08 and and it is presented per unit of 
mass of luminescent color: 

 

AH-3 = (90.69  11.45) x 106 Bq/g 

 

Gamma-spectrometry examination of the 
compass model M53A S1 and M53A S19 was done over 
efficiency calibration curve, which was created with 
point source multi-energy standard. Samples for 
analysis were also in the form of point sources, in order 
to meet the basic requirement of methods. 

In the case of the compass containing Ra-226, the 
measurement time was 20 000 seconds of live time for 
each of the analyzed samples. The limit of detection for 
described measurement conditions and selected 
geometry was 116 Bq for photo peak of Ra-226 at 185 
keV and 10 Bq for photo peak Bi-214 at 609 keV. 

Measuring time for samples of metal alloys 
containing Th-232, was 46 000 seconds of live time. 
The limit of detection for analyzed peak of Ac-228 at 
911 keV was 2 Bq. 

Ra-226 activity is calculated over its photo peak at 
186 keV, with a logical assumption that it is a pure Ra-
226 photo peak, so there is no contribution of U-235. 
This assumption is confirmed by considering that we 
did not registered photo peaks of U-235 on 143 and 163 
keV. In order to verify, peak of Bi-214 on 609 keV is 
controlled, which is a descendant of the disintegration 
of Ra-226 and despite the fact that sample was not in 
equilibrium, we obtain unexpectedly good agreement 
between the values of Ra-226 and Bi-214, but for all 
subsequent calculations we used the value obtained 
over 186 keV. By analysis we obtain values, which are 
presented in table 2. 

Table 2 Results of gamma spectrometric 
measurements of luminescent color from compasses 

Compa
ss 

model 

Mass of 
luminesc. 

color 
sample 

m(g) 

A 

(Bi-214 
at 609 
keV) 

(Bq) 

A  

(Ra-226 
at 186 
keV) 

(Bq) 

A 

(Ra-226 
at 186 
keV) 

(106Bq/g) 

M53A 
S1 

0.00272 
1436 ± 

83 
1799 ± 

94 
0.661 ± 
0.079 

M53A 
S19 

0.00396 
2499 ± 

244 
3074 ± 

368 
0.776 ± 
0.093 

From the results given in Tables 1 and 2, it can be 
seen that the results of dosimetry and gamma 
spectrometry analysis are consistent, because the 
difference between the measured values of dose rate is 
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noticeable also in the difference between the activity 
concentrations of the same type of the compasses. 
Quotient of dose rates for two compasses is equal to 
0.91 and quotient of activity concentration of radium 
for two same compasses is equal to 0.85. This is really 
unexpectedly good agreement. 

Values of activity concentrations for Ra-226 and 
Tritium in compasses are significantly above 
prescribed limits valid in Montenegro [5]. So this 
radioactive material is classified as radioactive waste 
and is introduced under regulatory control and in 
accordance with the applicable rules and procedures is 
stored in Storage facility for radioactive waste in 
Podgorica. 

Metal alloy containing Th-232 - From three 
different pieces of waste material, are taken three 
pieces and marked as Th 1, Th 2 and Th 3. Considering 
that these are samples of extremely low mass, they can 
approximately be viewed as point geometry samples 
and consequently analysis is performed on a HPGe 
detector, with efficiency calibration which is created by 
point source multi standard, already described above. 

Gamma spectrometry analysis of Th-232 is 
conducted through analisys of Ac-228 peak on 911 keV 
and 338 keV. The analysis results are given in Table 3.  

Table 3 Results of gamma spectrometric 
measurements of metal alloy containing Th-232 

Sample 
mark 

Mass of sample 

m 

(g) 

A 

(Bq/g) 

Th 1 0.1037 123.3 ± 6.2 

Th 2 0.0368 118.5 ± 9.5 

Th 3 0.0178 129.2 ± 10.1 

The mean value of activity concentration is:  

 

A = (123.7 ± 12.5) Bq/g 

 

and the total activity of this radioactive waste is  

 

A = (0.6678 ± 0.067) x 106 Bq 

 

From the results shown in table 3 shows good 
agreement of individual results, in spite of the fact that 
the masses of the largest and smallest sample differ 
almost by factor of six.  

Values of activity concentrations for Th-232 (Ac-
228) in metal alloy containing Th-232 is significantly 
above prescribed limits valid in Montenegro [5]. So 
this radioactive material is classified as radioactive 
waste and stored in Storage facility for radioactive 
waste in Podgorica. 

6. CONCLUSION 

Montenegro is a small country, which on its 
territory has never had any of the installations or 
facilities which could be classified as nuclear. Also, 
industrial capacities in Montenegro were in line with 

the country's size, so the total amount of radiation 
sources in other non-nuclear applications was small 
and limited. Consequently the problem of radioactive 
waste in Montenegro is small in comparison with the 
neighboring countries and almost negligible compared 
to most of countries in Europe. Regardless of all this, 
problem of radioactive waste in Montenegro exists and 
is resolved in the best possible way, for which we have 
confirmation from the IAEA, EU institutions and also 
by specialized programs of USA government. 

Presented problem with compasses has even 
greater significance if bearing in mind that certain 
number of compass we have stored, has suffered 
significant damaged due to exposure to adverse 
weather conditions during storage in the military 
storages, so paint containing radium in a number of 
compasses is partially or completely decomposed and 
is in the form of a fine powder (see Picture 2). In this 
way it appeared to be an additional problem, problem 
of possible significant contamination, essential for 
future planning of all activities connected with 
conditioning of these sources.  

As we have about 30% of such “decomposed” 
compasses, this fact further convinces us of the 
correctness of our final decision bearing in mind risks 
and possible consequences of environmental 
contamination if the radioactive material in this 
condition and form is out from regulatory control. 

This paper presents some special types of 
radioactive waste and how we solve problem of 
determining its basic radiation characteristics. What is 
most important and what we want to emphasize is that 
the area of radioactive waste management is 
inseparable from the strong, well-equipped analytical 
support, and with well-trained personnel. If this is 
significant in the case of small country with small 
quantities of radioactive waste, such as Montenegro, 
then it has a fundamental importance in other cases. 

Essence is that even in the macro world, what is the 
field of radioactive waste management, one micro-
laboratory approach, such as geometry of point source, 
may find its application with good and valid results. 

 

Picture 2 Compass with decomposed radium paint 
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source for internal calibration at known doses 
determined by Fricke dosimeter(12). The ESR 
measurement parameters were: center field 
334.8 mT; modulation amplitude 0.6 mT; 
microwave power 10 mW; magnetic field 
sweep width 2.1 mT; sweep time 12 s; scan 
number 5; gain 2; Phase 180. The serial 
interfaces directly capture the reading 
parameters of the dosimeters as Hpp-signal 
from spectrometer and software calculates Sn 
as  ܵ݊ = ୌ୮୮୫                                                            (1) 

where Hpp is the peak –to-peak height of the 
dosimeter ESR signal, and m is the dosimeter 
weight in milligram. The calibration curve 
coordinates absorbed dose to Rc value given 
by: ܴܿ = ܵ݊ ݇ ݇ (1 + ( ܶ௧ − ܶ)்݇)          (2) 

Sn – dosimeter response 

krpe – correction factor of ESR spectrometer  

km - correction factor of spectrometer 
variation during measurement period 
(assuming that this variation is linear)  

Ti – temperature of dosimeter irradiation  

Tetal – main irradiation temperature of 
reference dosimeter 

kT – temperature correction factor  

The software chooses automatically the best 
polynomial fit with RMS, F-value and r2 
criteria. Calibration parameters are directly 
stored under a data base to be available for 
absorbed dose measurements without any 
transcription error. 

3. RESULTS AND DISCUSSION 

Vertical dose distribution just in front of the 
central part of the source plane is presented in 
Fig.2. The dose distribution shows a small local 
minimum in the center of the source, because 
source rods are placed in the frame at two 
vertical levels. Absorbed dose maximum is at 
90 cm and 120 cm distance from the bottom of 
the box carrier. The position at 90 cm from the 
bottom of the box carrier was chosen for 
alanine dosimeters irradiation since it was the 
most convenient for placing dosimeters. The 
place with dose rate maximum was also chosen 
to maximize the sensitivity of absorbed dose 
measurements by alanine dosimeters. Since 
the dose rate maximum is at this place, it is 
expected that it can only be lower during 
source transit. In the same time, it is expected 
that the dose rate increases at the bottom of 

the box carrier, but the upper limit is the 
maximal dose rate measured at the selected 
distance from the source. The maximal 
increase in dose rate corresponds to the 
decrease at the place of maximum dose rate 
during source transit and this is the main 
reason for choosing this place for further 
measurements.   
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Fig. 2 Vertical dose distribution at a distance of 
approximately 7 cm from the central part of the source 

plane, as measured by ECB dosimeters 

Fig.3. presents the absorbed dose measured 
by alanine dosimeters at 90 cm vertical 
distance from the bottom of the box carrier 
and approximately 7 cm from the central part 
of the source plane as a function of irradiation 
time when the source transit is included in 
measurement of irradiation time. The function 
is linear, as expected. It is obvious that the 
dose rate in this place is 287 Gy/min, which is 
17.2 kGy/h. The same result was obtained by 
ECB dosimeters (Fig.2.). 

The function presented in Fig.3. is 
extrapolated to zero time and under. The 
absorbed dose for zero time actually represents 
the absorbed dose during source transit in the 
place of alanine dosimeters. As the time of 
source transit is included in irradiation time, 
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the absorbed dose in selected place has to be 
less during source transit than without it when 
the source is in position for irradiation and the 
dose rate value is constant (287 Gy/min). This 
is a reason why the sign of absorbed dose is 
negative in Fig.3.  
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Fig. 3 Absorbed dose at a distance of approximately 7 cm 
from the central part of the source plane and 90 cm 

vertical distance from the bottom of the box carrier versus 
irradiation time, as measured by alanine dosimeters 

The graphical extrapolation to zero time 
gives the result of 154 Gy absorbed dose during 
process interruption in the nearest place of 
irradiated product with regard to the source, 
where the influence of source transit to 
absorbed dose is the most. This value of the 
absorbed dose is the upper limit of the 
influence of one irradiation interruption to 
radiation sterilization process. It can be said 
that the effect of one process interruption to 
absorbed dose in irradiated product is not 
greater than 154 Gy when the source activity is 
5.41 x 1015 Bq in the Radiation Plant in Vinča 
Institute. Knowing that the sterilization dose is 
25 kGy, the influence of process interruption is 
not greater than 0.004%, i.e. it is negligible. 
Compared with the uncertainty of irradiation 
process which is ±3.5%(13), the number of 
process interruptions should be more than ten 
to be noticed in direct measurements of 
absorbed dose in sterilization process. 

It should be noted that the time of source 
transit can be determined using the linear 
regression extrapolated to the x axis presented 
in Fig.3. The absolute value of the x intercept is 
the equivalent of the transit time.  In this case 
the transit time is 32s. 

In conclusion, the above-described method 
allows the determination of absorbed dose 
during source transit and its effect of process 
interruption by graphical extrapolation to zero 
time of irradiation, as presented in Fig.3. For 
this method it is important to determine the 
position of the dose rate maximum at the 
selected distance from the source.  
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Abstract. In the present work, the phenomenon of bystander effects (transfer of damaging factors from affected cells 
to intact cells) induced in vivo has been studied. A newly developed method allows evaluation of the effects of 
bystander factors from sera of different groups of populations on immortalized culture of human keratinocytes. This 
method has serious advantages as compared to that which was used earlier. The level of damaging bystander factors 
in blood of people irradiated by the Chernobyl accident was estimated. Affected population groups included liquidators 
of the Chernobyl accident and people living and working in areas of Gomel region contaminated by radionuclides. The 
data clearly shows that blood serum samples of irradiated populations contain some kind of factors, induced in vivo 
and able to cause cell damage when transferred to in vitro conditions. These factors are able to circulate in blood 
stream for more than 20 years. 

Key words: bystander effects, clastogenic factors, human keratinocytes, Chernobyl liquidators, affected population 

1. INTRODUCTION 

Because of human activities, involving the use of 
naturally occurring or artificially produced radioactive 
substances, radioactive materials contaminate huge 
territories of our Planet. Radioactive pollutants affect 
soil, water, air. Such atmospheric pollution presents a 
hazard not only to those engaged in work but also the 
public. As a result, millions of people live and work 
under the conditions of chronic low dose radiation 
exposure. 

There are various possible biological effects of 
ionizing radiation on human health. However, from the 
population viewpoint, the most serious are genetic 
effects, which are able to transfer from generation to 
generation and accumulate as a genetic load. 

Ever since Roentgen made the discovery of X-rays 
more than a hundred years ago, it had been generally 
accepted that the important biological effects of 
ionizing radiation in mammalian cells were a direct 
consequence of unrepaired or misrepaired DNA 
damage in the irradiated cells. The classical dogma of 
radiation biology, as narrowly interpreted from target 
theory, asserts that genetic damage occurs only during 
or very shortly after deposition of energy in nuclear 
DNA (targeted effects) and, is due only to the direct 
action of the irradiation or from very short lived oxy-
radicals generated by it, and that the course of 
biological consequences is fixed within one or two cell 
generations. 

However, recent experimental evidence, mainly 
from in vitro α-particle studies, indicates that ionizing 
radiation can cause biological effects, including DNA 
damage, by mechanisms that are independent of 
nuclear traversals – “non-targeted” effects. Several 
studies have shown that genetic changes occur in a 
greater number of cells than expected when 
mammalian cell cultures are exposed to low fluencies 
of α-particles by which only a very small fraction of the 
cells is traversed by a particle track and thus directly 
exposed to radiation [1-3]. These studies, along with 
others involving low linear energy transfer radiation 
from incorporated radionuclides [4] and the transfer of 
growth media from irradiated to non-irradiated cell 
cultures [5], and microbeam studies [6] challenge the 
paradigm that radiation traversal through the nucleus 
of a cell is a prerequisite to produce genetic changes or 
a biological response. They indicate that cells located 
near directly irradiated cells or recipients of medium 
from irradiated cultures can also respond to the 
radiation exposure. These evidence suggests the 
existence of a phenomenon of information transfer 
from irradiated cells to non-irradiated (so-called 
radiation induced bystander effect, RIBE). 

Such bystander factors could be induced not only 
by ionizing radiation, but also observed under different 
pathological conditions [7]. The specific nature of these 
factors and mechanism of RIBE are still unknown [8]. 

In recent years some evidence of RIBE induced in 
vitro was obtained, while the effects in vivo are not 
enough studied. 
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Effects of bystander factors induced in vivo in 
blood of people affected by the Chernobyl accident are 
of particular interest. 

For the first time such studies were performed by 
Dr. I. Emerit [9], when it was shown that blood sera 
from liquidators of the Chernobyl accident or residents 
of areas contaminated by radionuclides contained an 
increased level of bystander factors. These factors 
increased the frequency of chromosome aberrations 
and micronuclei in own lymphocytes of serum donors 
even decades since irradiation. 

In Emerit studies own lymphocytes of serum 
donors were used as a test-system. However, these 
cells were already exposed to ionizing radiation; as a 
result, the level of chromosome aberrations and 
micronuclei was increased there. At the same time, 
human peripheral blood lymphocytes under in vitro 
conditions could be subcultured only for 2-4 days, 
therefore it is impossible to evaluate serum effects for a 
longer period. 

In the present study, a new method was developed 
which allows evaluation of the effects of bystander 
factors from sera of different groups of populations on 
immortalized culture of human keratinocytes. This 
method has serious advantages as compared to that 
which was used earlier: cells could be cultivated for a 
longer period of time (re-cultivation once a week), they 
are more sensitive as compared to human peripheral 
blood lymphocytes, and experiments could be easily 
repeated, allowing simple comparison and 
interpretation of the obtained results. 

Using this method, we evaluated the level of 
damaging bystander factors in blood of populations 
affected by the Chernobyl accident. 

According to the most wildly accepted estimates, 
the most affected groups of population are the 
following:  

− accident liquidators – hundreds of thousands 
of workers and military personnel, who were involved 
in the emergency actions on the site during the 
accident and the subsequent clean-up operations 
which lasted for a few years; 

− evacuees from dangerously contaminated 
territories inside the 30-km zone around the power 
plant;  

− people living and working in contaminated 
areas of the former Soviet Union;  

− populations outside the former Soviet Union - 
the radioactive materials of a volatile nature (such as 
iodine and cesium) that were released during the 
accident spread throughout the entire Northern 
hemisphere. The doses received by populations outside 
the former Soviet Union are relatively low, and show 
large differences from one country to another 
depending mainly upon whether rainfall occurred 
during the passage of the radioactive cloud. 

In the present study, we analyzed two groups of 
populations – Chernobyl liquidators and people living 
and working in contaminated by radionuclides 
territories. 

It is generally accepted that the group of Chernobyl 
liquidators was the most affected population by the 
accident. A restricted number, of the order of 400 
people, including plant staff, firefighters and medical 

aid personnel, were on the site during the accident and 
its immediate aftermath, and received very high doses 
from a variety of sources and exposure pathways. 

The doses to these people ranged from a few Gy to 
well above 10 Gy to the whole body from external 
irradiation and comparable or even higher internal 
doses, in particular to the thyroid, from incorporation 
of radionuclides. The largest group of liquidators 
participated in clean-up operations for variable 
durations over a number of years after the accident. 
Although they were no longer working in emergency 
conditions, and were subject to controls and dose 
limitations, they received significant doses ranging 
from tens to hundreds of millisieverts. 

By various estimates, today about several million 
people still reside in areas that will remain highly 
contaminated by Chernobyl radioactive pollution for 
many years to come. There were two main pathways of 
populations exposure: the radiation dose to the thyroid 
as a result of the concentration of radioiodine in the 
gland and the whole-body dose caused largely by 
external irradiation mainly from radio cesium. The 
Chernobyl catastrophe released enormous quantities of 
radioactive iodine, which becomes concentrated in the 
thyroid glands of exposed individuals. 131I leads to 
pathological cell modifications in thyroid. This process 
is exacerbated in areas - such as Belarus, southwest 
Russia and Ukraine - where iodine deficiency is 
endemic. 

The study of the nature and possibility of 
modification of bystander factors, circulating in blood 
serum of populations, affected by the Chernobyl 
accident, will facilitate better understanding of 
radiation damage mechanisms. Knowledge of these 
mechanisms is increasingly important for cancer 
radiation therapy – for using special correcting 
coefficients taking into consideration effects of 
bystander factors. The anti-tumor therapy could be 
more effective and safe. Revealing the nature of the 
damaging bystander factors will promote more exact 
dose evaluation and radiation risk for people, exposed 
to ionizing radiation, as the risk of radiation exposure 
at low doses, calculated using direct and bystander 
effects, may be higher as compared to that calculated 
only from direct effects. The ability to neutralize and 
modify these factors may help to decrease significantly 
the effects of whole body radiation exposure. 

2. MATERIALS AND METHODS 

1.1. Subheading (Style Heading 4: 9 pt, left, 
indentation left 5 pt,  
spacing before 12 pt, after 6 pt, keep with next, 
keep lines together) 

2.1. Cell culture 

In the present study HPV-G cells (human 
keratinocytes, immortalized by human papilloma virus 
transfection), deficient in p53 were used as a test 
system. Cells were cultured in Dulbecco’s MEM: F12 
(1:1) medium supplemented with 10% Fetal bovine 
serum, 1% penicillin-streptomycin (1g per 100 ml), 1% 
L-glutamine and 1 μg/ml hydrocortisone. The cells 
were maintained in an incubator at 37 degrees 
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centigrade, with 95% humidity and 5% carbon dioxide 
and routinely subcultured every 8-10 days. 

2.2. Affected populations 

The objects of investigation were blood sera from 
people affected by the Chernobyl accident: Chernobyl 
liquidators of 1986-1987 (22 persons), Polessky State 
Radiation Environmental Reserve workers1 (PSRER, 21 
persons) and people, living in areas of Gomel region 
(GR) contaminated by radionuclides (15 persons). The 
analyzed groups also included four persons with acute 
virus infection (flu) living in areas contaminated by 
radionuclides. The control group included clinically 
healthy people from non-contaminated areas, 
corresponding to the main group in age and sex (36 
persons). 

2.3. Serum extraction 

The blood samples were taken and placed in 
Vacutainers for serum extraction (Becton Dickinson, 
USA), centrifuged at 2000g for 10 minutes, and the 
serum was frozen and stored at -20°C before use. 
Before freezing, the sera were filtered through 0,22 μm 
filters (Nalgene, USA) in order to remove all residual 
cell components of the blood. 

2.4. Radioprotective substances 

Antioxidant substances melanin and melatonin 
were used as radioprotectors. Melanin (Belarusian 
pharmaceutical association, Minsk) was used at 10 
mg/l concentration, melatonin (Sigma, Germany) – at 
10 mg/ml. 

2.5. Micronucleus assay 

After plating, cells were left at 37°C in the CO2 
incubator to be attached for 12 hours. The blood serum 
from affected populations was placed into 25 cm2 
flasks (NUNC, USA) (6000 cells per flask) 1-2 days 
after plating, and cells were placed again in the 
incubator for 1-2 h. Then cytochalasin B was added (7 
μg/ml concentration) and the cells were incubated for 
24 hours. The cell culture medium was removed, the 
cells were washed with PBS and fixed with chilled 
Carnoy's solution (1 part of glacial acetic acid and 3 
parts of methanol, 10-15 ml 3 times for 10-20 min). 
Later flasks were dried and stained with 10% Giemsa 
solution. The micronuclei count was carried out under 
inverted microscope. The data are presented as the 
micronuclei (cells with micronuclei) frequency 
recorded per 1000 binucleated cells ± standard error. 

2.6. Alamar Blue assay 

HPV-G cells were plated on 96-well microplates 
(NUNC, USA) at the concentration of 2×104 cells/well. 
After plating, cells were incubated for 24 hours to allow 
attachment to the bottom of the well. Then the 
medium was removed, cells were rinsed with 
phosphate buffered saline (PBS) and the blood serum 

                                                           
1 Polessky State Radiation and Environment Reserve 

(founded in 1988) is a territory of Gomel region, where 
humans cannot live because of the very high levels of radiation 
contamination. The territory of this reservation is 215.5 
hectares. 

from the Chernobyl accident populations was added to 
the cells together with melanin and melatonin as 
appropriate. Microplates were placed into the 
incubators. Twenty-four hours later, serum was 
removed, cells were rinsed with PBS and 100 μl of a 5% 
solution of Alamar Blue prepared in phenol red free 
DMEM media were added. Microplates were placed 
again into the incubators. Three hours later, 
fluorescence was quantified using a microplate reader 
(TECAN GENios, Grödig, Austria) at the respective 
excitation and emission wavelength of 540 and 595 
nm, respectively Wells containing medium and Alamar 
Blue without cells were used as blanks. The mean 
fluorescent units for the three replicate cultures for 
each exposure treatment were calculated and the mean 
blank value was subtracted from these results. 

2.7. Statistical analysis 

All experiments were repeated at least three times, 
and within each experiment, cultures were set up in 
triplicate. The data are presented as the means ± 
standard errors.  

When the distribution was normal, significance was 
determined using the t test. The level of significance 
was chosen as 95%; at t≥2.67, the difference is highly 
significant at p<0.01, at t≥1.96, the difference is 
significant at p<0.05. At p>0.05, the difference is not 
significant. 

The Mann-Whitney U test is a nonparametric 
alternative to the t-test for independent samples and 
was calculated using STATISTICA 8.0 (Statsoft, USA). 
The U statistics is accompanied by a z value (normal 
distribution variety value), and the respective P-value. 

3. RESULTS 

3.1. Study of effects of blood sera from people, 
affected by the Chernobyl accident on micronuclei 
frequency in HPV-G cells 

Table 1 presents data on the effects of blood serum 
samples from different population groups on the total 
micronuclei frequency in HPV-G cells (average data 
presented). 

The micronuclei frequency in the controls indicates 
the level of spontaneous mutagenesis (it is 
comparatively low). The number of the cells with two 
and especially three micronuclei was very low as 
compared with the number of cells with one 
micronucleus. 

As seen from Table 1, people exposed to chronic 
radiation (PSRER workers) have an increased level of 
bystander factors, expressed as a considerable increase 
in micronuclei frequency (almost three times as high as 
the control level – 248.03‰±20.77 as compared with 
80.30‰±13.14, P<0.01). 

At the same time, an increase in the number of the 
cells with more than one micronucleus was observed. 
Thus, the data clearly indicate that intensive chronic 
irradiation of PSRER workers significantly promoted 
accumulation of bystander factors in blood. 

Similar results were observed after comparative 
analysis of the micronuclei frequency between the 
control group and the liquidators group (people 
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exposed to acute radiation). The total micronuclei 
frequency of 273.7‰±22.4 and the frequency of cells 
with micronuclei of 235.6‰±14.0 in cells treated with 
serum from liquidators were significantly higher than 
those in the control group (in both cases P>0.01). In 
addition, an increase in the number of cells with more 
than one micronucleus was observed. 

Table 1 The effects of blood serum samples from 
different groups of population on HPV-G micronuclei 

(MN) frequency (average data are presented)  

 

Total number of 
cells with MN, 
‰ 

Total MN 
frequency, ‰ 

control 74,8±12,4 80,3±13,1 
liquidators 235,6±14,0*† 273,7±22,4*† 
PSRER 
workers 

219,7±18,3*† 248,0±20,8*† 

residents of 
GR 

143,1±9,3* 156,5±11,2* 

residents of 
GR with acute 
virus infection 

301,2±7,8*† 435,6±8,4*† 

* P<0,01 (compared to controls); 
† P<0,01 (compared to GR residents) 

The level of micronucleus frequency induced by 
serum samples from the residents of contaminated 
areas of Gomel region is statistically significantly 
different from the control (156.47‰±11.22 vs. 
80.30‰±13.14 P<0.01), but much lower than in 
people, exposed to additional radiation influence (as 
compared to liquidators and PSRER workers in all 
cases P<0.01). 

At the same time, the level of the micronucleus 
frequency induced by serum samples from the 
residents with acute virus infection was higher than in 
all previous cases – the micronucleus frequency 
induced by the serum from these patients is 
435.6‰±8.4, and the number of cells with micronuclei 
is 301.2‰±7.8. These figures are much higher than 
those for liquidators and PSRER workers (in both 
cases P<0.01). 

3.2. Study of the effects of blood sera from 
population groups, affected by the Chernobyl 
accident on metabolic activity of HPV-G cells 

The study was run to understand if there were any 
bystander factors observed in serum samples of these 
population groups, which could affect cell metabolic 
activity. The blood serum samples for Alamar Blue 
analysis were taken from Chernobyl liquidators and 
residents of contaminated areas of Gomel region. 

Figure 1 presents the average data for all these 
groups (metabolic activity of intact cells was taken as 
100%). 

The viability of the cells treated with serum 
samples from non-irradiated individuals is very close 
to intact levels (t=0.33, P<0.01 – the difference is not 
significant). It means that the metabolic activity of 
these cells was not damaged by serum samples from 
healthy people, not increasing or decreasing 
significantly the viability of HPV-G cells. 

 
Fig. 1 Cytotoxic effects of serum samples from the control 

groups, Chernobyl liquidators and residents of GR on 
metabolic activity of HPV-G cells (as a percentage of intact 

cells, average data for all groups of populations are presented) 

Treatment of the cells with serum samples from 
Chernobyl liquidators clearly reduces the viability of 
HPV-G cells more than 1.5 times – from 
24.89±0.25×103 FU (intact cells) and 24.67±0.62×103 
FU (non-irradiated individuals) to 15.65±0.82×103 FU 
(liquidators); P<0.01 in both cases (t=10.79 and 8.77, 
respectively). Treatment of HPV-G cells with serum 
samples from residents of contaminated areas of 
Gomel region also reduces the viability of cells 
(19.16±0.71×103 FU, t=7.62 compared to intact cells, 
P<0.01), but not as significantly as sera from 
liquidators. 

Table 2 presents the results of the comparison 
between all groups using the Mann-Whitney U-test. 

Table 2 Comparative analysis of 4 independent groups 
(intact cells K1, non-irradiated individuals K2, 

liquidators and residents of GR) using Mann-Whitney 
U-test 

Groups of comparison Z P 

K1 vs. K2 0,39 >0,6 

K1 vs. Liquidators 3,92* <0,00001 

K1 vs. GR residents 3,40* <0,001 

K2 vs. Liquidators 3,54* <0,0005 

K2 vs. GR residents 3,07* <0,005 

Liquidators vs. GR residents 3,03* <0,005 

* statistically significant at p<0,01 

The analysis of differences between all groups 
showed that there was statistically significant 
difference (with at least P<0.005) between all groups 
excluding intact cells vs. non-irradiated population 
group (P>0.05). The highest difference observed 
between liquidators vs. intact cells. 

3.3. Study of the effects of antioxidant substances 
on bystander factors 

In previous studies [10] we have shown that 
bystander effect when induced in vitro by transfer of 
culture medium from irradiated cells to non-irradiated 
could be decreased using radioprotectors with 
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antioxidant activity (melanin, melatonin). In the 
present investigation, we have studied the possibility of 
these substances to neutralize bystander factors, 
induced in vivo. 

Figure 2 presents the results of an attempt to 
modify the effects of blood serum samples from 
Chernobyl liquidators on metabolic activity of HPV-G 
cells using melanin and melatonin (average data). 

 
Fig. 2 Effects of melanin and melatonin on HPV-G cells 

treated with blood serum samples from Chernobyl liquidators 
(control was taken as 100%) 

Figure 2 shows that addition of melanin and 
melatonin to the medium together with serum samples 
from Chernobyl liquidators does not have any 
protective effect. The viability of cells treated with only 
serum samples (16.24±0.73×103 FU) is almost the 
same as viability of cells treated with serum samples 
and melanin (15.21±1.13×103 FU) or melatonin  
(15.45±1.04×103 FU) – the difference is not significant 
(t=0.77 and t=0.62, respectively; P>0.05 in both 
cases). 

4. DISCUSSION 

In similar studies on liquidators from Armenia [7, 
11] it was shown that only 42% of liquidators had an 
increased level of clastogenic factors (chromosome 
aberrations) as compared to the level of spontaneous 
mutations. In our experiments 100% of liquidators, 
95% of PSRER workers and 82% of residents from 
contaminated areas had an increased level of factors as 
compared to the control levels. A possible explanation 
of such difference could be the different protocols used 
in analysis. As mentioned above, HPV-G cells are much 
more sensitive to mutagenic factors as compared to 
peripheral blood lymphocytes. Another explanation 
could be that the cohort from Dr. Emerit studies [12] 
included liquidators of 1986-1988. After 1987, the dose 
limits for people engaged in clean-up works 
significantly decreased. Therefore, liquidators from 
1986 expressed higher levels of damaging factors as 
compared to liquidators of 1987-1988. In the present 
study liquidators of the consequences of the Chernobyl 
accident in 1986-1987 were analyzed, which were the 
most affected group and received the highest doses of 
radiation (higher than 250 mGy). 

According to the results of the present study, 
bystander factors persist in the blood of Chernobyl 
liquidators for more than 20 years after the accident. 

In previous studies, it was shown that irradiation of 
blood in vitro at a radiation dose of 500 mGy resulted 
in significant clastogenic activity and irradiated cells 
incubated in fresh culture medium continued to 
produce factors in culture as it was shown in studies [7, 
12]. 

The absence of the protective effect of antioxidant 
substances can be explained that bystander factors 
from serum samples persisted in the blood stream for 
decades, and their nature has no antioxidant 
component compared to the direct and bystander 
factors, induced in in vitro experiments. 

Thereby, performed studies have shown that blood 
sera from population groups affected by the Chernobyl 
accident contain bystander factors, which are able to 
induce micronuclei and decrease metabolic activity of 
recipient cells. Pathological processes, such as acute 
virus infection, could significantly influence the level of 
bystander factors, increasing their damaging effect. 
The developed new method of evaluating of effects of 
damaging factors from blood sera has obvious 
advantages as compared to the assays that were used 
in previous studies [7] and may be applied in long-
term monitoring of biological consequences of 
irradiation. 

5. CONCLUSION 

The results of the study of the mechanisms and 
nature of bystander factors circulating in blood stream 
of irradiated individuals make a major contribution in 
understanding non-direct effects of radiation in vivo 
and allows obtaining of new data on intercellular 
communications. The new assay of bystander factors 
analysis in human blood serum samples will help to 
evaluate health status of affected by the Chernobyl 
accident populations. As effects of these factors does 
not depend on the radiation dose, they are especially 
important for fractionated radiotherapy patients. 

Identification of the nature and mechanisms of 
bystander factors will significantly help in developing 
effective methods of long-term evaluation of the 
radiation effects on health status (including NPP 
workers) and dose estimation in radiotherapy of cancer 
diseases. 
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4. CONCLUSIONS 
In Romania, industrial radiographers are 

considered to be exposed workers as they are liable to 
exceed 1mSv per year during their work. Undertakings 
are required to classify as a Category A worker an 
exposed worker who is liable to receive an effective 
dose greater than 6mSv in a period of 12 months.  

All other exposed workers are categorised as 
category B. Currently all industrial radiographers 
operating in Romania are classified by their employer 
as Category A workers. In site radiography, the 
working conditions are such that some routine 
exposure is expected. Radiographers receive most of 
their exposure in the execution of the step by step 
procedure of industrial radiography in particular 
during the operation of the devices containing sealed 
sources when they get close to the gamma-emitting 
radioactive source in its shielded or unshielded 
position. It is not yet defined a system to quantify the 
contribution of the radiographers workload to the 
doses they receive. When registering doses, it should 
be established a system to distinguish between the 
exposures received during the performance of fixed or 
mobile radiography practice, outside enclosure. The 
distribution of doses in the interval from 0.1 to 
8.9mSv/year placed below of the annual dose limit 
shows that, over the years, the companies have 
implemented good work practice. This retrospective 
dose assessment demonstrates the compliance with the 
national dose limits established according to the 
European and international standards [7, 8].  

The results of the study demonstrate optimisation 
in radiological protection of the practice and the 
premises to controll occupational exposure in planned 
exposure situations under constraint optimization 
procedures associated with the source according to the 
latest recommendations and regulation. 
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Fig. 4.  Vertical  scatter radiation profiles  in a vertical plane 
for an undercouch X-ray tube fluoroscopic installation, 
horizontal x-ray beam. 

 

Presented figures demonstrate that the protective 
tools have a considerable effect; with the screens 
removed the dose profiles are flattened in shape. On 
removal of these screens the dose rate is increased by 
more than factor of ten.   

The resulting body exposure is extremely non-
uniform. Under such conditions the partially 
unshielded organs in the trunk, together with tissues 
and organs in the head and neck region influence the 
effective dose. The eye lens dose is of particular 
concern. The assessed whole body and eye doses for 
different x-ray unit geometries and protective tool 
arrangements are presented in Table 1. Estimated 
effective dose was in the range from less than 0.01 to 
0.06 mSv per procedure  for radiologist, and from less 
than 0.01 to 0.02 mSv per procedure for radiographer, 
depending on the geometrical configuration and level 
of personal protection. Corresponding unprotected eye 
doses were estimated to be in the range 0.03 – 2.8 mSv 
per procedure for radiologist and 0.02-0.78 mSv for 
radiographer. The highest exposures are associated 
with overcouch tube geometry and absence of table 
mounted protective tools.  
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Fig. 5.  Vertical  scatter radiation profiles  in a vertical 
plane for an undercouch X-ray tube fluoroscopic 
installation, couch in vertical position 

 
Major problems and sources of uncertainty in 

occupational dose assessment are related to the 
variations in staff positions and variable technical 
factors used during fluoroscopy, in particular 
fluoroscopy time and number of  images or series. 

It was assumed that the staff wears lead-rubber 
protective devices of different lead equivalent and 
transmission factor. Table 1 provides  the weighted 
surface doses for the cases in with no protective 
clothing and for the for different types of personal 
protective devices. When applicable, a factor to take 
account of dose reduction achieved by the lead apron a 
partial body shielding was applied. In that manner, 
weighted surface dose contains contributions from 
organs lying outside the protective apron. The 
calculations were performed for protective aprons of 
lead equivalent of 0.25, 0.35 and 0.5 mm and for the 
combination of apron of lead equivalent of 0.35 mm 
and thyroid shield of lead equivalent of 0.25 mm.  

Similar calculations were performed to estimate 
eye doses and these values are also given in Table 1.  

 

Table 1 Estimated doses to staff during fluoroscopic procedures 
 
Category of staff 

                                                      Dose per procedure [mSv]

No apron 
With apron (mm lead equivalent) Eye dose 

[mSv]  0.25 0.35 0.5 0.35 +0.25* 
Radiologist   
overcouch X-ray tube unit  
(without protective curtains) 

0.28 
(0.08-0.67) 

0.06
(0.02-0.13) 

0.05
(0.02-0.11) 

0.04
(0.01-0.10) 

0.02 
(0.006-0.05) 

2.84
(0.85-6.67) 

overcouch X-ray tube unit  
(with protective curtains) 

0.08 
(0.02-0.18) 

0.02
(0.01-0.05) 

0.01
(0.003-0.02) 

0.01
(0.002-0.02) 

<0.01 
0.20

0.06-0.47) 
undercouch X-ray tube unit 
(horizontal) 

0.05 
(0.02-0.12) 

0.01
(0.002-0.02) 

0.01
(0.003-0.02) 

0.006
(0.002-0.01) 

<0.01 
0.02

(0.005-0.04) 
undercouch X-ray tube unit  
(vertical) 

0.01 
(0.002-0.02) 

<0.01 <0.01 <0.001 <0.01 
0.03

(0.01-0.07) 
Radiographer   
overcouch X-ray tube unit  
(without protective curtains) 

0.16 
(0.05-0.37) 

0.02
(0.01-0.05) 

0.02
(0.01-0.04) 

0.02
(0.01-0.04) 

0.01 
(0.003-0.02) 

0.78
(0.23-1.82) 

overcouch X-ray tube unit  
(with protective curtains) 

0.04 
(0.01-0.08) 

0.01
(0.002-0.02) 

0.01
(0.002-0.02) 

<0.01 <0.01 0.06
(0.02-0.15) 

undercouch X-ray tube unit 
(horizontal) 

0.04 
(0.01-0.10) 

<0.01 <0.01 <0.01 <0.01 0.04
(0.01-0.10) 

undercouch X-ray tube unit  
(vertical) 

<0.01 <0.01 <0.01 <0.01 <0.01 0.02
(0.01-0.05) 
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The data in the Table 1 emphasize the 
importance of wearing a lead apron. It is worth 
mentioning that increasing lead thickness above 
0.35 mm dose not deliver much dose reduction, but 
substantially increase the apron weight. Additional 
thyroid shielding results in more completed 
shielding of the body, so the combination of apron 
of lead equivalent of 0.35 mm and thyroid shielding 
thickness of 0.25 mm Pb would be very efficient in 
reduction the effective dose. 

Assuming a radiologist performs five procedures 
daily, five-day week, 48 week-year, a maximum of 
about 1200 examinations could be performed 
annually.  In practice, in most cases annual 
workload is only a fraction of this number. 

3. CONCLUSIONS 

Scattered radiation rates in the vicinity of  
fluoroscopy equipment can be quite high, depending 
on type of fluoroscopic procedure and equipment 
configuration, as well as on the use of protective 
tools. In overcouch-tube fluoroscopy with the 
radiologist at the couch side, a significant dose to 
the eye may result from modest number of 
procedures. Under these circumstances, protective 
actions need to be taken.  

In undercouch-tube fluoroscopy, the estimated 
dose is well within dose limits. Dose to eyes is, 
however, limiting factor. Consequently, wearing eye 
protective glasses should be mandatory.  

In addition, it is important to consider personal 
monitoring arrangements for each type of procedure 
and equipment type, as the use of individual 
monitoring is the best way to track occupational 
exposure of an individual.  

Presented methodology could be used as an 
option when individual monitoring is not available 
or regular. Using presented data, extrapolation to 
different diagnostics techniques can be applied, in 
respect to differences in workload, fluoroscopy time, 
exposure factors, field sizes and use of protective 
tools.  

The presented results allowed for realistic 
estimations of the occupational whole body dose 
and dose to the  eyes from the workload of the staff 
members  and from the level of use of radiation 
protection tools when personal dosimeters have not 
been regularly used.  
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RESEARCH STAND FOR CONCRETE SHIELDING TESTS 
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Abstract : A design of a stand for concrete shielding tests is presented. Studies of shielding of new concrete mixes are 
needed due to nuclear medicine dissemination and especially in the era of nuclear power development. This stand is 
designed in order to examine and select the best concrete mix for the construction of the first Polish fully operative, 
nuclear power plant. The examination of those concrete shielding mixes will be performed in the measuring room at 
the outlet of horizontal channel H2 at nuclear reactor MARIA (National Centre for Nuclear Research – NCBJ, Poland). 

Key words : nuclear power plant, radiation shielding, heavy density concrete  

1. INTRODUCTION 

In recent years, Poland is trying to develop the 
first fully operative, nuclear power plant. In order to 
do this, there is a need to perform a series of 
research. One of them is the need to examine and 
emerge the best concrete mix for the construction of 
this power plant with proper mechanical properties 
and satisfactory radiation shielding. This research 
stand is especially designed to test shielding for 
different concrete mixes. 

2. STAND DESCRIPTION 

The stand designed for investigation concrete 
shielding will be located in the room I at the outlet 
of the horizontal channel H2 at nuclear research 
reactor MARIA (National Centre for Nuclear 
Research – NCBJ, Poland). The construction of this 
stand will be based on already existing in this room 
cast iron frame placed on the rails. The stand will be 
composed of: the cast iron frame on the rails, that 
allows the whole construction to move along the 
beam; detector (recombination chamber), cased in a 
shield preventing detection of scattered neutrons; 
linear guide system (consisting of 14 linear rails 
intended to move 14 concrete slabs) that allows 
changing the thickness of investigated shielding; 
and optional concrete block between the detector 
and linear guide system if the 14 concrete slabs 
would not be enough to achieve proper 
characteristics of attenuation. To each slab mounted 
on moving system it will be attached a line that 
allows for moving it without entering the room I 
(because of the radiation level – caused by scattered 
neutrons). All lines will be routed through conduit 
into room II, where there will be the possibility to 
set any configuration of the slabs at the beam (see 
Fig. 1). These are the necessary precautions to 

protect employees from high levels of radiation in 
the room I. 

Linear guides, that are the part of the moving 
system, are placed to overlap  in order to 
additionally collimate the reactor beam (in the case 
where the slabs are set in the off-axis beam end 
positions). Supervision of the positions of the slabs 
will be possible by using a vision system consisting 
of: IP cameras, router, and monitor or a computer in 
the room II, safe from the radiation protection point 
of view. Investigated slabs will have dimensions of  
420x420x50 mm and will be made of heavy 
concrete with an average density of approximately 
4 g/cm3, which gives the weight of a single slab of 
about 35 kg. 

Research stand will be located at the outlet of the 
beam in channel H2, the orientation shown in Fig. 1. 

 

 
Fig. 1 The location of the research stand at the outlet of the 

channel H2  

On the stand there will be placed consecutively 
from the beam entrance: 

1) 14 concrete slabs mounted on the moving 
system 

Research 
stand 

Channel 
H2 

Room I 

Room II 
Control 

stand 

Reactor 
beam 



 200

2) Stationary concrete block (consisting of ten, 
or if necessary more slabs) This block will be 
placed only after the measurement for 
concrete slabs mounted on moving system 
in the technological break of the reactor 
work. 

3) Detector placed immediately behind the last 
slab cased in the PE (in order to minimize 
influence of the scattered neutrons) Adding 
a further concrete block will require to move 
the frame along the rails, so the position of 
detector relative to the reactor will remain 
unchanged. 

 

 
Fig. 2 Top view of the research stand with mounted linear 

guides, concrete block and shielded recombination 
chamber  

 
Fig. 3 Side view of the stand (assumed space between the 

slabs – 4 mm) 

Any modifications to the existing iron cast frame 
will be made on the spot and during the reactor  

technological breaks. The whole construction was 
specially designed to hold equipment with 14 single 
slabs, concrete block with weight of from 350 - 700 
kg, and detector shielded with PE, which gives a 
total carrying capacity of about 1.5 tones. 

3. THE MEASUREMENT PROCEDURE 

Measurement will be carried out with at least 
two ionization chambers: the first – measuring the 
dose rate, placed behind concrete slabs additionally 
encased by concrete, and the second – monitoring 
reactor power. It is planned to use recombination 
chambers as a detectors of gamma radiation 
(gamma attenuation) GW2 and neutron radiation 
(neutron attenuation) REM2-8. Distinguishing 
neutron and gamma component is also planned for 
obtaining in the radiation field radiation quality 
factor [3] what is crucial in the radiation protection 
point of view . For low level radiation the chambers 
containing boron [1] and high-pressure 
recombination chamber REM2-7 will be used [2].  

The measuring procedure begins with the 
execution of measure only with front cover of the 
detector and with the concrete slabs placed in the 
end positions of the linear guide system, thereby 
collimating reactor beam. Next,  successively slabs 
will be placed increasing the thickness of the 
concrete shielding. These slabs will be moved by a 
system of lines running through culverts to room II, 
where one can safely operate the setting of the slabs. 
Any change of the configuration will be controlled 
through the vision system. 

After examining all the concrete slabs mounted 
on linear guide system it is necessary to wait for the 
technological break of the reactor, and then move 
the entire cast iron structure in such a way, that 
after the inclusion of a concrete block (understood 
as a set of fixed slabs) placed between moving 
system and cased detector, the distance between 
reactor and the detector remain unchanged. Then 
the measuring procedure is repeated. 

During the technological break there will be also 
a possibility to change the whole concrete set to 
another sample of concrete type (different mixture) . 

Detectors will be in advance calibrated in the 
Laboratory (Secondary standard) and the slabs will 
be also examined in the laboratory radiation fields 
(certificated isotopic sources). 

 

4. SAFETY CONSIDERATIONS 

Because of high level of dose rate in the room I 
during reactor operation, there is no possibility to 
enter that room in that time (radiation levels shown 
in Fig. 4 ).  

Channel H2 

Concrete slabs 

Linear guides

Concrete block 

Recombination 
chamber 

shielded with PE  
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Fig. 4 Radiation levels at the outlet of the channel H2 

measured at specific points showing gamma and neutron 
dose rate 

All the operations must be done from the room 
II. There will be a possibility to apply modifications 
to the research stand, or to carry out some minor 
repairs, but only during the reactor operation break 
(a few days every week or dozen of days). 

 

All measurements will be watched by radiation 
protection inspector and the radiation levels will be 
monitored in both rooms. In some emergency 
situation (blocking of a slab) there is a possibility to 
enter the room I quickly, for couple of minutes (only 
if there is no other possibility).  

5. NUMERICAL MODELING 

 

On the basis of the technical drawing of the 
stand a numerical model of the room with the stand 
was developed using MCNPX code [4]. 

The main objective of this investigation was to 
examine the effect of different configurations of the 
stand on the level of radiation in the measuring 
room and in the hallway. To quantify the level of 
radiation, we calculated the average neutron flux on 
the surface of the room wall located opposite the 
outlet of the channel and adjacent to the corridor. 
The greatest  impact on the outcome was from the 
neutrons scattered at the measured slabs and the 
walls of the room. We sought a configuration that 
would allow for a reduction in their number. 

The first parameter tested was the distance from 
the outlet of the measuring channel H2. It has been 
shown that the neutron flux on the back wall of the 
room is the smallest, when the measuring position is 
as close as possible to the channel outlet. Placing in 
the channel outlet a polyethylene collimator 10 cm 
thick also significantly improved the situation - such 
an element is available, it was made as part of the 
filter/moderator system designed to obtain 
epithermal neutron beam. Other elements which 
affect the level of radiation was studied were: 
polyethylene plate, 10 cm of thickness directly 
protecting the rear wall of the room and rectangular 
tunnel with an edge length of 42 cm and 7 cm thick 
walls, made of polyethylene, extending from the 
channel outlet to  the first concrete slab measured. 
The dimensions of the tunnel were exemplary, 
increasing the thickness of its walls, and the plate 
thickness will increase the efficiency of shielding. 

These parameters can be changed depending on the 
technical possibilities. 

In the present investigation we also tested 
gamma radiation level in the room and the effect of 
lead shielding placed around the polyethylene 
tunnel. For this purpose, we calculated photon flux 
in the vicinity of the geometric center of the room. 
Calculations showed only a minor impact of the lead 
shield, photon flux was reduced by half, while the 
shielding itself represent a significant burden and 
placing it in the desired location is a big technical 
challenge. 

 

 

Fig 5. Fragment of the test room model together with the 
stand for concrete shielding tests, with the full load of 

concrete slabs, top view. Light grey elements are made of 
concrete (the slabs and the room walls), dark grey ones are 

made of PE (collimator at the outlet of the channel, and 
additional shielding of the detector. 
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RADIATION LEVELS AT CARRYING OUT THE REFURBISHMENT  
OF THE BULGARIAN RESEARCH REACTOR IRT 2000 
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Abstract. The paper presents a summary of the main steps in carrying out the refurbishment of the research reactor 
IRT in Sofia. It was a 2 MW pool type light water cooled and moderated reactor which after the final shutdown was 
defueled and brought to a state of safe enclosure. According to a decision of the Bulgarian Government it undergoes a 
reconstruction into a low-power reactor. In this regard during the period 2008 - 2014 within the IRT-Sofia took place 
a number of activities with potential for radiation hazard such as shipping of the spent nuclear fuel, dismantling of the 
reactor internals and replacement of aged reactor equipment, categorization, sorting and packaging for temporary 
storage of dismantled equipment and the radioactive waste generated during the dismantling activities.  
The report gives information on the organization and management of the activities and outlines some key technical 
aspects of the dismantling and removal of the contaminated/activated components. Also, the experience gained during 
this project is highlighted, particularly with a view to methods for the separation of radioactive waste from material to 
be cleared. The radiation measurements and site monitoring prior, for the period of all the activities and at present 
supplied comprehensive evidence that the work has been accomplished safely for the personnel and without radiation 
consequences for environment. 

 

Key words: research reactor, partial dismantling, RAW categorization, radiation protection  

1. INTRODUCTION  

The research reactor IRT in Sofia is a Russian 
design pool type nuclear reactor with light water used 
as a moderator, a coolant and a top radiation shield, 
Fig.1 (1,2). The reactor went critical on 18 September 
1961. There were several upgrades from the initial 500 
kW of thermal power: 1000 kW (1962), 1500 kW 
(1965) and 2000 kW (IRT-2000, 1970).  

 
Fig. 1. Vertical section of IRT-2000: 1) thermal screen, 6.5 

tons/m3; 2) shutter of  the horizontal beamtube; 3) shield, 5.1 
tons/m3; 4) axis of the horizontal beamtube VII; 5) shield, 4.4 

tons/m3; 6) channels for control rods; 7) collector of the 
exhaust ventilation of the horizontal channels; 8) aluminum 

tank; 9) concrete; 10) top platform; 11) container for 
transporting radioactive wastes and fuel elements; 12) pipe for 

removing radioactive samples and spent fuel elements; 13) 
turning arm for transporting samples inside the pool; 14) 

intake line of the cooling loop; 15) bucket for removing 
radioactive wastes and fuel elements; 16) delivery pipe for the 

cooling loop; 17) pipe and nozzle of the ejector (water-jet 
pump); 18) coils for cooling the shielding; 19) core; 20) 

repelling membrane. 

The reactor IRT-2000 has been in operation until 
13 July 1989. Apart from production of radioisotopes 
for industrial and medical needs as well as for training 
and education the reactor was used for research in 
nuclear and solid state physics, material science, 
radiation biology and radiochemistry (2). It was shut 
down for reconstruction in order to conform with the 
increased requirements for nuclear and radiation 
safety after the Chernobyl accident.  

The simplicity of the non-pressurized pool-type 
reactor system provides itself to inherent safety. 
Passive structures and the water pool are the main 
barriers granting protection for the workers and the 
public from accidents involving nuclear fuel failures. 
Fission product source term buildup is low, due to the 
low power operation of the reactor. There were no 
major modifications, no significant incidents or 
accidents and no events with a hazardous impact on 
the staff, public or environment and the reactor has 
been shut down under normal circumstances.  

In accordance with a Resolution of the Bulgarian 
Government the reactor IRT-2000 undergoes a 
reconstruction into a low-power reactor. In this regard 
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during the period 2008 - 2014 within the reactor took 
place a number of actions with potential for radiation 
hazard such as shipping of the spent nuclear fuel, 
dismantling of the reactor internals and replacement of 
aged reactor equipment, categorization, sorting and 
packaging for temporary storage of dismantled 
equipment and of the radioactive waste (RAW) 
generated during the dismantling activities.  

Radiation safety in all planed actions is secured in 
the General Program (GP) developed to comprise a 
detailed set of technical and organizational resources 
and activities in accord with the ALARA principle. 
Using a comprehensive approach, the experts of the 
Nuclear Scientific Experimental and Educational 
Centre (NSEEC) at the Institute for Nuclear Research 
and Nuclear Energy (INRNE) evaluated technical and 
organizational radiation protection measures for all the 
personnel employed in areas exposed to radiation. The 
GP and the Detailed Plan for Partial Dismantling 
(DPPD) of the reactor were approved by the Bulgarian 
Nuclear Regulator. 

The article reports on the organization and 
management of the activities carried out so far and 
outline some key technical aspects of the dismantling 
and removal of contaminated/activated components.  

2. REFURBISHMENT ACTIVITIES 

The partial dismantling of acknowledged as 
obsolete systems was an important stage in the 
reconstruction of the reactor. Guiding principles in 
implementing the DPPD were protection of human 
health and environment, protection outside the 
national borders as well as control over the amount 
and radioactivity of the generated RAW. The shipment 
of spent nuclear fuel (SNF) was carried out prior to any 
forthcoming activities, because the SNF storage, 
reactor pool, reactor internals and supporting 
equipment are issues of refurbishment.  

During facility modifications regular radiation and 
contamination surveys of modification areas and 
equipment before and after every activity were 
performed. The radiation monitoring comprised the 
personal dosimetry control, control over the radiation 
situation in the premises, control of the air and the 
filters of the operating permanent and additional 
(local) ventilation systems, control of radioactive waste 
water and  sewage, control over the collection, sorting, 
categorization, storage and transportation of solid and 
liquid RAW. Radiological characterization of the 
reactor facilities was made before the start of partial 
dismantling operations, during the activities and at the 
end. Assessment of the radiological situation was 
carried out through the methods of direct measuring, 
taking samples and smears from the materials of the 
facilities (3) that were subject to dismantling and 
through computational methods. The results served as 
an early basis for determination of the type of the 
technique used for dismantling, instruments and 
devices (remote, semi-remote or manual methods), the 
necessity of decontamination and the choice of 
appropriate methods, measures for  radiation 
protection of employees and preservation of the 
environment, the RAW classification, the requirements 
for treatment, transportation and storage of the waste 
during the dismantling, the price of the dismantling, 

dose exposure, risk assessment and the kind of the 
necessary protective means for the employees at 
carrying out  dismantling activities.  

The monitoring of nuclear site environment and 
surrounding laboratories was performed at a grid of 
pre-selected observation posts. The evaluation was 
based on taken samples and determination of 
radionuclide contents in air (aerosols), water 
(groundwater and rainfall), soils and in selected plants 
– bioindicators (4,5). Particular detector systems were 
placed at selected locations of reactor workplace 
environment. The radiation monitoring system was in 
continuous operation. The exceeding of warning or 
emergency level was indicated by acoustic and optical 
signals. Real time information about gamma dose level 
can be displayed on the INRNE website. 

2.1. Spent nuclear fuel loading and transportation 

SNF shipment planning began in October 2004 
and the actual shipment was completed in July 2008, 
requiring about 45 months of activities. All 16 HEU 
(initial enrichment: 36% U-235) spent nuclear fuel 
assemblies (SNFAs) of the S-36 type and 58 LEU 
(initial enrichment: 10% U-235) SNFAs of the EK-10 
type were shipped to Russian Federation with 
assistance from the Russian Research Reactor Fuel 
Return Program (RRRFR), one of several programs of 
the U.S. Department of Energy National/Nuclear 
Security Administration’s (DOE/NNSA) Global Threat 
Reduction Initiative (GTRI).  

A special Radiation Monitoring Procedure was 
developed to ensure safe execution of the preparation 
and transportation of the SNFAs, as well as for meeting 
the requirements for permitted levels of radioactive 
contamination on the surface of the transport casks. 
The procedure covered the radiation survey of systems 
and equipment in the reactor hall and loading spots, 
both before and after the required modernization.  

There were some important aspects in terms of 
radiation levels during the preparation of SNF for 
transportation. Firstly, the radiation protection of the 
personnel directly engaged in the activities required 
monitoring of radioactive surface contamination of the 
personal (particles.cm-².min-1), equivalent dose rate 
limits of whole body outer irradiation Hp (6) and 
reference to basic limits of radiation protection. Some 
of the major issues that deserved special attention 
concerning the radiation protection of the staff were: 

• Facility modifications and equipment. After the 
choice of using VPVR/M casks was taken, several 
facility modifications were identified as necessary 
to allow their use in the reactor hall, including: 

o Replacement of the reactor hall crane with a 
higher capacity 12.5-ton bridge crane; 

o Fabrication of a support platform to hold the 
VPVR/M cask above the reactor pool; 

o Installation of an underwater camera and 
lights to assist with basket loading; 

o Modification of the ventilation air-ducts 
above the reactor pool to exhaust potentially 
contaminated air to an existing filtered 
ventilation system 

• Spent fuel inspections. To assure compliance with 
Russian requirements and acceptance at Mayak 
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reprocessing facility, a spent fuel inspection has 
been performed. The records of SNF storage water 
control proved absence of any failed fuel elements. 

• Cask loading. It was executed by the INRNE staff 
and IAEA and Euratom inspectors witnessed all 
cask loading and applied tamper indicating seals 
on each cask. 

The second aspect was meeting the requirements in 
terms of allowable levels of radioactive contamination 
and equivalent dose rate of the casks, transportation 
packages outer surface and dismantled equipment 
from reactor hall during facility modifications. 

The equivalent dose rate at any point of the 
Package and transport outer surface must not exceed 
the value 2 mSv.h-1, and at any point at a distance of 2 
m from the transport outer surface - 0.1 mSv.h-1. 
Radioactive contamination of the Package and 
transport surfaces must not exceed the values given in 
Table 1 (according to SanPin-2.6.1.1281-03 and 
adaptation of norms OST-95 to NP 053-04, TS-R-1). 
The limits were used at averaging of any part of the 
surface at any section with the area of 300 cm2. 

Table 1 Allowable levels of radioactive contamination 
of loaded transport and Packages (particles.min-1.cm-2) 

Object  Non-fixed 
contamination 

Fixed  
contamination 

β- α- β – α - 
Transport 
outer 
surface 

10 1 100 10 

Transport 
inner 
surface 

100 10 Not regulated  

Transport 
cask outer 
surface  

100 10 

The measurements of the radiation levels could be 
grouped with respect to the performed activities: 

• Radiation levels during preparatory activities 

Measurements in the reactor hall during old crane 
dismantling activities showed maximum equivalent 
gamma dose rate of 185 nSv.h-1. 

Radiological characterization of dismantled old 
crane parts was performed and the measurements of 
collected smears by alpha-beta counting and In-situ 
measurements are presented in Table 2. The In-situ 
data were obtained using a handheld device 
MicroCont-II (Mirion Technologies (RADOS) GmbH) 
and refer to contamination that has not been moved 
from its original place of deposition. 

The highest radiation levels were measured in the 
time of SNF inspections. The dose of gamma radiation 
from one fuel rod (EK-10 type) at a distance of 1 m in 
the air did not exceed 0.75 mSv.h-1, while the highest 
gamma dose rate from SFA at a distance 1 m., but 
under water was 3126 mSv.h-1. 

• Radiation levels during cask loading; 

All three casks Skoda VPVR/M were loaded, dried 
and checked for leak tightness over a period lasting 
eight days under the close supervision of IAEA, 

EURATOM and Bulgarian Nuclear Regulatory Agency 
(NRA) inspectors. The drying and leak testing of the 
casks was performed by specialists from the Nuclear 
Research Institute (NRI) in Řež (Czech Republic). 
Radiation and contamination surveys were performed 
before, during and after loading of every cask. For the 
nine days of the job the accumulated dose by each 
individual was between 0.008 -0.012 mSv except one 
value of 0.015 mSv. 

Table 2 Alpha-beta counting (smears) and in-situ β-
activity measurements during facility modifications 

Dismantled

crane parts 

Total Aα, 

Bq.cm-2 

Total Aβ, 

Bq.cm-2 

β-particles, 
min-1.cm-2 

(in-situ) 

beam 1 2.2 E-4 9.3 E-4 10-12 

hook 2.2 E-5 9.0 E-4 10-12 

tracks 2.5 E-3 5.4 E-4 10 

beam 2 6.2 E-5 1.1 E-3 10-12 

2.2. Partial dismantling  

The partial dismantling of reactor facilities 
followed strictly the DPPD prescriptions, in full 
accordance with the regulations (6-15).  

The DPPD described in detail the sequence of 
procedures concerning dismantling of the obsolete 
IRT-2000 equipment found of no use for the low-
power reactor and the subsequent activities for 
reduction of the radioactive waste volume, 
decontamination, sorting, packaging, temporary 
storage and transportation for delivery to the State 
Enterprise “Radioactive waste”. 

The dismantling of the IRT-2000 facilities and 
equipment was executed in two stages. The first stage 
comprised the dismantling of the equipment inside the 
reactor pool (RP) and the block with shutters of the 
thermal column (TC). The second stage included 
dismantling of the piping and pumps in the primary 
cooling loop (PCL) room. After the SNF removal it was 
dismantled the spent fuel rack on the bottom of the 
SNF storage following safely conducted measurements 
and characterization of the rack materials. 

Two main zones were formed at the time of 
carrying out the dismantling: a) zone without 
radioactive contamination – “clean” zone; b) zone in 
which there was radioactive contamination of the 
equipment, the work appliances, etc. or contamination 
was expected - “dirty” zone. These two zones were 
separated with clearly visible signs and appropriate 
resources. At each zone boundary there was a sanitary 
check point supplied with dosimetry equipment for 
whole body measurement of the surface radioactive 
contamination. The order of crossing from one zone to 
another was regulated according to a preliminary 
developed plan and marking scheme of the movement 
of the personnel 

Five working zones were recognized and delineated 
in the Reactor hall: Zone 1 (dismantling of RP 
equipment); Zone 2 (dismantling of PCL equipment); 
Zone 3 (dismantling and other activities at the reactor 
site); Zone 4 (dismantling of the TC); Zone 5 
(secondary processing and deactivation of the 
dismantled equipment site). 
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Real measurement of radiation was essential in 
evaluating the effectiveness of protection measures and 
in assessing the radiation dose likely to be received by 
individuals so that both "installed" (in a fixed position) 
and portable (hand-held or transportable) measuring 
instruments for radiation protection were used (16). 
Installed instruments were fixed in positions known as 
important in assessing the general radiation hazard in 
the site. Examples are the installed "area" radiation 
monitors, gamma interlock monitors, personnel exit 
monitors, and airborne particulate monitors.The 
individual dosimetry control of the personnel was 
conducted by two types of individual dosimeters: 
thermo-luminescent detector (TLD) and electronic 
direct-reading dosimeter DMC 2000S (Merlin Gerin 
Provence Instruments, France) with integrated 
semiconductor detector with energy response better 
than ± 20 % from 60 keV to 1.3 MeV for 137Cs and 
measurement range 1 µSv – 10 Sv. Electronic 
dosimeters were reported wirelessly using the software 
(DOSIMAS), and the results were logged into the 
database (17). All working personnel were provided with 
TLD and DMC dosimeters, which were reported every 
day. At the end of the reporting period each worker 
received written information about his dose load. 

2.3. Radioactive waste management  

Radionuclides generated during the operation of a 
nuclear reactor are the source contributing to 
production of radioactive waste (RAW). By origin, the 
radionuclides are essentially divided into two groups: 
products of neutron activation and fission products. 
Fission products are the complex mixture of 
radionuclides of various chemical elements, including 
noble gases, which have different physical and 
chemical properties and different behavior in the fuel 
and in radioactive environments in the nuclear reactor. 
Activation products are due to neutron irradiation of 
structural materials (including the corrosion products) 
and present the main contribution in the RAW 
formation Accumulation of fission products and 
activation in the primary coolant in the reactor vessel 
and internals can be conditionally called primary 
contamination. All other contaminations of equipment, 
tools, facilities, clothing etc. are formed as a result of 
migration and redistribution of radionuclides 
occurring by different mechanisms - dissolution and 
crystallization, evaporation and condensation, 
sorption, diffusion and chemical interactions. The 
speed of the process and the contamination degree of 
course depend on the physicochemical properties of 
the transport medium and the interfaces, as well as on 
the external conditions (particularly the temperature). 
These contaminants are termed secondary pollution. 
From these radionuclides with the largest contribution 
to the total activity are 60Co and 137Cs. The primary 
contaminants are voluminous because they are 
distributed throughout the volume of the medium. 
Secondary contamination can be conditionally divided 
as volume and surface. 

RAW source analysis specified waste streams that 
are identifiers for objects of generation and temporary 
storage of radioactive waste. RAW is mainly generated 
in the reactor hall and the radiochemical laboratory I 
class (RCL). Table 3 gives some radionuclides expected 
in the material resulting from the dismantling 
activities. Waste streams are identified by an 

identification code. The relationship between the 
identification code and characterization data is given 
in Table 4. 

Table 3 Preliminary list of radionuclides 

Radio 

nuclides 

T1/2  

(years) 

Emi 

tters 

Material 

Neutron activation products 

H-3 12.3 β concrete, stainless 
steel, graphite 

C-14 5730 β concrete, stainless 
steel, carbon steel, 
graphite 

Fe-55 2.7 Ec concrete, stainless 
steel, carbon steel, 
graphite 

Co-60 5.3 γ, β concrete, stainless 
steel, carbon steel, 
graphite /all 
materials/ 

Ni-59 7.5 E+4 Ec concrete, stainless 
steel, carbon steel, 
graphite 

Ni-63 100 β concrete, stainless 
steel, carbon steel, 
graphite 

Eu-152 13. 4 Ec, β, γ concrete, graphite 

Fission products 

Cs-137 30 β, γ-  

*Ec – electron capture 

The identification code is a combination of letters 
and numbers and is formed as follows: 

Table 4 Relationship between the identification code 
and characterization data 

Symbol 
position  

1 2 3 4 5 

Symbol А Х В АВ Х
Х 

Where: Position 1 represents a letter of the Latin 
alphabet, which indicates the physical state of the 
radioactive waste: L – Liquid RAW, S – Solid RAW 

Position 2 is a number, which indicates the object 
associated with the generation of radioactive waste at 
IRT-2000: 

1 Reactor hall 

2 Reactor vessel 

3 Biological shield around the thermal column 

4 Primary loop 

5 RCL I class 

6 SNF storage 

Position 3 is a letter of the Latin alphabet, 
associated with the time of RAW generation: 

С RAW generated during the IRT-2000 operation 

D RAW generated during the partial dismantling  
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Position 4 - two letters of the Latin alphabet, which 
denote objects related to waste management: TL-
Liquid RAW storage, ED – RAW storage. 

Position 5 - two Arabic numerals specifying the 
serial number of the flow of 01 to 03: 

Example: S1DED01 - means solid waste from the 
reactor hall received during the partial dismantling. 
They will be stored in the RAW storage. 

Each of the waste streams is characterized in terms 
of physical, chemical, radiation and etc. properties of 
RAW. In coverage of the characteristics shall be filled a 
diary reporting the generated waste. The 
characterization is performed to assess the possibilities 
for further processing, storage and / or disposal, and 
the need to maintain current inventories. RAW 
inventory and referral to the appropriate categories is 
based on the results of the measurements, sampling 
and smears as well as analyzes made by calculation. 

The resulting waste was collected, deactivated, pre-
prepared, packaged and temporarily stored at the site. 
For the temporary storage of radioactive waste a RAW 
storage was made available. After packaging the RAW 
and putting them into a licensed transport container, 
RAW will be transported to the State Enterprise 
"RAW". For the temporary storage of the radioactive 
and contaminated liquids, a Liquid RAW storage is 
available on the site. Liquid waste from IRT-2000 is 
submitted to SE "RAW" for processing and disposal. 

2.4. Radiation levels during partial dismantling  

For Zone 1 (Dismantling of the RP equipment) the 
maximum measured dose rate was 5.64 mSv.h-1. 
Therefore we chose remote dismantling instruments 
allowing 25 cm distance from the hot spot. At 25 cm 
the dose rate reduced to 0.35 mSv.h-1. Dismantling of 
equipment of this hot spot was estimated to require 25 
hours or a total dose of 8.83 mSv. The total time for 
pool equipment dismantling was assessed to 100 hours 
if carried out by two persons. The evaluated collective 
dose of exposure was 9.49 mSv. 

For Zone 2 (Dismantling of the equipment in PCL) 
the total work time was assessed to 180 hours. The 
maximum equivalent dose rate in the PCL was 
measured 10 cm away from the ion exchange filters 
and was 0.0024 mSv.h-1. The collective dose exposure 
of the personnel was expected to be 0.864 mSv. 

In Zone 3 the activities were executed while the 
RP was full of water that permitted lowering of the 
dose load of workers. The measured equivalent dose 
rate was in the limits 0.14 - 0.20 μSv.h-1 that can be 
thought of as the equivalent dose rate of natural 
background. The dose load contribution from natural 
background radiation was negligible and was not 
included in the estimates of the total radiation 
exposure of personnel. The measured equivalent dose 
rate on the reactor site when the pool was empty was 11 
μSv.h-1. This allowed a team of two people to work 
there a whole day assisting with the dismantling 
activities conducted by the personnel in the pool. The 
maximum equivalent personnel dose rate for the 100 
hours of equipment dismantling was 2.2 mSv.  

For Zone 4 (Dismantling of second horizontal 
channel - TC) and Zone 5 (Secondary processing and 
deactivation of the dismantled equipment site) the 
obtained doses of the 14 workers were in the interval 
0.001 – 0.972 mSv, i.e. below 1 mSv. 

The collective equivalent dose during the reactor 
equipment partial dismantling was assessed to 12 - 15 
mSv. Obtained collective doses during the partial 
dismantling activities were: 2.47 man mSv for reactor 
internal systems; 123 man μSv for PCL equipment; 80 
man μSv for at the reactor site; 2.41 man mSv for the 
TC; 271 man μSv on the site for secondary processing. 

The process of radiological characterization of the 
IRT-2000 materials was carried out through the 
methods of measuring, taking samples and smears 
from the materials of the facilities, which were liable to 
dismantling. To assess the RP the measurements were 
carried out in full of water RP, by a hermetic detector 
and after emptying of the pool - by direct 
measurements through the protective cabin. A number 
of samples were taken from the RP equipment - 
automatic regulation rod (3 tube sectors from the 
channel with 2 cm length, at around 30 cm from the 
channel bottom); vertical channel of 1 MR /north/ (3 
tube sectors from the channel with 2 cm length at a 
distance of 30 cm from the channel base); cover of one 
of the vertical experimental channels /west/ (2 
shaving pieces from the surface); cover steel hasps 
(part of it, around 1 cm); two preliminary selected 
graphite assemblies from the east side of the reactor 
core (assemblies were withdrawn by means of a 
manipulator from the reactor core and measurements 
of their activity were carried out above the water level) 
etc. Additionally, a graphite block was taken out from 
inside of the TC. The block was there during the whole 
period of operation of IRT-2000. Data obtained for 
selected graphite assemblies and graphite block are 
presented in Tables 5 and 6. 

Table 5 Data from measurements of two of the 
graphite assemblies  

Assembly 1 µSv.h-1 Assembly 2 µSv.h-1 
Upper end 10 Upper end 6 
Middle 110 Middle 120 
Bottom end 180 Bottom end 160 

Table 6 Data from gamma spectrometric 
measurements of the graphite assemblies  

Sample Mass, g Eu-152, 
Bq.kg-1 

Co-60, 
Bq.kg-1 

Graphite 233 130 ± 11 650 ± 60 

For radiological characterization during the time of 
dismantling activities were collected about 300 smears 
(dry or wet) and 100 material samples (solid or liquid) 
- metal segments from reactor systems, concrete, steel, 
glass, flakes from the inner surface, graphite of the TC, 
personal means of protection etc. Measurements were 
carried out by Gamma spectrometry (137Cs, 60Co, 
152Eu), Liquid Scintillation Counting - LSC (14C) and 
Total alpha-beta counting. As a whole the obtained 
results were low and showed the lack of surface 
contamination. Only few contaminated details were 
detected during the whole operation period. 
Contaminated details were treated chemically. New 
samples were collected and analyzed after 
decontamination treatment. 

The specific activities of 137Cs and 60Co in all 
studied samples varied between 2 and 60 Bq.kg-1 
(Table 7). Exception made two areas at the floor of 
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premise 103 (PCL) where the mean measured values 
were 362 Bq.kg-1 for 137Cs and 2.62 kBq.kg-1 for 60Co. 
Contaminated materials were removed and treated as a 
radioactive waste. 

Data obtained for the graphite material collected 
from the thermal column (obtained by chemical 
destruction with distillation technique and by burning 
procedure) show high specific activity of 14C – between 
55200 and 60600 Bq.cm-2.  

Table 7 Data for material samples during the partial 
dismantling activity  

Sample Cs-137,  
Bq.kg-1 

Co-60,  
Bq.kg-1 

concrete 2.6 ± 0.2 8.6 ± 0,7 
concrete  20.3 ± 1.8 59.5 ± 5.4 
walls PCL room 19.0 ± 1.3 20.0 ± 1.6 
floor PCL room 4.5 ± 0.4 24.0 ± 1.8 

Final radiological survey of PCL, RP and reactor 
hall was carried out according to a final 
characterization plan. Sampling was done at different 
points on a sampling grid covering the entire 
investigated areas (walls, floors, ceilings, equipment 
surfaces etc.). All surfaces were separated into small 
fragments marked A, B, C, D etc. and each place was 
investigated by means of portable dosimetry and 
radiometry devices. The sampling points were 
determined after measurements of surface 
contamination. From the places with measured values 
higher than the permissible limits material samples 
and smears were taken. In general, the results showed 
lack of contamination except to two points of the pool 
floor. Contaminated materials were removed and 
classified as RAW. 

2.4. Radioactive waste temporary storage 

Data obtained from final radiological 
characterization were used to assess the situation after 
dismantling activities. 

All dismantled equipment and the generated 
during the dismantling activities solid RAW (mainly 
metals - steel, aluminum and iron as well as small 
amounts of graphite, concrete, rubber and plastics) 
were categorized, sorted, packed and sealed in special 
reinforced concrete containers for transportation and 
storage. Categorization was performed in accordance 
with the regulations for transport of radioactive 
material and delivery of radioactive waste to the State 
Enterprise RAW. (6, 14-15).  

Prior filling the container its inner surface of the 
walls and bottom were treated with epoxy corrosion 
protection and waterproofing primer AQUADUR, 
polyurethane corrosion protection HYPERDESMO and 
with double adhesive membrane Bitutin. RAW were 
distributed to containers in accordance with the 
regulations - dose bellow 2 mSv.h-1 at the container 
surface and 0.1 mSv.h-1 at a distance of 2 m from the 
container.(14) Filled containers were placed on a site for 
temporary storage specially built for the purposes of 
the partial dismantling. 

4. CONCLUSIONS  

The radiation measurements and site monitoring 
prior, for the period of all the activities and afterwards 
gave comprehensive evidence that all the work has 
been accomplished safely for the personnel and 
without radiation consequences for environment.  
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1. INTRODUCTION 

Radiation protection is a well-established branch of 
the broader area related to the use of radiation and 
nuclear technologies in industry, medicine, science and 
many other fields.  

The main aim of radiation protection is to ensure 
the adequate safety of workers, patients and the 
population as well as the environment against harmful 
effects of ionizing radiation1. In most cases where 
ionizing radiation sources (radionuclides or radiation 
generators such as X-ray tubes and particle 
accelerators) and nuclear reactors are used, the health 
effects are very low and associated risks are lower or 
comparable with the risks encountered in most 
industries or even in our everyday life. Only in cases of 
incidents or accidents the radiation exposure may 
reach higher levels where visible detrimental effects 
occur.  

The effects at low exposure (normal situation 
where everything is under control) show only 
stochastic (statistical) character, i.e., the effect, mostly 
the development of cancer in an exposed person, 
appears with certain probability which is proportional 
to the exposure. On the other hand, at higher 
exposures, (exceeding a certain relatively high 
threshold), deterministic effects, which are 
characterized by some specific health impairments the 
severity of which is proportional to the exposure, are 
evidenced. 

Since exposure to high radiation doses can lead to 
serious health effects in people, there is some potential 
for misusing suitable radioactive sources for terrorist 
or other malevolent actions. At present, one cannot 
completely exclude such a situation and we have to be 
prepared to take appropriate effective   measures in 
order to prevent this from happening, and, if it 

happens, to be ready to mitigate the impact of such an 
emergency. 

The philosophy of protection against the harmful 
effects of a radiological weapon or the so-called 
radiological dispersive device (RDD) is essentially 
similar to that applied with regard to any other 
dangerous weapons within the broad category of CBRN 
(chemical, biological, radiological and nuclear) material 
or agents.  

2. PRINCIPLES INVOLVED IN THE USE OF A RADIOLOGICAL 

WEAPON 

The construction of a radiological weapon (dirty 
bomb)2,3 is rather simple: it consists of a specific 
radioactive substance of sufficiently high activity and  
a dispersive mechanism or explosive material (Fig. 1). 
The purpose is to disperse the radioactive substance 
into the air so as to cause the maximum damage to 
persons in the place of the attack in terms of their 
external exposure and internal radioactive 
contamination. The explosion itself can also caused 
some damage. 

 

Fig. 1 Principal arrangement of a dirty bomb 
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The purpose of a radiological bomb is to spread 
radioactive material into the selected populated area 
and cause panic and anxiety in those who think they 
are being, or have been, exposed to radiation. The 
impact of the radiological attack is the radioactive 
contamination of buildings and the local environment.  

Radiological weapons are often discussed together 
with CBRN where the principle is the same: to use 
them for terrorist or military attacks. The dangerous 
and toxic chemical substances and biological agents 
are used in a similar way as radiological weapons. 
Nuclear weapons which are based on the fission of 
heavy nuclei resulting in a release of huge destructive 
energy as well as severe radioactive contamination are 
presumed to be out of reach of terrorists.  

3. RADIONUCLIDES POTENTIALLY TO BE USED 

The most efficient radionuclides would be those 
with the high activity, not too short half-time, emitting 
intensive radiation and possessing suitable chemical as 
well as physical properties.  

From a long list of radionuclides frequently used in 
industry, medicine and some other fields only a few 
stand out as being suitable for the construction of 
RDDs. Table 1 shows properties of some of these 
radionuclides which could be obvious choice for the 
use in a radiological weapon.  

Table 1 The characteristics of typical radionuclides which 
might be used in the dirty bomb 

 

Radio-
nuclide 

Physiochemical form
Application of sources 
and their max. activity

Co-60 Metal  
Sterilisation irradiator 
(400,000 TBq), telethe-
rapy machine (1,000 TBq)

Sr-90 Ceramic (SrTiO3)  
Radionuclide thermo-
electric generator (10,000 
TBq) 

Cs-137 Salt (CsCl)   
Sterilisation irradiator 
(400,000 TBq), telethe-
rapy machine (1,000 TBq)

Ir-192 Metal  Industrial radiography 
source (50 TBq) 

Ra-226 Salt (RaSO4)  Old therapy source (5 TBq)

Pu-238 Ceramic (PuO2) 

Radionuclide thermo-
electric generator (5,000 
TBq) 

Am-241 
Pressed ceramic powder 
(AmO2) 

Well-logging operations   (1 
TBq) 

Cf-252 Ceramic (Cf2O3) 
Well-logging operations   
(0,1 TBq) 

    
There should be strict regulatory control over these 

sources in order to prevent their theft or any 
unauthorized access. 

It is obvious that not all radioactive sources are 
equally dangerous. Special attention should be paid to 
high-activity sources where categories 1 and 2 (in 
accordance with the IAEA categorization4) should be 
considered in the first place. Category 1 includes 
sources which, if not safely managed or securely 
protected, would be likely to cause permanent injury to 
persons who handled them, or were otherwise in 

contact with these sources for more than a few 
minutes. It would most probably be fatal to be close to 
these sources especially if they were not properly 
shielded  

On the other hand, the sources of category 2 are 
such sources which, if not safely managed or securely 
protected could, result in severe injury to any person 
who handled them, or was otherwise in contact with 
them for a short time (minutes to hours). It could 
possibly be fatal to be close to such unshielded sources.  

4. QUANTIFICATION OF THE EXPOSURE 

In principle, persons can be affected by external 
penetrating radiation emitted by radionuclides present 
in the source and by internal exposure produced by 
radiation emitted by radionuclides which enter the 
body, in particular by inhalation or ingestion. 

In the quantification of exposure of persons, two 
cases should be considered: low level exposure where 
only stochastic effects (induction of cancer and genetic 
disorders) can be expected, and high exposure which 
can cause harmful tissue reactions1.  

The strength of radioactive sources is usually 
quantified in terms of the quantity of activity 
measurable in Bq (becquerel) which is is extremely 
small unit (1 disintegration per second)and this is why 
prefixes such as k (kilo), mega (M), giga (G) and even 
tera (T) are often used.  

For the assessment of stochastic effects a universal 
quantity, the effective dose, has been introduced. This 
quantity depends essentially on the average doses to 
major individual organs and tissues in the human 
body. All these doses have to be weighted by relevant 
factors reflecting various degrees of damage initiated 
by different types of radiation as well as specific 
biological sensitivities of individual organs and tissues 
exposed. 

The quantification of the detriment due to harmful 
tissue reactions is usually based on the dose with the 
specification of irradiation conditions and the type of 
radiation. Recently, the unit of Gy-Eq has been used to 
take into account the specific radiobiological 
effectiveness (RBE) of radiation exposure at high doses 
applying the quantity RBE-weighted dose (Fig. 2).  

4.1. External exposure 

Since the average dose to individual organs cannot 
be directly monitored, other quantities (operational 
quantities) which can be measured are used instead. 
These quantities approximate the relevant effective 
dose. Two types of such quantities were introduced for 
this purpose: the personal dose equivalent (for the 
monitoring of persons), and the ambient dose 
equivalent (workplace monitoring). These quantities 
reflect the contribution of the external exposure to the 
total effective dose.  

4.2. Internal exposure 

This exposure is due to radionuclides which enter 
the body by inhalation of contaminated air or by 
ingestion of contaminated food and water. In the case 
of radiological attack, it is sufficient to consider only 
the inhalation pathway. The contribution of the 
internal exposure to the total effective dose, called the 
committed effective dose, is assessed by means of the 
activity which entered the body (intake) where the type 
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of a radionuclide and its chemical and physical 
properties must be taken into account.  

 

 
Fig. 2 Probability and severity of biological effects vs. the 

exposure levels expressed in Sv and Gy Eq (everything 
suggests that at low exposures only stochastic effects occur 

while at higher exposures deterministic effects occur; in 
exposure range between these two areas more epidemiological 
studies are required to establish the relationship the exposure 

vs. harmful effects). 

4.3. Total exposure 

The total exposure, in terms of the effective dose 
(E), represents the sum of the contributions from 
external and internal exposure which are expressed by 
relevant additive quantities, namely by the sum of two 
components, i.e., external (Eext) and internal (Eint) 
components 

 

where DT,R  is the average (organ) dose to the organ or 
tissue T due to the radiation of  type R, wR is the 
radiation weighting factor related to the radiation R 
and wT is the tissue weighting  factor associated with 
the organ or tissue T.  

The external component of the total effective dose 
can be assessed by personal dosimeters calibrated in 
the personal dose equivalent Hp(d) or by radiation 
monitors calibrated in the ambient dose equivalent 
H*(d) where d  is the depth corresponding to the point 
under the surface of the body given in mm. For whole 
body exposure by penetrating radiation d is taken to be 
10 mm. For the assessment of the skin dose, a depth of 
0.07 mm is considered. 

On the other hand, the internal exposure is 
determined by the measurement of the radionuclide 
intake expressed by the activity (A) using relevant 
conversion factors for the inhalation ej,inh and for the 
ingestion ej,ing attributed to a radionuclide of type j. 
The external component (Eext) is usually referred to as 
the committed effective dose over 50 years following 
the intake – E(50). 

Consequently, the total effective dose can be 
expressed in the following form 

 
where depending on the type of external radiation 
monitoring 

 
or 

 
The total committed effective dose can be expressed as  

 
where Ij,inh and Ij,ing are the inhaled and ingested 
activity of a radionuclide j, respectively. 

In cases of external exposure to low-penetrating 
radiation, e.g., beta particles, Hp(10) cannot 
sufficiently assess the effective dose. In such cases 
Hp(0.07) may be used to assess the equivalent dose to 
the skin and its contribution to the effective dose by 
applying the tissue weighting factor of 0.01 for the 
skin. 

4.4. Estimation of the exposure caused by 
radioactive contamination 

While external exposure is facilitated through 
penetrating radiation such as gamma or neutron 
radiation, internal exposure is due mainly to the 
absorption of weakly penetrating radiation (alpha and 
beta particles) emitted by radionuclides which enter 
the body (primarily by inhalation).  One has to realize 
that while external exposure is received only during the 
period of exposure to radiation, internal exposure is 
initiated by the intake of radioactive material but 
exposure occurs during the whole period this material 
is in the body. 

In order to assess the impact of individual 
radionuclides to the total exposure, the dose rate from 
external radiation and the committed effective dose 
caused by intake can indicate the approximate degree 
of corresponding health effects (Table 2). 

Table 2 The rough conservative estimates of external and 
internal exposures of selected radionuclides which would also 
depend on irradiation conditions and parameters of inhaled 

particles (based on reference5,6,7) 
 

Radio-
nuclide

Dose rate from       
a 1 GBq point source 
at a distance of 1 m 

(µSv/h)a 

Committed effective 
dosec per 1 MBq of an 
inhaled radionuclide 

(mSv) 

Co-60 306 30 

Sr-90 xb 150 

Cs-137 76 6.7 

Ir-192 113 6.2 

Ra-226 173 3,500 

Pu-238 0.2 43,000 

Am-241 5 40,000 

Cf-252 1 200 (neutrons) 20,000 

a At a shorter distance the exposure will be much higher, 

b Depending on the contribution from bremsstrahlung which 
is essentially related to the material surrounding the source,  
c Maximum estimated values due to inhalation. 
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In specific situations we have to consider all 
relevant components contributing to the total exposure 
which include: 

• External exposure from contamination on 
outdoor surfaces, including ground (the exposure 
depends on the type of the radionuclide, its 
surface activity and geometry configuration);  

• External exposure from contamination on 
indoor surfaces, floors, walls, furniture etc (the 
exposure depends on the same factors as above); 

• External exposure from contamination on 
clothing and human skin (the exposure depends 
on the type of radionuclide and surface activity, a 
correction for the absorption in cloth should be 
taken into consideration); 

• External exposure from the passing 
contaminated plume (the exposure depends on 
the type of the radionuclides and activity 
concentration within the plume); 

• Internal exposure from inhalation during plume 
passage (the same as above and also physical and 
chemical characteristics of the radioactive 
substance); 

• Internal exposure from inhalation of contami-
nated air due to the re-suspended radioactive 
dust (the surface activity, characteristics of the 
ground as well as meteorological conditions). 

Other factors influencing radiation and radioactive 
contamination level and its distribution may include 
means of dispersal (e.g. explosion, spraying, fire) and 
local topography, location of buildings, and other 
landscape features. If all relevant parameters are 
known, the situation can be simulated using 
mathematical models and codes.  

A number of methods have been developed for 
assessing the exposure in each of the encountered 
situations. Some simple calculators are also available 
to evaluate exposure based on parameters which can 
be obtained from monitoring results (e.g., reference7).  

In principle, two different types of monitoring can 
be used to assess the situation around the place of  
a radiological attack, namely devices for measuring 
external radiation and surface contamination, and air 
samplers to measure the activity concentration in the 
air based on the airborne radioactivity sampling. In 
addition to these workplace (area) monitors, personal 
dosimeters can track the exposures received by an 
individual.   

In most cases, appropriate general purpose survey 
meters using scintillators, GM tubes, ion chambers or 
semiconductor detectors are used. Some of this 
equipment can also be used for sophisticated searching 
and identification of unknown radioactive sources.  

The results of the monitoring, or the information 
about the activity released, can serve as a basis for 
setting up zones characterized by specific external 
radiation levels or radioactive contamination. 

5. CONSEQUENCES OF RADIOLOGICAL ATTACK, 
PROTECTION AND MITIGATION MEASURES 

The impact of the radiological attack depends on 
the type and activity of radioactive material dispersed. 
The distribution of radioactive contamination will 
always be affected by the morphology of the place and 
meteorological conditions in the time of the attack.  

5.1. Impact on people and the environment 

Most of people in the place where radiological 
weapon was used receive relatively low exposure which 
will only contribute to stochastic effects (i.e., the 
probability of cancer occurrence sometime in the 
future). A small number of persons may receive high 
enough exposure to generate deterministic effects.  

One concern of radiation exposure is an elevated 
risk of developing cancer later in life, although studies 
have shown that radiation is a relatively weak 
carcinogen. Exposure at the low radiation doses 
expected from a RDD would increase the risk of cancer 
only slightly over naturally occurring rates. 

Some further impacts might involve disruption to 
lives and livelihoods as the contaminated area is being 
cleaned up. This impact could continue even long time 
after the site has been cleaned up and people would be 
rather reluctant to return to the affected area. 

The most dangerous consequences would be 
associated rather with the creation of panic and chaos 
which can result in many casualties especially when 
the place of the attack is heavily overcrowded. Some 
economic impact can also be expected because of the 
radioactive contamination of the surrounding areas.  

The contamination of the area around the epicenter 
of the attack can be mapped in terms of ambient dose 
equivalent rate (in mSv.h-1) or surface contamination 
(in Bq.m2). The isolines of the dose rate caused by  
a radioactive plum affected by the wind direction in  
a town can be presented on suitable maps. This 
information is very useful to assess the exposure 
received by rescue workers engaged in the mitigation 
operations. This is also important for the selection of 
suitable personal protective equipment. 

In some emergency situation there always may be 
some people exposed to high radiation doses. 
Radiation sickness, known as acute radiation 
syndrome (ARS), is a serious illness that occurs when 
the entire body (or most of it) receives a high dose of 
radiation, usually over a short period of time. Many 
survivors of the Hiroshima and Nagasaki atomic 
bombs in the 1940s and many of the firefighters who 
first responded after the Chernobyl NPP accident in 
1986 became ill with ARS.  

The first symptoms of ARS typically are nausea, 
vomiting, and diarrhea. These symptoms will start 
within minutes to days following the exposure. They 
will last for minutes up to several days, and may come 
and go. Then the person usually looks and feels 
relatively healthy for a short time, after which he or she 
will become sick again with loss of appetite, fatigue, 
fever, nausea, vomiting, diarrhea, and possibly even 
seizures and coma. This seriously ill stage may last 
from a few hours up to several months. 

5.2. Prevention measures 

The best prevention arrangement against 
radiological terrorism would be strict control and 
security of all high-activity radioactive sources 
including their production, transport, use, storage and 
disposal. Adequate measures should also be introduced 
at the borders to prevent illicit trafficking where 
radioactive sources may be smuggled from countries 
with insufficient control to other countries where they 
may be used for malevolent actions. 
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To construct an RDD, a terrorist group must obtain 
radioactive materials, use those materials to fabricate a 
weapon, deliver the weapon to the attack site, and 
detonate the device. Each of these steps suggests some 
specific measures that can be used to help prevent an 
attack. Obtaining radioactive materials requires access 
to the radioactive sources which must be either 
purchased or stolen. This is why keeping any high-
activity radioactive material under strict control is so 
important.  

5.3. Protection measures and mitigation of 
consequences 

Any protection measures and tool are effective only 
in cases when they are applied correctly. This refer not 
only to emergency and rescue workers but also to 
members of the general public. The first responders 
are highly qualified and experienced professionals who 
can assess the emergency situation realistically. The 
perception of any risks, including the risk due to the 
exposure, is highly exaggerated by the public the 
opinion of which is usually based on the information 
from rumours and unreliable sources. Therefore, it is 
important to communicate with the public not only 
after the accident but rather continuously making use 
various appropriate contacts including disseminating 
correct information through the mass media.  

The psychological effects from the fear of being 
exposed may be one of the major consequences of a 
dirty bomb. It is important to ensure sound 
understanding of the situation and cooperation of the 
public with authorities involved in the mitigation of an 
attack or accident.  

Some simple instruction provided to the public may 
significantly reduce the impact of an emergency. If 
people are near the site of the detonation of a dirty 
bomb or release of radioactive material, they should be 
advised to:  

• Stay away from any obvious plume or dust 
cloud; 

• Cover the mouth and nose with a tissue, filter, 
or damp cloth to avoid inhaling or ingesting the 
radioactive material; 

• Go inside a building with closed doors and 
windows as quickly as can be done in an orderly 
manner and listen for information from 
emergency responders and authorities; 

• Remove contaminated clothing as soon as 
possible and place them in a sealed container 
such as a plastic bag (the clothing could be used 
later to estimate a person’s exposure);  

• Gently wash the skin to remove possible 
contamination. 

• Those already inside an intact building should 
stay there and close windows and reduce 
outside air intake if possible. 

People should make sure that no radioactive 
material enters the mouth or is transferred to areas of 
the face where it could be easily moved to the mouth 
and ingested. One obviously has not to eat, drink, or 
smoke. Questions such as when it is safe to leave a 
building or return home, what is safe to eat and drink 
and when, and how children will be cared for if they 
are separated from their parents would be answered by 
authorities who would have to make decisions on  

a case-by-case basis depending on the many variables 
of the situation. 

Professionals engaged in rescue and mitigation 
operations are equipped with special personal 
protective equipment and other relevant accessories to 
ensure their protection.   

5.4. Global initiatives in fighting radiological 
terrorism 

Radiological terrorism as well as terrorism related 
to other dangerous CBRN materials has become a 
global problem and, consequently, it has to be fought 
worldwide8. Efficient cooperation and coordination of 
all countries and international organization has to be 
mobilized. In this regards, an important role is played 
by the United Nations, and especially its agencies the 
IAEA (International Atomic Energy Agency) and the 
UN Interregional Crime and Justice Institute). The EU 
with its Joint Research Centre (JRC) has become very 
active in this field recently. Interpol and Europol also 
play some special role in this context.  

The EU CBRN Action Plan9 represents the main EU 
policy document aimed at the protection of the EU 
Member States against CBRN threats. The Action Plan 
constitutes a political commitment and may be 
considered as a roadmap of intentions and measures to 
be taken in the coming years. It recommends actions 
concerning prevention, detection, preparedness and 
response, as well as horizontal measures in the context 
of high-risk CBRN materials. As to its implementation, 
the Action Plan should be conducted with full respect 
for international law, including human rights and the 
principle of the rule of law.  

The EU Action Plan includes some specific 
prevention measures as a) Developing lists at the EU 
level of high-risk CBRN materials; b) Identifying and 
reporting suspicious transactions and behavior; c) 
Enhancing security and control of high risk CBRN 
materials; facilities and transport infrastructure; d) 
Contributing to the development of a high security 
culture of staff, improving information exchange, e) 
Strengthening the import/export regime; f) Enhancing 
cooperation on the security of CBRN as well as dual 
material.  

The Plan is also focused on efficient preparedness 
measures including: a) Improved emergency planning, 
b) Stronger countermeasure capabilities, c) Upgraded 
domestic and international information flows 
regarding CBRN emergencies, d) The development of 
new modelling and better decontamination and 
remediation capacities, and e) Ensuring greater 
capacity to conduct criminal investigations. 

In accordance with the EU requirements, the 
responding measures should require: a) Enhanced 
international cooperation, b) Improved lines of 
communication with the public; c) More robust 
information tools for CBRN security, d) Advanced 
training courses for first responders, e) Improved 
personnel security, and f) Ensuring that legislation is 
put in place to tackle CBRN terrorism.  

The goals of EU CBRN policy to minimise the 
threat and damage have also to address the following 
aspects: a) Use of a risk-based approach to security, b) 
Effective protection of CBRN materials including their 
storage and transport, c) Improved exchanges of 
security-related information among countries,  
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d) Further development of detection systems, and e) 
Provision of the necessary tools to manage CBRN 
incidents and accidents. 

The EU CBRN Centres of Excellence (CoEs) 
Initiative10  was launched in 2010 in response to the 
need to strengthen the institutional capacity of 
countries outside Europe to mitigate CBRN risks, 
including criminal activities (e.g. CBRN proliferation 
or terrorism), natural disasters (e.g. swine flu) and 
accidental disasters (e.g. Bhopal or Fukushima).  

The initiative addresses the mitigation of and 
preparedness against risks related to CBRN material 
and agents. The origin of these risks can be criminal, 
accidental or natural. The Initiative seeks to boost 
cooperation at regional and international levels, and to 
develop a common and coherent CBRN risk mitigation 
policy at the regional level. Risk mitigation comprises 
prevention, preparedness and post-crisis management. 
The initiative is implemented and funded by the 
European Commission in cooperation with the Joint 
Research Centre (JRC), the United Nations 
Interregional Crime and Justice Research Institute 
(UNICRI) and a governance team. The Initiative is 
implemented with the technical support of relevant 
experts from EU Member States, international 
organisations and individual experts in the field7,8. 

The establishment of regional CoEs is a 
cornerstone of these activities: they offer a coherent 
and comprehensive approach covering legal, 
regulatory, enforcement and technical issues. The 
European Commission (EC) adopted a policy package 
on CBRN security with the aim off strengthening the 
protection of EU citizens and improving protection 
against CBRN danger in other regions.  

Within the CBRN CoE structure a series of 
Regional Secretariats (Fig. 3) have been established. 
The CBRN CoE Regional Secretariats will operate in 
the following eight regions: African Atlantic Façade; 
Central Asia; Eastern and Central Africa; Gulf 
Cooperation Council Countries; Middle East; North 
Africa; South East Asia; and South East Europe, 
Southern Caucasus, Moldova and Ukraine. 

 

Fig. 3 Geographical distribution of Centres of Excellence in 
individual regions: 1-Rabat, 2-Algier, 3-Amman, 4-Tbilisi, 5-

Manila, 6-Nairobi, 7-Abu Dhabi.   
5. CONCLUSION 

Dirty bombs use conventional explosives to spread 
radioactive material. The conventional explosion may 
cause a number of casualties, but deterministic effects 
from the radiation are unlikely.  The panic and fear of 
people on the scene, however, will probably have  
a more significant impact than any casualties or 

environmental damage. Although there is concern that 
terrorist groups may use dirty bombs, so far none has 
actually been detonated. This does not mean that we 
can ignore such threats. On the contrary, because of  
a potential possibility of the use of this kind of 
weapon, members of the public and especially 
relevant national Authorities should be prepared for a 
terrorist attack aimed at spreading radioactive 
material.  

The disruption to live and commerce that may 
especially occur if a RDD is detonated in a notable 
public and commercial area is more important in some 
situations. Consider a RDD being used in a major 
historical city with a large commercial centre and 
tourism trade. A long lived radionuclide could render 
the area unusable for decades depending on activity 
and decontamination issues. This would have not only 
a large financial impact but a significant psychiatric 
impart on not only the local population but the country 
at large. 

Communication with the public is essential in order 
to provide them with relevant basic information about 
the nature and potential impact of a dirty bomb, and 
especially how to behave in a situation following the 
use of such a bomb in order to protect against exposure 
to radiation and radioactive contamination to 
minimize health effects.   

The concerns of both society and individuals about 
the adverse effects from radiation are logically 
amplified many times when radiological terrorism is 
considered. The spectrum of possible events includes 
industrial sabotage, the use of an explosive or 
nonexplosive radiological dispersal device, and the 
placement of a radiological exposure device in a public 
facility; we may also expect the use of an improvised 
nuclear device sometime in the future.  

Planning is done on the basis of scenario 
modelling; medical response planning includes 
medical triage, the distribution of victims to care by 
experienced physicians, the development of medical 
countermeasures to mitigate or treat radiation injury, 
counselling and appropriately following exposed or 
potentially exposed people, and helping the local 
community develop confidence in their own response 
plan. Optimal response must be based on the best 
available science. This requires scientists who can 
define, prioritise and address the gaps in knowledge 
with a range of expertise from basic physics to biology 
to transnational research to systems expertise to 
response planning to healthcare policy to 
communications. Not only are there unique needs and 
career opportunities, but there is also the opportunity 
for individuals to serve their communities and country 
with both their education regarding radiation effects 
and by formulating scientifically based government 
policy.  

Substantial collaborative efforts have to be 
established and maintained among relevant national 
agencies and between the government and 
international partners and local responders to ensure 
our collective safety. 
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In this study, previously prepared and 
characterized bone samples [10] were tested for 
Co2+ immobilization. The main aim was to explore 
and compare sorption of Co2+ ions by investigated 
materials using different initial concentrations of 
the pollutant, and to find out which treatment 
factors significantly affected Co2+ removal.  The 
possible mechanisms of Co2+ sorption were also 
discussed. 

2. METHODS AND EXPERIMENTS 

2.1 Design of Experiments (DOE) 

Design of Experiment (DOE) is a method for 
experiment planning, which is widely applied to 
make the experiments more efficient [11]. The 
strategy of DOE method is simultaneous variation of 
several factors in one experiment. This approach is 
often used for process “screening”, when the 
influence of a large number of process variables is 
investigated. The process variables are commonly 
varied between two levels: lower and higher. 
Furthermore, the effect of each variable is 
determined using the Yates algorithm [12], and, on 
the basis of calculated effects, it can be concluded 
whether the change of variable influences the 
system response. Major DOE output is the 
information - which process variable significantly 
influences the response of a chosen system. 

2.2 Sorbents preparation and properties 

Apatite materials were prepared using femur 
bovine bones. The procedure of sorbents 
preparation was given in details previously [10]. In 
general, five process variables were simultaneously 
varied between two levels according to the fractional 
factorial design matrix (Table 1). Process variables 
were denoted as: 

A- type of chemical reagent,  

B - concentration of chemical reagent,  

C - reaction temperature,  

D - contact time, and  

E - sample annealing at 400oC. 

According to the results of chemical and 
instrumental analyses, samples with higher 
amounts of organic content were B3, B5, B6 and B8 
[10]. Specific surface area (SSA) determination 
showed that obtained samples were non-porous (B5, 
B6 and B8), mesoporous (B1, B2, B3 and B4) and 
meso- and microporous (B7). Moreover, all 
materials exhibited buffering properties in the range 
of initial pH 4 – 10, whereas the determined points 
of zero charge (pHPZC) values were in the range 6.67 
- 7.58 [10].  

2.3 Sorption experiments 

The Co2+ solutions of different initial 
concentrations (10-4, 5•10-4 and 5•10-3 mol/L) were 
prepared by dissolution of Co(NO3)2•6H2O in 
deionized water. The initial pH values were adjusted 
to 5.0, using small quantities of 10-3 mol/L KOH or 

HNO3 solutions. This particular pH was selected in 
order to prevent HAP phase dissolution at lower pH 
and Co(OH)2 precipitation at equilibrium pH ≥8. 

Sorption experiments were conducted by mixing 
0.10 g of sorbent and 20 mL of various Co2+ 
solutions, on a horizontal shaker (120 rpm), for 24 h 
to achieve equilibrium. After equilibration, the 
suspensions were filtrated through blue-band filter 
paper (pore size 2-3 μm), and Co2+ concentrations in 
filtrates were measured together with the final pH 
values. The amounts of Ca2+ ions released to the 
solutions were determined as well, in order to 
evaluate the participation of ion-exchange 
mechanism.  

For determination of exact initial and 
equilibrium cation concentrations, flame Atomic 
Absorption Spectrometer (AAS) Perkin Elmer 3100 
was used. Certified Perkin Elmer 1000 mg/L 
standards for Co2+ and Ca2+ were used for 
instrument calibration. The detection limits for Co2+ 
and Ca2+ ions were 0.04 mg/L and 0.03 mg/L, 
respectively. Sorbed amounts of Co2+ ions were 
calculated as differences between starting and 
equilibrium concentrations.  

Table 1 Factorial design matrix - the combination 
of factor levels for each experimental run [10] 

Run
Sample 

Coded values of variables
and their levels 

(A) (B) 
mol/L 

(C) 
°C 

(D)
h 

(E)

1 B1 NaOH 2 60 3 Yes
2 B2 NaOH 0.1 60 1 Yes
3 B3 NaOH 2 20 3 No
4 B4 H2O2 2 20 1 Yes
5 B5 H2O2 2 60 1 No
6 B6 H2O2 0.1 60 3 No
7 B7 H2O2 0.1 20 3 Yes
8 B8 NaOH 0.1 20 1 No

2.4 Statistical analysis 

To assure reproducibility and accuracy of 
experimental data, sorption experiments were 
conducted in duplicate. Mean values of measured 
parameters were used as system responses for data 
interpretation and statistical analysis. Statistical 
software MINITAB, which was used to create matrix 
for bone treatment conditions, was also applied for 
Co2+ sorption data analysis, the regression 
calculations and graphical interpretations. 

3. RESULTS AND DISCUSSION  

3.1 Co2+ sorption by different bioapatite 
samples 

The amounts of sorbed Co2+ and released Ca2+ 
ions, as well as the pH values obtained after 
equilibration, are given in Figure 1. It is evident that 
sorption from 10-4 mol/L solution was almost 
constant for all bioapatite samples, while with initial 
Co2+ concentration increase, sorption capacities 
drastically changed and became dependant on used 
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sorbents. Sorbed amounts of Co2+ ions from the 
solution of 10-4 mol/L were in the range of 0.0171 - 
0.0198 mmol/g, and for the concentration of 5•10-4 
mol/L in the range of 0.0526 - 0.096 mmol/g. 
Considering the highest initial metal concentration, 
capacities varied from 0.257 mmol/g (B3) to 0.525 
mmol/g (B7). Samples B7, B4, B2 and B1 revealed 
the highest sorption efficiencies.  

In general, the majority of investigated eight 
samples showed better Co2+ sorption capacities in 
respect to values obtained for different apatite 
materials. Maximum sorption capacities of synthetic 
HAP, reported by Suzuki et al. (1982) [13] and 
Smičiklas et al. (2006) [14], were 0.300 mmol/g and 
0.354 mmol/g, respectively. For comparison, 
untreated bovine bones and bones after H2O2 
treatment showed maximum sorption capacities of 
0.248 mmol/g and 0.469 mmol/g, respectively [8], 
whereas bones exposed solely to thermal treatment 
showed variable capacities depending on the 
annealing temperature: 0.495 mmol/g at 400◦C, 
0.342 mmol/g at 600◦C, 0.195 mmol/g 800◦C and 
only 0.078 mmol/g at 1000◦C [8].  

As a measure of ion-exchange and specific cation 
sorption mechanism, the amounts of released Ca2+ 
ions and pH change were measured. 

Final pH values varied between 6.6 - 7.6, 6 - 7.5, 
and 5.7 - 6.8 for initial Co2+ concentrations of 10-4 
mol/L, 5•10-4 mol/L and 5•10-3 mol/L, respectively 
(Fig. 1b). Equilibrium pH values obtained after 
sorption from 10-4 mol/L solution, were close to 
pHPZC values of investigated materials [10]. With the 
increase of metal concentration, decrease of final pH 
values was detected, suggesting that specific cation 
sorption is involved in Co2+ sorption. The 
differences between pHPZC values and equilibrium 
pH obtained in 5•10-3 mol/L solution were in the 
range of 0.63 - 1.11 and decreased in the following 
order:  B6>B5≈B7>B3>B1≈B8>B4≈B2.  

The amounts of Ca2+ ions, released from the 
sorbents surfaces into the solution, varied in the 
wide range and were strongly dependent on initial 
metal concentration and used sorbent (Fig. 1c). The 
relationships between sorbed Co2+ and released Ca2+ 
ions are given in Figure 2. The obtained linear 
dependencies indicate that ion-exchange is another 
operating mechanism in Co2+ sorption. Calculated 
Co2+/Ca2+ ratios were in the range of 0.31 (B5) and 
around 0.62 (B1, B4). Generally, the highest 
contribution of ion exchange (>0.5) was observed 
when the annealed samples were used.  

For synthetic, stoichiometric HAP, Co2+/Ca2+ 
molar ratio was determined to be close to 1 [14], i.e.  
Co2+ was incorporated inside the HAP crystal lattice 
by ion-exchange mechanism. Ca-deficiency of bone 
derived samples is one of the explanations for such 
low ion-exchange ratio. Investigated sorbents 
exhibited Ca/P ratios in the range 1.16 - 1.23 [10], 
which were very low compared to the value of 1.67 
characteristic for stoichiometric HAP. On the other 
hand, Ca-deficient HAP crystal lattice is highly 
defective, which elevates the tendency for cation 
sorption.  

Fig 1. The absolute effects of process variables onto bone 
properties: a) sorbed Co2+ amounts, b) final pH values, and 

c) released Ca2+ amounts. Initial Co2+ concentration: 10-4 
mol/L (white bars), b) 5•10-4 mol/L (black bars)  and c) 

5•10-3 mol/L (light grey bars) 

Samples B5, B6, and B8, exposed solely to 
chemical treatments, were characterized as non-
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porous, with very low specific surface area [10]. 
Higher sorption capacities of these samples in 
respect to the sorption capacity of raw animal bones 
[8] can be attributed to higher number of surface 
functional groups, obtained by chemical treatment. 
Organic phase detected in these samples, is able to 
bond metal ions from the solution in complex 
compounds on the sorbent surface. For example, the 
reactions between Co2+ ions and carboxylic surface 
functional group can be described as follows: −ܪܱܱܥ + ଶାܥ ↔ ାܥܱܱܥ− + (ܪܱܱܥ−)ା (1) 2ܪ + ଶାܥ ↔ ܥଶ(ܱܱܥ−) + ାܪ2

     (2) 

The occurrence of chemical reactions (1) and (2) 
using samples B5, B6 and B8, explains detected 
release of H+ ions during Co2+ sorption, i.e. the 
decrease of equilibrium pH in respect to pHPZC. 
Sample B3 exhibited lower organic content and 
higher sorption capacity, which can be associated 
with higher specific surface area of this sample [10]. 
Furthermore, specific cation sorption on HAP phase 
occurs, as well: 

 ܵ − ܪܱ + ଶାܥ ↔ ܵ − ାܥܱ +    ା       (3)ܪ

where, S –denotes HAP surface. Reaction (3) 
illustrates one of the important sorption 
mechanisms characteristic for annealed samples, 
which contained no organic components. 

Fig. 2. Ca2+/Co2+ ratios obtained for sorption onto different 
samples 

3.2. Results of statistical analysis  

Considering sorbed Co2+, released Ca2+ amounts 
and final pH values as system responses, the Pareto 
graphs were constructed (Fig. 3 and Fig. 4). Pareto 
charts are consisted of bars which length is 
proportional to standardized effects, produced by 
variation of a given factor between lower and higher 
level [10]. The values of absolute effects are given in 
decreasing order, while the reference vertical line 
represents the border line of statistical significance. 
The influence of bone treatment factors onto chosen 

responses was investigated at a confidence interval 
of 95% (α = 0.05). The factors which bar lengths 
exceed reference line are statistically significant (i.e. 
p<0.05). 

For lower initial Co2+ concentrations (10-4 and 
5•10-4 mol/L), although the factor E exhibited 
largest effect, no statistically significant process 
variable could be found (Fig. 3). With the further 
increase of Co2+ concentration, the significance of 
factor E became statistically important. This is in 
agreement with the outcomes of a previous study 
conducted using Cd2+ cation [10]. The results from 
both the previous and the present study imply that 
varying the factors of chemical treatments, in the 
wide ranges defined by experimental matrix, had 
much less effect of bone sorption properties when 
compared to thermal treatment at 400oC.  

Fig. 3. Pareto plots for sorbed Co2+ amounts as the system 
response.  Initial Co2+ concentration: a)10-4 mol/L, b)5·10-4 

mol/L and c) 5·10-3 mol/L 

The effects of process variables onto final pH 
values are presented in Fig. 4. It can be noticed that 
two or three process variables significantly 
influenced final pH values. The highest effect was 
produced by varying factors A and E, whereas factor 



 221

C was important only considering the lowest initial 
Co2+ concentration. The significant influence of A 
and E factors was also noticed for Cd2+ sorption 
onto these materials [10].  

Finally, the variation of treatment factors 
produced no statistically significant influence onto 
released quantities of Ca2+ (results not shown).  

The behavior of the system can be expressed by 
multiple regression model given by the following 
equation: 

ܻௗ௧ௗ = ܾ + ∑ ܾ     (4)ݔ

where Y is predicted response, b0 is the value of 
fitted response at the center point of design, bi are 
regression coefficients and xi variables which can be 
expressed as main effects (A, B…) or the interaction 
between two (A•B) or more (A•B•C, A•B•C•D, etc.) 
process variables [12]. The highest coefficients are 
obtained for terms which have highest influence on 
the system responses. Also, signs in front of the 
coefficients indicate whether the increase of process 
variable increases (positive sign) or decreases 
(negative sign) system response.  

When sorbed amounts of Co2+ from 5•10-4 mol/L 
solution were chosen as system response, the 
following equation was obtained using MINITAB 
software: Y =  0.39639 +  0.08639E  (5) 

If final pH values were used as system response, 
the following equations were obtained for solutions 
containing 10-4 mol/L, 5•10-4 mol/L or 5•10-3 mol/L 
of Co2+, respectively: Y =  7.20125 +  0.25125A +  0.08875C +  0.24125E 
     (6) Y =  6.81125 +  0.30125A +  0.42625E (7) Y =  6.30875 +  0.2287A +  0.31625E (8) 

Using equations 5-8, the system responses can 
be predicted.  

Positive regression coefficient figuring with 
factor E (Eq. 5) implies that annealing of bone 
samples at 400oC increases their affinity toward 
Co2+ ions. This can be connected with the observed 
porosity of annealed samples and their high surface 
area. These characteristic were also majorly 
influenced by factor E [10]. In addition, utilization 
of NaOH as a chemical reagent and annealing the 
samples at 400°C provoked higher equilibrium pH 
values.   

4. CONCLUSION  

Results from the present study demonstrate that 
high capacity sorbents for Co2+ ions can be produced 
from animal bones. Comparing various factors of 
chemical and thermal treatments, it was observed 
that the most efficient sorbents were those exposed 
to heating at 400°C. Sorbed amounts of Co2+, final 
pH values and amounts of released Ca2+ ions were 
chosen as system response for statistical analysis. 
Sorption efficiency was significantly influenced only 
by the thermal treatment. The final pH values were 

influenced by reagent type and annealing for all 
investigated sorbate concentrations, whereas 
significant influence of chosen process variables was 
not observed for released Ca2+ amounts. Ion-
exchange and surface complex formation were 
detected as main operating mechanisms, but, due to 
diverse physicochemical properties of obtained 
sorbents, their participation was different. 

Synergic effect of chemical and thermal 
treatments produced materials with highest 
sorption capacity toward Co2+ ions. In the same 
time, due to the loss of organic components, these 
samples are environmental friendly and safer for 
handling and storage.  

 

Fig. 4. Pareto plots for final pH values as the system 
response. Initial Co2+ concentration  a) 10-4 mol/L, b) 5·10-4 

mol/L and c) 5·10-3 mol/L 
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 of 13.4 mm from centre of polyethylene.  

 LiF:Mg, Cu, P (GR-200, china) TLD pellets (0.9 
mm thickness) were implanted at different distance 
from the hole (i. e. source and guide tube position) 
within the phantom. All the TLDs were calibrated to 
137Cs photon source at the Secondary Standard 
Dosimetry Laboratory of Iran. A TLD reader model 
of HARSHAW® 4000 was used for TLD readouts.  

A 192Ir source along with a stainless steel guide 
tube was used for the experimental exposures. Fig.2 
shows the dimensions of the source and guide tube 
as well as the specific exposure setting for analytical 
comparisons. 

  

 

 

Considering a broad beam geometry of emitted 
photons from the cylindrical source, the appr-
oximate absorbed dose D at a test point P in the 
phantom (see Fig. 2 and 3) can be calculated 
analytically as [8]: 

 





  
0

sec
2
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rnSB
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            (1) 

where the parameters are assigned as follows; 

B: buildup factor,  

Sv: source strength (Bq.cm-3),  

n: number of particles per disintegration (2.36 for 
192Ir) [9],  
r: source radius,  
a: distance between point P and boundary of source,  
z: self absorption distance which is defined as the 
distance from the near curved cylindrical surface to 
an interior line source which would yield the same 
flux, 
R: absorbed dose response function (Gy. cm2) in 
polyethylene which is calculated as: 

 

Epol

enE
.,

1010602.1 







 




R  (2) 

E: averaged photon energy (MeV), 
µen/ρ: mass energy absorption coefficient.  
 

The parameter b in Eq. 1 is defined as: 

dtzb PoleFs .   (3) 

where,  
µs: Linear attenuation coefficient of source,  
µFe: Linear attenuation coefficient of Iron (guide 
tube), 
µPol.: Linear attenuation coefficient of Polyethylene 
(soft tissue), 
t: thickness of guide tube,  
d: attenuating thickness of polyethylene. 
 
The buildup factor B is obtained as BFe × BPol. 
where BFe and BPol. are the corresponding values for 
Iron and Polyethylene respectively.  

 
Considering the Burlin cavity theory (with 

d=0), the approximate dose D at any point in the 
phantom can be measured using TLDs as [10]: 

.Pol

LiF

enTLCFD 












 (3) 

where CF is absorbed dose calibration factor of TLD 
(in air), TL is the related dosimeter response of each 
TLD pellete, and µen/ρ is the mass energy 
absorption coefficient. 

 

 3. Results and Discussions 

 

3.1. TLD measurements  

 

Table 1 presents the maximum local dose values 
of fingers and the averaged dose of palm areas of a 
typical hand at 1 mm depth when the inserted 
source in guide tube is placed within the middle 
position of phantom in guide tube (as Fig. 2). These 
averaged dose values have been directly measured 
using implanted TLDs at different points of a 
phantom. 

Since the distance between middle finger and 
source is the shortest in this experimental 

Fig. 3 Geometric position of test point P in the phantom. 

Guide tube 

r 

z
TLD 

P θ 
Source  

Polyethylene  

a
t d

14
.5

 m
m

  

Fig. 2 An example of source position within phantom 
at middle point (left), and the source/ guide tube 
dimensions (right).  
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irradiation setup, the maximum local dose has been 
deposited in this finger. Evidently, if the source 
position is displaced to another point, the maximum 
dose is occurred in the corresponding other one. The 
thumb area shows a minimum averaged dose value 
anyway.  

Moreover, a considerable distributed dose has 
been deposited in cortical bone of palm area. The 
maximum dose in the palm area occurred at the 
opposite side of corresponding point of the middle 
finger. 

 

3.2 Verification of experimental results 

 

A test point P at distance of 2.2 cm  from the 
centre of source (a + r/2 in Fig. 3) was considered to 
verify the experimental measurements in phantom.  

 

 
Table1 Corresponding measured local and area 
dose values in a typical hand using TLDs when the 
source/guide tube is placed at the middle point of 
phantom. 

 

Type of Dose Area of 
measurements 

Absorbed Dose 

(mGy/Ci-min) 

Maximum 
Local Dose 

 

Little finger 19.0±2.1 

Ring finger 51.5±6.9 

Middle finger 205.3±56.2 

Forefinger 17.9±1.7 

Averaged Dose 

 

Thumb 7.1±0.1 

Cortical bone 
of palm 

25.4±8.7 

 

 

 

Table 2 presents the derived values of 
parameters in Eqs.1, 2 and 3 as well as the related 
remarks at test point P. 

Then the values of parameters in table 2 were 
substituted in Eq.1. The quantity of absorbed dose in 
polyethylene was calculated 75.8 mGy.(Ci.min)-1 at 
point P. The corresponding absorbed dose value 
measured by TLD was obtained 93.3±11.4            
mGy (Ci.min)-1 at the same point P in polyethylene.  

The following important factors explain the 
differences between two methods: 

 The Eq.1 is an approximate dose computational 
formula for a volumetric cylindrical source. 

 It is assumed that the source emits 
monoenergetic photons of 0.35 MeV. It is the 
average value of many photons emitted by the 
source.  

 The relative energy response of TLDs was not 
considered in calculations. 

 The response function R has been calculated 
with the assumption of monoenergetic photon of 
0.35 MeV. 

 The Buildup factors have been derived by 
interpolation method from a tabulated data with 
a large uncertainty. 

 It has been assumed that the attenuating media 
have a laminated slab shape (not a curvature). 

 

According to IAEA safety report [2], several early 
symptoms may appear in these accidents to 
different received local exposure (LE) of <10, 8-10, 
10-15, and >30 Gy. Then medical doctor make 
alternative decisions preventing the injury 
expansion. The difference value of 18.6% between 
the results of experimental and that of analytical 
method demonstrate that the experimental results 
can be applied with an acceptable accuracy for such 
dose assessments. 

                                                                                                                    

4. Conclusions 

 
A phantom was designed to simulate the 

extremity dose of a worker when the source is hold 
by hand. The local doses were measured using both 
experimental and computational methods. It was 
found a good agreement between the results of two 
methods.  Consequently the phantom can be reliably 
used for dose measurements particularly at the 
points next to the source for any source strength and 
time of irradiation. 
 

Table2 The required parameters/quantity values for 
calculating the dose value at test point P (section 3.2).  
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Remarks 

BFe     

 

Bpol. 

1.94 

 

1.10 

 
2.134 

- 

mfp≈0.4, Ref[11] ,Tab. 9 
(Iron)  

mfp≈0.13, Ref[11] ,Tab. 5  
(water) 

B BFe×Bpol. 

a 1.875 cm - 

z 0.157 cm 
 Ref [8], Fig. 6.4-12a  and 

 Fig. 6.4-12b  

µs 6.27 cm-1 192Ir 

µFe 0.78 cm-1 - 

µPol. 0.11 cm-1 - 

t 0.525 cm - 

d 1.2 cm - 

E .35 MeV 
The averaged value of 
photon energy emitted 

by 192Ir 

Epol

en

.,











 
0.0332 cm2/g - 

θ ≈20◦  - 
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due to the simultaneous attenuation of the medium 
and its scattering properties [15].   

 

 

Fig 2. Conversion coefficients Hp(3)/Ka  calculated for 
different beam qualities for different incident angles  

 

The phantom of the same external shape but 
different materials (cylindrical, with a 0.5-cm-thick 
PMMA wall, filled with water) has been proposed 
for the calibration of eye dosimeters in laboratory 
conditions. 

As in realistic conditions during calibrations in 
the laboratory the dosemeter is placed on the 
surface of the phantom, and the aim of such 
dosimeters is to measure dose to the lens of the eye, 
the calculations of conversion factors were 
performed in the similar geometrical conditions, i.e. 
scoring volumes positions were selected to be as 
close as possible to position of dosemeter and the 
eye lens.   

However, standard x-ray beam qualities are used 
for calibration of dosemeters in the field of radiation 
protection, as N and W series [15, 19], so provision 
of conversion factors for these beam is of huge 
practical importance. For calibration of dosemeters 
used in interventional radiology and cardiology 
procedures, it is very important to select proper 
beam quality for calibration, as close as possible to 
the beam qualities used in real clinical conditions. 
In addition, the  dosemeters must have an adequate 
energy and angular response. Another issue related 
to practical use of eye lens dosimeters is x-ray tube 
orientation, as x-ray tube can be moved during the 
intervention, which has an influence to the angle of 
incidence of the x-ray beam.  Having in mind typical 
x—ray tube angulations, i.e. projections used during 
interventional procedures, conversion factors for 
different angulations are also provided in this work.  

  4. CONCLUSION 

In this study, a set of energy- and angular-
dependent conversion coefficients (Hp(3)/Ka) in the 
newly proposed  cylindrical phantom for calibration 
of eye lens dosimeters  have been calculated with the 
Monte-Carlo code MCNP5/X.  The Hp(3)/Ka 
conversion coefficients have been determined for 
standard photon beam qualities denoted as ISO N 

series in the range of tube voltages  from 40 to 150 
kV.  The conversion factors Hp(3)/Ka provided in 
this work are related to standard beam qualities 
(N40 to N150) readily available in the calibration 
laboratories and they are suitable for application in 
numerous workplace situations in medicine and 
industry.  

The provided conversion coefficients could be 
applied in calibration procedures utilized in 
calibration laboratories and thus, could contribute 
to the implementation and accuracy of the 
dosimetry measurements for the eye lens exposure. 
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EXPOSURE TO RADIOACTIVE AIRBORNE DISCHARGE  
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Abstract. The results of airborne discharge analysis from vent stacks of European nuclear power 
plants are demonstrated. The main purpose of this investigation is to identify the radionuclides 
following their level of exposure to the population. Only the normal conditions of radionuclide 
discharge from nuclear power plant into the atmosphere are considered. Information on discharging 
radionuclides was obtained from the official website of Radiation Commission of the European 
Union. The effective dose is assessed on the basis of information on nuclear power plants discharging 
with different types of reactors. The estimation of effective doses allows the determination of the list 
of radionuclides, which make up to 99% of the dose of population radiation exposure. 

Key words: Radionuclide, airborne discharge, effective dose  

1. INTRODUCTION 

Activity of nuclear power plants (NPP) creates 
additional radiation exposure to humans and the 
environment. A large proportion of radiation 
exposure is caused by controlled airborne discharge 
of man-made radionuclides into the environment 
[1]. Doses due to the annual amount of NPPs 
airborne discharge do not exceed the acceptable 
level for population in the region. Radiation 
exposure assessment depends on many parameters, 
such as the volume of annual radionuclide 
emissions, which don’t exceed the acceptable level 
for population in the region, the meteorological 
data, landscape features of nuclear power plant 
area, the basic characteristics of the emission 
source, the characteristics of the population living 
near nuclear power plants and much more. 

The question of dose-forming radionuclides list 
justification has been discussed for many years and 
no decision could be reached so far [2]. This paper 
presents the results of the ranging of radionuclides 
by their contribution to the population exposure 
from airborne discharge by European nuclear power 
plants. Since different European countries use 
nuclear power plants with different types of 
reactors, the list of emitted artificial radionuclides, 
that may cause 99.99% effective dose, may vary [2]. 

2. MATERIALS AND METHODS 

The contribution assessment of each controlled 
radionuclide was performed for the four of the most 
common types of reactors: Pressurized Water 
Reactor (PWR), Advanced Gas-cooled Reactor 

(AGR), Boiling Water Reactor (BWR) and Light 
Water Graphite Reactor (LWGR). The equal 
radiation exposure conditions for each type of 
nuclear power plants were assumed: the same 
landscape, the same age and sex population 
structure and the same weather conditions.  

The initial data for the assessment of radiation 
exposure to public from airborne discharge from all 
NPP in Europe were obtained from the open source 
[3]. General list of controlled radionuclides airborne 
discharge of European NPP consists of 101 
radionuclide and 5 general parameters. The 
radionuclide list differs for NPP in different 
countries. 

Quantitative data on radionuclides discharged 
into the atmosphere were obtained by averaging the 
data from over 10 years of observation for NPP of 
each type of reactor, taking into account the number 
of reactors in the sample.  

For effective dose calculation standard software 
CAP-88 PC 4.0.1.17 was used [4]. Three randomly 
chosen meteorological files from the library of CAP-
88 PC software were used. For the effective height of 
discharge, 120 m was assumed. After calculations, 
all results were averaged between three sets of data. 
Dose assessment for population was made for the 
distances of 3000 m, 10 000 m and 30 000 m from 
the source. For each distance, effective doses were 
averaged over 16 geographic rhumbs. The 
contribution of each radionuclide in the effective 
dose was calculated for an individual situated to east 
at a distance of 10 000 m from the release point. 
The rural scenario of food consumption from CAP-
88 PC menu was assumed. As a result, individual 
effective doses for adult population from external 
and internal radiation exposure were obtained. 
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2.1. The list of controlled radionuclides in 
airborne discharge of Europe NPP  

Currently, a total of 59 NPPs are functioning 
throughout Europe. Monitoring for all radionuclides 
and total radiation parameters from airborne 
discharge is performed for all NPPs. Controlled 
radionuclides lists in each country contain different 
elements and amounts of radionuclides. 
Information about the number of controlled 
radionuclides in airborne discharge of European 
NPP is presented in Table 1. 

Table 1 The number of controlled radionuclides in 
airborne discharge of European NPP.  

Country 

The number 
of operating 

nuclear 
power plants 

Total 
radionuclides 

and total 
parameters 

Belgium 2 4 

Bulgaria 1 49 
United 

Kingdom 
9 11 

Hungary 1 42 

Germany 8 41 

Spain 5 54 
The 

Netherlands 1 16 

Romania 1 31 

Slovakia 2 48 

Slovenia 1 34 

Finland 2 42 

France 20 43 
Czech 

Republic 2 40 

Sweden 4 93 

Three general parameters Total Iodine (I), Total 
Noble Gas (NG), Total Beta+Gamma (BG) and 3H 
are controlled at all European NPP.  

Among all radionuclides only 35 are controlled 
in airborne discharge in more than half of European 
NPPs (Table 2).  

Table 2 Radionuclides in airborne discharge 
controlled in more than half of European NPPs. 

Controlled radionuclide/ 
parameter 

The 
share 

of NPP 
14C,  131I 93% 

41Ar, 60Co, 137Cs, 133Xe 86% 
58Co, 51Cr, 134Cs, 59Fe, 85Kr, 88Kr, 

54Mn, 95Nb, 135Xe, 95Zr 79% 

85mKr, 87Kr, 124Sb, 90Sr 71% 
110mAg, 141Ce, 144Ce, 133I, 103Ru, 

125Sb, 133mXe, 135mXe 64% 

140Ba, 89Sr, 131mXe, 138Xe, 65Zn 57% 
57Co, 132I 50% 

Additionally, 27 radionuclides are monitored in 
less than 50% European NPPs (Table 3). 

Table 3 Radionuclides in airborne discharge 
controlled in less than 50% European NPP.  

Controlled radionuclide/ 
parameter 

The 
share of 

NPP 
106Ru, 122Sb, Total Alpha (A) 43% 

241Am, 135I, 238Pu, 239+240Pu, 123mTe 36% 
76As, 89Kr, 140La, 99Mo, 132Te, 137Xe 29% 

7Be, 242+243+244Cm, 136Cs, 181Hf, 
24Na, 75Se, 113S 21% 

152+154+155Eu, 134I, 97Nb, 106Rh, 
99mTc, Other I 14% 

243Am, 139Ba, 141Ba, 82Br, 11C, 
109Cd, 139Ce, 143Ce, 138Cs, 64Cu, 

55Fe, 153Gd, 203Hg, 129I, 130I, 42K, 
142La, 94Nb, 95mNb, 19O, 239Np, 

210Po, 88Rb, 89Rb, 188Re, 105Ru, 35S, 
117mSn, 91Sr, 92Sr, 104Tc, 235+238U, 

187W, 127Xe, 91Y, 91mY, 92Y, 93Y, 
69mZn, 97Zr 

7% 

 

Only 7 radionuclides (137Cs, 134Cs, 60Co, 58Co, 
51Cr, 54Mn, 131I) and 2 general parameters (Total NG 
and total BG) are monitored in the Russian 
Federation NPPs [5,6]. 

2.2. Initial data of radionuclide activity in 
airborne discharge of European NPP 

Initial data for calculation were obtained for 4 
types of reactors in various countries. Discharged 
activity of radionuclides, which are monitored at 
half of the EU nuclear power plants, has been 
averaged over 10 years for each radionuclide and for 
all NPPs of the same type. 

The data were averaged over the last 10 years of 
operation of eight UK stations: Dungeness, Torness, 
Wylfa, Hunterston B, Hartlepool, Heysham 1, 
Heysham 2, Hinkley Point B with AGR. The results 
are shown in Table 4. 

Table 4 Mean values of radionuclides activity 
discharged into the atmosphere by NPPs with AGR. 

Radionuclide Average activity, 
GBq/year 

41Ar 1.75E+04 
14C 1.16E+03 

60Co 7.36E-03 
3H 2.57E+03 
131I 9.32E-02 
35S 6.67E+01 

 

Data were averaged over the last 10 years of 
operation of three stations in Sweden: Forsmark, 
Oskarshamn, Ringkhals-1 with BWR. The results are 
shown in Table 5. 
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Table 5 Mean values of radionuclides activity 
discharged into atmosphere by NPPs with BWR. 

Radionuclide 
Average activity, 

GBq/year 
110mAg 9.30E-03 

41Ar 3.54E+02 
140Ba 3.49E+00 

14C 1.09E+03 
141Ce 3.72E-04 
144Ce 5.50E-03 
58Co 3.34E-02 
60Co 9.58E-02 
51Cr 7.08E-02 

134Cs 6.32E-04 
137Cs 2.77E-03 
59Fe 3.09E-03 
3H 5.74E+02 
131I 6.96E-01 
133I 1.39E+00 

85Kr 1.94E+03 
85mKr 1.45E+04 
87Kr 6.18E+04 
88Kr 4.28E+04 

54Mn 1.24E-02 
95Nb 2.30E-03 
103Ru 6.34E-04 
124Sb 5.46E-03 
125Sb 1.06E-03 
89Sr 2.67E-02 
90Sr 3.59E-03 

131mXe 2.33E+04 
133Xe 1.41E+04 

133mXe 4.46E+02 
135Xe 9.08E+04 

135mXe 6.19E+04 
65Zn 2.14E-02 
95Zr 1.89E-03 

 

Data were averaged over the 10 years operation 
of Ignalina NPP, Lithuania with LWGR. The 
results are presented in Table 6. Data were 
averaged over the 10 years of operation of nineteen 
stations in France: Belleville, Blayais, Bugey B, 
Cattenom, Chinon B, Chooz B, Civaux, Cruas, 
Dampierre, Fessenheim, Flamanville, Golfech, 
Gravelines, Nogent, Paluel , Penly, St Alban, St 
Laurent B and Tricastin with PWR are shown in 
Table 7. 

 

 

Table 6 Mean values of radionuclides activity 
discharged in the atmosphere by NPP with LWGR. 

Radionuclide 
Average activity, 

GBq/year 
41Ar 1.11E+04 
14C 2.64E+01 

58Co 2.98E-03 
60Co 1.09E-01 
51Cr 1.92E-02 

134Cs 3.81E-03 
137Cs 6.48E-02 
59Fe 2.76E-02 
131I 7.70E+00 
133I 1.52E-01 

85Kr 4.33E+00 
85mKr 1.59E+03 
87Kr 9.42E+02 
88Kr 1.02E+03 

54Mn 4.82E-02 
95Nb 1.36E-02 
89Sr 5.47E-02 
90Sr 5.99E-02 

133Xe 4.10E+04 
133mXe 3.18E+02 
135Xe 5.28E+03 

135mXe 1.93E+03 
65Zn 6.65E-03 
95Zr 3.55E-03 

Table 7 Mean values of radionuclides activity 
discharged in the atmosphere by NPPs with PWR. 

Radionuclide Average activity, 
GBq/year 

41Ar 7.55E+01 
14C 5.35E+02 

58Co 2.86E-03 
60Co 2.25E-03 
51Cr 2.54E-03 

134Cs 1.64E-03 
137Cs 1.46E-03 
59Fe 6.98E-04 
131I 4.23E-02 
133I 4.32E-02 

85Kr 1.89E+02 
85mKr 4.14E+00 
87Kr 2.14E+02 
88Kr 5.95E+01 

54Mn 2.11E-04 
95Nb 2.66E-04 
103Ru 5.37E-05 
124Sb 1.73E-04 

131mXe 1.57E+02 
133Xe 1.22E+03 

133mXe 1.76E+01 
135Xe 3.84E+02 

135mXe 2.87E+02 
95Zr 3.29E-04 
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3. RESULTS 

The dose calculation for critical population 
group was made for each radionuclide from the list 
of radionuclides monitored for each type of NPP.  

The dominated radionuclides by their share in 
the effective dose for NPPs with AGR are: 

14C   – 61%. 
35S   – 24%; 
41Ar   – 12%; 

 

The results of dose assessment allowed the 
ranging of 14 monitored radionuclides by their 
contribution to radiation exposure of population for 
NPP with BWR as follows:  

88Kr + 88Rb – 40 %; 
14C   – 32% 
87Kr  – 13 %; 
135Xe  – 8 %; 
60Co  –  2%. 
131I  ~ 1% 

 

The most critical radionuclides in the formation 
of population exposure for NPPs with LWGR are: 

41Ar  – 30 %; 
90Sr+90Y – 18 %; 
137Cs+137mBa – 17 %; 
60Co  – 12 %. 
88Kr+88Rb – 6 %; 
14C   – 5% 
131I  – 1.5 %; 

 
The only dominating radionuclide for NPP with 

PWR is: 
14C  – 94-95 %; 

 

Finally, the average value of the effective dose 
was calculated for each type of reactors. The results 
are presented in Table 8. 

Table 8 Average value of effective doses due to 
atmosphere discharges for different types of NPPs. 

Average value of effective dose, Sv/year 

Reactor type 
Distance from discharge source, m 
3 000 10 000 30 000 

AGR 1.4E-07 8.1E-08 5.4E-08 

BWR 3.6E-07 1.4E-07 5.2E-08 

LWGR 5.2E-08 2.1E-08 9.6E-09 

PWR 4.1E-08 2.4E-08 1.6E-08 

4. CONCLUSION 

The obtained results range radionuclides’ 
contribution to the population exposure from 
airborne discharge of NPPs. The real conditions of 
dispersing radionuclides in the environment and 

public exposure can be very different for each NPP 
location. Accounting for real meteorological data, 
the landscape features of the NPP region, the main 
characteristics of emission sources, the amount of 
annual emissions of radionuclides, age and sex 
structure and food ration of the population living in 
NPP region can significantly affect the quantitative 
assessment of population. 

For the simulated conditions of radiation 
exposure due to airborne discharges from NPPs, 
significant difference in the list of dominated dose-
forming radionuclides for different types of reactors 
is observed.  

It is obvious that the special attention should be 
focused on detailed monitoring of 14C, which 
dominates in effective dose formation for NPPs with 
AGR, BWR and PWR type of reactors. 

It is particularly prominent in differences for 
60Co, which causes 20% of exposure for NPP with 
AGR and less than 0.01% for all other types of 
reactors. 

For all NPPs, the list of the main dose-forming 
radionuclides also includes NG, 137Cs+137mBa 
progeny, 90Sr+90Y, 60Co. For AGR type reactors the 
radionuclide 35S is also essential in the effective dose 
forming. These radionuclides create the 99% 
effective dose to the population from airborne 
discharge in European NPPs and are recommended 
to the European Commission for monitoring [7]. 

Detailed analysis of the radiation exposure 
conditions will probably not result in a significant 
qualitative change in the list of the main dose-
forming radionuclides. 
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Fig.2 shows the variations in RL value of the used 
HARSHAW 6600 TLD reader within bimonthly 
dosimetry periods during a biannual time interval. 
The acceptable range is assumed to be within ±1σ 
from the average of RL (dashed lines). At the points 
out of the acceptable range (the three points), 
dosimetry procedure has been stopped maintaining 
and rechecking the systems. 

 

4. Conclusion 
 

The implementation of ISO/IEC 17025 requirements 
is considered as a valid tool to improve the quality of 
personal dosimetry services. The obtained values of 
quantifiable technical parameters of QMS program 
show the reliability of PDS in Iran. The continuous 
improvement processes would ensure the correctness 
of the measuring methods and technical resources 
being carried out and maintained in the laboratory.  
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SOIL AND VEGETATION FROM NOVI PAZAR (SERBIA) AND ROŽAJE (MONTENEGRO): 
RADIOACTIVITY IMPACT ASSESSMENT 
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Abstract. Soil samples from Novi Pazar (Serbia) and Rožaje (Montenegro) were analyzed by the ORTEC HPGe 
detectors with relative efficiencies 35 and 40 %, for radioactivity due to 226Ra, 232Th/228Ac, 40K and 137Cs. An average 
radioisotope activity concentration for Novi Pazar soil was found to be 27.6, 49.5, 585 and 14.9 Bq/kg, respectively; 
while in Rožaje, 137Cs activity concentration was found to be significantly higher – from 33.9 to 322 Bq/kg. Obtained 
results were used to estimate hazard indices, such as radium equivalent activity (none of the localities showed a 
radium equivalent activity higher than 370 Bq/kg) and annual gonadal dose equivalent due to natural radioisotopes, 
as well as external terrestrial gamma absorbed dose rate due to 226Ra, 232Th/228Ac, 40K and 137Cs, and corresponding 
annual effective dose – used to evaluate excess lifetime cancer risk (then compared with the world average of 0.210-3, 
taking into account external terrestrial radiation – outdoor, i.e., average annual effective dose of 0.07 mSv). 
Vegetation samples from Rožaje – blackberry (Rubus fruticosus), spruce (Picea abies) and beech (Fagus sylvatica) 
showed 226Ra activity – 4.03, 1.1 and 0.99 Bq/kg, respectively; 232Th/228Ac – 4.5, 1.22 and 2.89 Bq/kg, respectively; 
40K – 152, 98.4 and 79.3 Bq/kg, respectively; 137Cs – 3.05, 3.54 and 5.24 Bq/kg, respectively; whilst in Pinus sylvestris 
from Novi Pazar, they were –  2.7, 2.11, 163, 0.34 Bq/kg, respectively. Soil-plant radioisotope transfer factors were 
also estimated, and compared with typical ranges given in the UNSCEAR 2008 report. Since the most important 
radiation source for all terrestrial biota is activity from soil, the dose rates are also evaluated using known internal 
(and external – in soil) radioisotope activity concentrations, as well as corresponding the dose conversion coefficients 
for external and internal exposure to particular radioisotope. 

Key words: Novi Pazar, Rožaje, soil-vegetation, radiation risks  

1. INTRODUCTION  

The territories of Novi Pazar (Serbia) and Rožaje 
(Montenegro) make a borderland between Serbia and 
Montenegro (illustrated in Fig. 1). 

 

Fig. 1 Novi Pazar in Serbia, and Rožaje in Montenegro 

Novi Pazar (N. Pazar) municipality has an area of 
742 km2 and population of 109 327 – based on the 
Census in 2011, but unofficial information confirm that 
the population is over 120 000 1. On the other hand, 
Rožaje municipality with an area of 432 km2 and 

population of 22 964 (from the Census in 2011) 
contributes with around 3.13 % to the entire 
Montenegro area (13 812 km2), and with 3.7 % to the 
total Montenegro population (620 029) 2. 

As far as is known, radioactivity impacts for soil 
and vegetation from N. Pazar have not been analyzed 
before recent start with one locality – Novopazarska 
Banja, and the stem of “tree of heaven” Ailanthus 
altissima (Swingle, 1916) 3. In order to provide basic 
information, soils from the N. Pazar urban area were 
measured for radioactivity, and some health hazard 
indices were evaluated (radium equivalent activity, 
annual gonadal dose equivalent, excess lifetime cancer 
risk) and presented here.  

In the past, several gamma spectrometry 
measurements were performed in the northern 
Montenegro using in situ 4, HPGe and multidetector 
(PRIPYAT-2M) spectrometry 5. Few measurements 
of radioisotope activities in soil from Rožaje were also 
performed and showed somewhat higher 137Cs activity. 
Therefore, soil from three different depths from one 
locality is additionally analyzed in the present study, 
and the results, together with earlier ones, are used to 
evaluate hazard indices. 

In the light of possible radioecological significance, 
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following biocentric approach in a radioecological 
research (when animals and plants are considered as 
targets, not only as contaminants to humans 6), 
measurements and analyses of vegetation species from 
N. Pazar and Rožaje were also carried out. This is 
particularly because the present radiation protection 
activities should also be focused on non-human biota, 
not only on humans.    

2. MATERIALS AND METHODS 

 Nine samples of uncultivated soil from the urban 
area of N. Pazar (NP1 to NP9; coordinates in Table 1) 
were sampled in a standard soil sampling procedure – 
the surface (0-5 cm) layer from a frame of 25 cm x 25 
cm 7, while in Rožaje (R; coordinates in Table 1) soil 
was sampled from (0-5), (5-10) and (10-15) cm in 
depth (R-1, R-2 and R-3, respectively). 

Table 1 Soil sampling localities 

Locality Coordinates 
NP1 –  Generala 

Živkovića st. 
N 43°08'03.87"  
E 20°30'40.66"  

NP2 –  Mihajla 
Pupina st. 

N 43°09'16.89" 
E 20°31'40.34"  

NP3 –  Miodraga 
Jovanovića st. 

N 43°08'54.37"  
E 20°31'07.03"  

NP4 –  Relje Krilatice 
st. 

N 43°08'46.85"  
E 20°31'06.36"  

NP5 –  Gojka 
Birčanina st. 

N 43°08'33.96"  
E 20°31'04.19"  

NP6 –  Ramiza Koče 
st. 

N 43°08'24.35"  
E 20°30'50.45"  

NP7 –centre Mladost N 43°08'19.41"  
E 20°30'48.82"  

NP8 –park N 43°08'20.13"  
E 20°31'02.48"  

NP9 –Vuka 
Karadžića st. 

N 43°08'18.32"  
E 20°31'14.91"  

R – Rožaje N  42°56. 296'  
E  20°12. 402' 

The samples were prepared (dried, sieved), 
weighed (NP – 0.5 kg each; R1 – 0.81 kg, R2 – 1.144 kg, 
R3 – 1.057 kg), and sealed in Marinelli beakers. 
Measurements were performed using the ORTEC 
HPGe detectors (40190, relative efficiency – 40 %; and 
30185-S with relative efficiency – 35 %), calibrated 
using standard mixtures of gamma emitting isotopes in 
Marinelli beakers (Czech Metrology Institute). 
Radioisotope activity concentrations were determined 
in the standard photopeak analyses (using the total net 
counting rate under the selected photopeak, 
photoefficiency, gamma ray intensity and mass of the 
sample) – 137Cs (662 keV); 226Ra, i.e., 214Bi (609 keV); 
232Th, i.e., 228Ac (911 keV); 40K (1461 keV).  Measuring 
times were – 10 000 s for each NP sample, and 36 
040.7, 27 100.3, 27 000.4 s for R-1, R-2 and R-3, 
respectively. 

The radioisotope activity concentrations are used 
to calculate the external terrestrial gamma absorbed 
dose rate at 1 m in air, applying corresponding dose 
coefficients (in nGy/h per Bq/kg) 8, 9 in 

D=A(226Ra)0.462+A(232Th)0.604+A(40K) 

0.0417+A(137Cs)0.1243.   (1) 

The annual effective dose was calculated using the 
conversion coefficient from absorbed dose in air to 
effective dose of 0.7 Sv/Gy, and outdoor occupancy 
factor of 0.2 8, i.e.,  

E = D(nGy/h)8760 h/y0.7 Sv/Gy0.2.  (2) 

Corresponding excess lifetime cancer risk (CR) due 
to the dose rate E is estimated using 10 

CR = ETRF,     (3) 

where T is lifetime expectancy, and RF is risk factor for 
cancer per Sv. The 70 years lifetime (T) is taken into 
consideration, as well as RF of 0.05 for the public – 
from the ICRP60 recommendations 11. 

Since distribution of 226Ra, 232Th and 40K in soil is 
not uniform, the radium equivalent activity (Raeq, in 
Bq/kg) was calculated by standard formula 12 

Raeq=A(226Ra)+1.43A(232Th)+0.07A(40K).  (4) 

As an illustration, the annual gonadal dose 
equivalent (G, in µSv/y) due to 226Ra, 232Th and 40K in 
soil has also been calculated using standard relation 
13 

G=A(226Ra)3.09+A(232Th)4.18+A(40K)0.314.  (5) 

In addition, vegetation samples – leaves/needles of 
pine Pinus sylvestris (L.) (fam. Pinaceae) from N. 
Pazar, as well as stem of blackberry Rubus fruticosus 
(L.) (fam. Rosaceae), bark of beech Fagus sylvatica 
(L.) (fam. Fagaceae) and leaves/needles of spruce 
Picea abies (L.) Karst (fam. Pinaceae) from Rožaje, 
were analyzed for radioactivity of natural 226Ra (214Bi), 
232Th (228Ac), 40K, and anthropogenic 137Cs. 

Transfer factor (TF) for particular radioisotope has 
been evaluated by the ratio: activity concentration in 
vegetation sample (Bq/kg)/activity concentration in 
soil (Bq/kg). 

As is emphasized in the UNSCEAR 2008 report 
related to the effects of ionizing radiation on non-
human biota 14, the most important source of 
radiation for all terrestrial biota (including here 
considered vegetation) is the soil activity. Therefore, 
the dose rate can be calculated using 14  

,ADCCADCCD int,soil,ext, 
i

iiii (6) 

where DCCext,i is the dose conversion coefficient for the 
radioisotope i – external exposure (in Gy/h per 
Bq/kg); Asoil,i is the activity concentration of 
radioisotope i in soil (in Bq/kg); DCCint,i is weighted 
dose conversion coefficient for internal exposure to 
radioisotope i (in Gy/h per Bq/kg) – assuming a 
homogeneous activity distribution in the organism; Ai 
is the radioisotope i internal activity concentration in 
vegetation sample (in Bq/kg). The DCCexts given in the 
UNSCEAR 2008 report, for 137Cs, 226Ra and 232Th for 
on soil reference organism (pine tree), are: 1.110-4, 
3.410-4, 4.310-8 Gy/h per Bq/kg, respectively, as 
DCCints – 3.510-4, 1.410-1, 2.310-2 Gy/h per Bq/kg, 
respectively 14. The DCCext and DCCint for 40K in 
terrestrial plants found in literature 15 are also used 
to evaluate dose rate levels due to this radioisotope: 
2.910-4 and 3.910-4 Gy/h per Bq/kg, respectively. 
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3. RESULTS AND DISCUSSION  

 3.1. Soil measurements 

Table 2 shows the results of radioisotope activity 
measurements in N. Pazar and Rožaje soils.  

Table 2 Results of soil measurements 

Soil A(137Cs), 

Bq/kg 

A(226Ra), 

Bq/kg 

A(232Th), 

Bq/kg 

A(40K), 

Bq/kg 

NP1 20.3±0.9 22.6±1.2 44.8±2.4 481±18 

NP2 17.8±0.8 28.9±1.3 47.8±2.5 569±21 

NP3 11.5±0.7 29.3±1.3 57.9±2.8 569±21 

NP4 11.9±0.6 19.2±1.0 37.2±2.1 524±19 

NP5 17.8±0.8 29.5±1.3 48.8±2.6 607±22 

NP6 16.6±0.8 28.3±1.3 47.0±2.6 593±22 

NP7 17.2±0.8 35.0±1.6 63.2±3.0 672±24 

NP8 18.3±0.8 30.4±1.4 54.1±2.9 637±23 

NP9 2.21±0.39 25.4±1.3 44.4±2.4 613±23 

R-1 322±10 28.9±1.0 39.8±1.5 319±11 

R-2 70.6±2.3 24.8±0.9 39.4±1.4 344±12 

R-3 33.9±1.1 22.6±0.9 37.4±1.6 356±12 

The highest 137Cs activity concentration measured 
in the sample NP1 (20.3 Bq/kg) is lower than, for 
example, that found in the Lazarevac soil (38.1 Bq kg-1 
16), and many folds lower than one measured in 
Rožaje top soil (322 Bq/kg). As follows from the Table 
2 data, extremely low 137Cs level was found at the 
locality NP9 (2.21 Bq/kg), while its average activity 
concentration was calculated to be 14.8 Bq/kg, with a 
standard deviation and median – 5.6 and 17.2 Bq/kg, 
respectively. 

An analysis of 226Ra activity concentrations in N. 
Pazar soil showed – it ranges from 19.2 to 35 Bq/kg 
(which is the world median of mean concentrations 
8), with an average of 27.6 Bq/kg, and standard 
deviation and median of 4.63 and 28.9 Bq/kg, 
respectively. A mean activity concentration of 232Th 
(49.5 Bq/kg, with a standard deviation of 7.81 Bq/kg) 
is found to be higher than the world median of mean 
concentrations (30 Bq/kg 8), with the range and 
median of (37.2-63.2) and 47.8 Bq/kg, respectively. 
Potassium-40 activity concentrations also showed an 
average value (585 Bq/kg, with a standard deviation of 
57.7 Bq/kg) and median (593 Bq/kg) higher than the 
world median of mean concentrations (400 Bq/kg 8). 

A cumulative activity concentration at each N. 
Pazar locality with a contribution of particular 
radioisotope (in %) is shown in Fig. 2. 

The dose rates (D and E, calculated using (1) and 
(2), respectively) are reported in Fig. 3; and showed 
the range, average, standard deviation and median of – 
(54.7-84.5), 68.9, 8.8 and 68.2 nGy/h, respectively (D), 
and (0.07-0.1), 0.08, 0.01 and 0.08 mSv/y, 
respectively (E). 

The absorbed dose rate average was found to be 
slightly higher than the average absorbed dose rate in 7 
South Europe countries (62 nGy h−1 8), or, for 
example, in Belgrade (60.5 nGy h–1 17). This average 
(but also median) value is somewhat higher than the 
global average (57 nGy h-1 8). 

 

Fig. 2 A contribution of radioisotopes to the cumulative 
activity 

 

 

Fig. 3 External terrestrial gamma dose rates in N. Pazar: 
absorbed at 1 m above the ground (D), and annual effective 

(E) 

The highest determined annual effective dose is for 
one order of magnitude less than 1 mSv/y, while an E 
average is slightly higher than the global average, i.e., 
average annual effective dose of 0.07 mSv from natural 
radiation sources – external terrestrial radiation, 
outdoor 8. Consequently, excess lifetime cancer risk 
(eq. (3)), shown in Fig. 4, was found to be within the 
range from 2.3510-4 to 3.6310-4, with an average, 
standard deviation and median of 2.96, 0.38 and 2.93 
(10-4), respectively. The CRs average for the world is 
2.4510-4, taking into consideration annual effective 
dose of 0.07 mSv 8, while, for example, in Kirklareli, 
Turkey it is from 4.3 to 6.1 (10-4) 10. 

 

Fig. 4 Excess lifetime cancer risk – N. Pazar 

The annual gonadal dose equivalent due to natural 
radioisotopes (G, eq. (5)) is presented in Fig. 5, 
together with radium equivalent activity (Raeq, eq. (4)); 
showing minimum, maximum, average, standard 
deviation and median – 0.38, 0.58, 0.48, 0.06, 0.47 
mSv/y, respectively (G), and 109, 172, 139, 18.6 and 137 
Bq/kg, respectively (Raeq). 
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Fig. 5 Annual gonadal dose equivalent and radium 
equivalent activity – N. Pazar 

For a comparison, the top Rožaje soil (R-1 in Table 
2) showed the G and Raeq value of around 356 Sv/y 
and 108 Bq/kg, respectively; D and E of 90.7 nGy/h, 
and 111 Sv/y, respectively; i.e., higher than those for 
N. Pazar – resulting in a higher excess lifetime cancer 
risk (3.8910-4), which is lower than an average found 
for Nikšić in Montenegro (4.410-4) 18. 

A previous research showed that in Montenegro 
soils 137Cs dominantly originated from the Chernobyl 
accident, and its activity decreases with soil depth (i.e., 
it is mostly still in the surface soil layer 19), which is 
also confirmed in the present study for the Rožaje 
locality (R). 

During in situ measuring campaign in 1994 4 two 
measuring points from the Rožaje region were 
included (Bašća and Kozare) and showed (32633) and 
(36333) Bq/kg of 137Cs, respectively; as well as  238U – 
(152) and (142) Bq/kg, respectively;  232Th – (172) 
and (142) Bq/kg, respectively; 40K – (20722) and 
(23723) Bq/kg, respectively. 

From the Rožaje area where spruce and beech had 
been sampled (locality R’), surface (0-5 cm) soil  was 
previously analyzed using the PRIPYAT-2M six-
detector spectrometer, showing 137Cs, 226Ra/214Bi, 
232Th/228Ac, 40K activity of (22111), (36.72.5), 
(45.22.8) and (40915) Bq/kg, respectively; and Raeq, 
G, D, E, CR – 130 Bq/kg, 431 Sv/y, 88.8 nGy/h, 109 
Sv/y, 3.8110-4, respectively. 

 

3.2. Vegetation measurements 

The results of vegetation measurements are 
reported in Table 3. Masses of pine, blackberry, beech 
and spruce samples were 181.17, 171.22, 134.7 and 
203.4 g, respectively; as measuring times – 53 842, 
73 321, 150 179 and 46 240 s, respectively. 

Table 3 Results of vegetation measurements 
Sample A(137Cs), 

Bq/kg 

A(226Ra), 

Bq/kg 

A(232Th), 

Bq/kg 

A(40K), 

Bq/kg 
P. 

sylvestris 0.34 2.7±0.18 2.11±0.58 163±7 

R. 
fruticosus 

3.05±0.23 4.03±0.31 4.5±0.64 152±6 

F. 
sylvatica 

5.24±0.32 0.99±0.12 2.89±0.84 79.3±3.7 

P. abies 3.54±0.21 1.1±0.12 1.22 98.4±4.8 

The pine sample was taken from the locality NP3 
(lower branches with leaves; while soil was sampled at 
a distance of 1.5-2 m from the tree base). The TF (i.e., 
activity concentration ratio: P. sylvestris/soil) was 
found to be 0.029, 0.092, 0,036 and 0.286 – for 137Cs, 
226Ra/214Bi, 232Th/228Ac and 40K, respectively.  

In R. fruticosus (sampled at the R locality) 
considering surface soil layer R-1, the TFs are 0.009, 
0.13, 0.113 and 0.476, respectively; whilst considering 
average activities in three soil layers (R-1 – R-3): 
0.021, 0.15, 0.115 and 0.447, respectively. 

 In F. sylvatica (the R’ locality) they were found to 
be 0.024, 0.027, 0.064 and 0.194, respectively; as in P. 
abies 0.016, 0.03, 0.027 and 0.241, respectively. 

It should be noted that data for 40K (a largest 
source of natural radioactivity in non-human biota) are 
given as an illustration only. 

Typical ranges for soil-plant TFs for Ra and Cs 
given in the UNSCEAR 2008 report are 0.001-0.1 14. 
In that view, the R. fruticosus radium TF is slightly 
higher, and should be considered in a further study.  

It is important to point out that these results 
cannot be used for the whole P. sylvestris (since 
related to leaves) which can also accumulate 
radioisotopes in root, stem, cones; for whole R. 
fruticosus, which can also accumulate radioisotopes in 
root, leaves and fruit itself, or for whole F. sylvatica 
and P. abies which also need further research. For 
example, nominal TF values for reference organism, 
pine tree (vegetation (Bq/kg)/soil (Bq/kg)), are 0.2, 
0.0007 and 0.001 – for cesium, radium and thorium, 
respectively 14, while typical ranges of aggregated 
TFs for 137Cs from soil to vegetation (Bq/kg – 
vegetation, per Bq/m2 – soil) for R. fruticosus fruit: 
0.006-0.05, for Pinus sp. needles: 0.001-0.04, Picea 
sp. needles: 0.0006-0.02; Fagus sp. bole wood: 0.001-
0.002 and leaves: 0.002-0.003 14. 

To illustrate radiation exposure levels, the total 
dose rates were estimated using eq. (6), assuming a 
homogeneous activity distribution in the organisms. 

From a consideration of the areas where vegetation 
species were sampled, i.e., NP3 – P. sylvestris, R – R. 
fruticosus (an average radioisotope activity 
concentration has been used in calculating dose rates), 
and R’ – F. sylvatica, P. abies; an external exposure to 
radium is found to be around 9.96, 8.64 and 12.5 
nGy/h, respectively, thorium – 2.49, 1.67 and 1.94 
pGy/h, respectively, cesium – 1.26, 15.6 and 24.3 
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nGy/h, respectively; potassium – 165, 98.6 and 119 
nGy/h, respectively. The total external exposure (137Cs, 

226Ra, 232Th, 40K) on these three localities would be 
0.18, 0.12 and 0.15 Gy/h, respectively. 

Internal exposure of P. sylvestris, R. fruticosus, F. 
sylvatica and P. abies to considered radioisotopes is 
evaluated to be – 0.112, 0.728, 0.238 and 0.222 
Gy/h, respectively; which means total exposure rate 
(external and internal) of 0.666, 0.851, 0.393 and 
0.377 Gy/h, respectively. 

Comparing these results with ones obtained in an 
evaluation of doses to non-human biota (terrestrial 
plants) at Trombay, Mumbai (India) 20, where 
radiation exposure was found to be 437.2-1044 μGy/y 
(average: 632.8 μGy/y) for 40K, 2379.8-299763.9 
μGy/y (average: 48769 μGy/y) for 232Th, 21.3-2392.2 
μGy/y (average: 691.23 μGy/y) for 137Cs; doses to 
terrestrial biota determined in the present study can be 
considered as significantly less.  

The highest dose rate (R. fruticosus) of 0.02 
mGy/d is significantly below the threshold dose for 
terrestrial plants (10 mGy/d), i.e., below the dose 
interval (2.5-25) mGy/d from recent literature 
compilation (ERICA project) – as explained in 6, 
when effects on plants under chronic exposure could 
be expected (growth reduction, etc.). 

4. CONCLUSIONS  

None of the considered localities in N. Pazar – 
Serbia and Rožaje – Montenegro showed a radium 
equivalent activity higher than 370 Bq/kg. Absorbed 
dose rates from terrestrial gamma radiation showed an 
average and median slightly higher than the world's 
median of average values reported in the UNSCEAR 
2000 (57 nGy h-1). The annual gonadal dose equivalent 
for soil samples from N. Pazar studied in this work 
proved to be higher than the world average, while in 
soil from Rožaje, in the case of one locality, it is 
comparable with the world’s average. With life 
expectancy taken to be 70 years, a mean excess lifetime 
cancer risk was found to be 2.810-4 for N. Pazar, as 
well as 3.8110-4 and 3.8910-4 for Rožaje. 

Transfer factors for 137Cs, 226Ra/214Bi, 232Th/228Ac 
from soil to vegetation ranged from 0.009 (for 137Cs 
from soil to R. fruticosus) to 0.13 (for 226Ra from soil to 
R. fruticosus). 

The total dose rate – internal and external 
exposure of P. sylvestris, R. fruticosus, F. sylvatica 
and P. abies to 137Cs, 226Ra/214Bi, 232Th/228Ac and 40K, 
is found to be less than 0.021 mG/d (0.666, 0.851, 
0.393 and 0.377 Gy/h, respectively), i.e., many folds 
less than the threshold dose for terrestrial plants (10 
mGy/d). 
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Abstract. The results of studies during 2006-2013 of fish from 12 water bodies with different hydrological mode and 
levels of radioactive contamination within the Chernobyl exclusion zone are presented. The specific activity of 90Sr and 
137Cs for 17 species of fish, concerning various ecological groups was estimated. The fish of stagnant water bodies of the 
Chernobyl exclusion zone continue to be characterized by the high concentration of 90Sr and 137Cs. Radionuclide 
specific activity in fish of closed water bodies of the Chernobyl exclusion zone during our studies in all cases exceeded 
maximal permissible levels, according to the standards, accepted in Ukraine for fish production: in 53-2892 times on 
90Sr and in 6-212 times on 137Cs. In fish of the riverbed sites of the Pripyat River within the Chernobyl exclusion zone 
some single cases which exceeded the maximal permissible level on 137Cs, mainly the predatory fish, were registered. 
The analysis of radionuclide specific activity data in fish of various size, weight and age groups on an example of the 
common rudd and the European perch from Glubokoye Lake has allowed revealing a dependence of 90Sr and 137Cs 
accumulation on the weight of body and the age of fishes. 

Key words: Chernobyl exclusion zone, radioactive contamination, aquatic ecosystems, fish, 90Sr, 137Cs. 

 

1. INTRODUCTION 

Radionuclide migration in river systems’ basins is 
mainly determined by the dynamics of hydrological 
and biochemical processes of substances turnover in 
the environment. Along with the deposition of 
radionuclides in the bottom sediments by way of 
sedimentation and sorption and their precipitating 
together with suspended matter, there is another 
important process of radionuclide distribution in 
freshwater ecosystems, namely their accumulation by 
hydrobionts. The special attention in this issue is paid 
to fish, occupying the upper trophic levels in aquatic 
biocenosis and routinely caught and ingested as a 
source of food. 

The aim of our studies was the estimation of the 
main dose-forming radionuclide (137Cs and 90Sr) 
accumulation by fish species of different ecological 
groups within the Chernobyl exclusion zone (ChEZ) as 
well as the determination of seasonality, size- and age-
dependent features of radionuclide concentration. 

2. MATERIALS AND METHODS   

The material was represented by fishes, sampled 
during 2006–2013 from 12 water bodies with different 
hydrological regime and level of radioactive 

contamination within the ChEZ. Depending upon 
water exchange intensity the water bodies were divided 
into six conventional groups: (1) closed lakes (lakes 
Vershina, Glubokoye, Azbuchin and Dalekoye); (2) 
water body with slow water exchange (Chernobyl NPP 
cooling pond); (3) relatively closed water bodies 
(Yanovsky and Novoshepeletsky crawls, Krasnensky 
former river bed within inside section of the dam 
constructions); (4) slow flowing water body 
(Krasnensky former river bed within outside section of 
the dam constructions, that has a channel connection 
with the Pripyat River); (5) open crawls of the Pripyat 
River (Schepochka and Pripyatsky) and (6) flowing 
water object (the Pripyat River). 

The specific activity of 137Cs and 90Sr for 17 species 
of fish, concerning the various ecological groups, was 
analyzed by the methods [1]. The radionuclide specific 
activity was measured for a whole fish body. For 137Cs 
specific activity the error of measurement (confidence 
intervals) made up about 15%, and for 90Sr specific 
activity – 20% [2]. We have also developed a rapid 
method of the specific activity of 137Cs and 90Sr 
determination in fish on their content in scales and 
fins [3, 4]. At the same time the fish was staying alive. 
The research data were processed statistically with the 
help of computing software Microsoft Exceel 2007, 
Statistica 5.5. 
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Among predatory fish (obligate and facultative 
ichthyophagous), the fish that were analyzed were 
pikeperch Sander lucioperca L. (trophic level (TL) 4.0 
– http://fishbase.org ), Wels catfish Silurus glanis L. 
(TL 4.4), chub Leuciscus cephalus L. (TL 2.7), asp 
Aspius aspius L. (TL 4.5), pike Esox luceus L. (TL 4.1), 
European perch Perca fluviatilis L. (TL 4.4) and razor 
fish Pelecus cultratus L. (TL 3.6). Among prey fish, we 
studied zooplanktonophagous as blue bream Ballerus 
ballerus L. (TL 3.2) and bleak Alburnus alburnus L. 
(TL 2.7); bentophagous as crucian carp Carassius 
carassius L. (TL 3.1), Prussian carp Carassius gibelio 
Bloch (TL 2.5), bream Abramis brama L. (TL 3.1), 
silver bream Blicca bjoerkna L. (TL 3.2), tench Tinca 
tinca L. (TL 3.7), roach Rutilus rutilus L. (TL 3.0), 
common carp Cyprinus carpio L. (TL 3.1), and also 
phytophagous as common rudd Scardinius 
erythrophthalmus L. (TL 2.9). The age of fishes varied 
between 1 and 12 years. The absorbed dose rate for 
fishes was estimated with the help of the software 
package [5]. 

3. RESULTS AND CONCLUSIONS   

The specific activity of 137Cs and 90Sr in predatory 
fish species of the Pripyat River (6th group) during the 
survey period made up respectively: 22-224 Bq kg-1 
(here and further on the specific activity is given per 
one kilogram of wet weight) and 1-16 Bq kg-1, and in 
prey fish species - 12-60 and 3-13 Bq kg-1. In the 
Schepochka and Pripyatsky crawls (5th group) the 
content of 137Cs in both predatory and prey fish species 
hardly differed from the respective values for fishes of 
the Pripyat River; however, the concentration of 90Sr in 
ichthyophagous was considerably higher - 11-
119 Bq kg-1, and in pray fishes - 41-221 Bq kg-1. 

The utmost values of 90Sr specific activity exceeded 
more than 6 times the permissible level (PL) of this 
radionuclide for fish products in accordance with the 
current Ukrainian standards: 150 Bq kg-1 for 137Cs and 
35 Bq kg-1 for 90Sr [6]. The higher levels of radionuclide 
specific activity, determined in fish of the Krasnensky 
former river bed (4th group) - 459-11204 Bq kg-1 of 137Cs 
and 97-3179 Bq kg-1 of 90Sr, are registered. As regards 
the fish fauna of the Yanovsky Crawl and Krasnensky 
former Pripyat River bed (3rd group), the content of 
137Cs and 90Sr in prey fish species exceeded the PL 
respectively 2.3-22.6 and 24.8–333.1 times, and in 
predatory species the exceeding made up respectively 
6.8-31.7 and 17.9-235.0 time. In the fish of the cooling 
pond (the 2nd group) 137Cs content was registered to 
exceed the PL 4.6-72.7 times, and 90Sr - only 1.2-21.7 
times, which was associated with the increased flowage 
of this water body [7-11]. Even more contaminated 
with radionuclides is the fish fauna in lakes Glubokoye, 
Azbuchin, Dalekoye and Vershina (the 1st group), 
where the specific activity of 137Cs and 90Sr are 
registered in pray fishes, respectively, 440-31859 and 
2490-101217 Bq kg-1, and in predatory fishes - 1730-
22030 and 1489-15584 Bq kg-1. 

It is necessary to note, that while 137Cs is mainly 
accumulated in the muscular tissue of fish, almost all 
amount of 90Sr is concentrated in its inedible bone 
tissue – scales and skeleton. The 90Sr/137Cs ratio in 
predatory fishes of the Pripyat River made up 0.06-

0.52, and in prey fishes - 0.15-0.37 was represented 
(fig. 1). 

In the Schepochka Crawl, such ratio for 
ichthyophagous reached 0.25-1.33, and for prey fish 
species - rose to 1.01-2.46. In the cooling pond, the 
90Sr/137Cs ratio for all studied fish species was less than 
1 and varied between 0.02 and 0.38. In the closed 
Yanovsky and Novoshepeletsky crawls, Krasnensky 
former river bed within inside and outside sections of 
the dam constructions, lakes Glubokoye, Vershina, 
Azbuchin, Dalekoye, the 90Sr/137Cs specific activity 
ratio in prey fish species attained as much as 1.78–
50.00, and in predatory fish - 0.38-2.11. 
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Fig. 1  90Sr/137Cs ratio in prey and predatory fish species of 
water bodies in the ChEZ: (a) Krasnensky former river bed 

within inside section of the dam constructions; (b) Glubokoye 
Lake; (c) Yanovsky Crawl; (d) Azbuchin Lake; (e) Krasnensky 

former river bed within outside section of the dam 
constructions; (f) Schepochka Crawl; (g) Chernobyl NPP 

cooling pond and (h) the Pripyat River 

Besides, the Pripyatsky Crawl and former river 
beds with slow water exchange probably accumulate 
soluble, biologically available forms of 90Sr, which at 
present still come from the radionuclide-contaminated 
catchment area and are involved in the biogeochemical 
circulation of matter, concentrating in the biotic 
components of water ecosystems. 

Our own survey has confirmed that in most of lotic 
environments, the total content of 137Cs in fishes 
significantly exceeds this value for 90Sr, which complies 
with the traditional concept of the ratio of 
radionuclides, which came to water bodies with global 
precipitations. However, such pattern is not always 
observed in fishes of the slow running rivers’ sections 
within the ChEZ borders, which are distinguished by 
the particular ratio of physical and chemical 
radionuclide forms, caused by accidental emissions [1, 
8, 12]. 

Almost in all the surveyed water bodies of the ChEZ 
the most abundant species, also marked by high 
radionuclide accumulation levels, include the common 
rudd as the prey fish species and the European perch 
as the predatory fish species. These species can be 
considered to be the reference species and the most 
prospective ones for radio-ecological monitoring of the 
ChEZ freshwater ecosystems and for estimating the 
level of fish fauna contamination by 90Sr and 137Cs [13]. 

Analysis of data obtained during 2007-2013 
indicates that the specific activity of 137Cs and 90Sr in 
the ichthyofauna of almost all water bodies of the 
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ChEZ continues to decline gradually. The exceptions 
are closed water bodies, located on the territory of the 
left bank dammed floodplain of the Pripyat River 
(Glubokoye Lake, Vershina Lake etc.), where with a 
gradual decrease of 137Cs and 90Sr specific activity in 
ichthyophagous fish, the reduction of both 
radionuclides in prey fish occurs much more slowly or 
is not observed at all (fig. 2 and 3). The seasonal 
dynamics in accumulation by representatives of prey 
and predatory fish species, with maximum values of 
radionuclide concentrations during the summer 
period, is determined. 

In order to survey radionuclide accumulation by 
different age groups of fishes in the closed water bodies 
of the ChEZ, 100 samples of the common rudd and the 
European perch were taken from Glubokoye Lake. The 
age groups consisted of 3-20 specimens. 
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Fig. 2 Dynamics of average annual specific activity of 
radionuclides for prey fish species (the common rudd as 

example) in Glubokoye Lake 

Evaluation of radionuclide specific activity in fishes 
of different size and weight groups made it possible to 
find that 90Sr and 137Cs accumulation depend upon the 
body weight of the common rudd and the European 
perch in Glubokoye Lake (fig. 4 and 5). 
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Fig. 3 Dynamic of average annual specific activity of 
radionuclides for predatory fish species (the European perch 

as example) in Glubokoye Lake  

 
More intensive accumulation of radionuclides in 

the early periods of fish life is rather marked. The 
approximation of the obtained data, with the statistical 
significance being comparatively low, makes it possible 
though to detect specific differences in dynamics of 
radionuclide accumulation by non-predator and 
predator fish species with their size and weight 
parameters increasing. These peculiarities are most 
significantly marked and have high approximation 
reliability in the fish age – radionuclide accumulation 
relation (fig. 5). The typical increase in 90Sr and 137Cs 
specific activity has been observed in the common rudd 
with preferred 90Sr accumulation, evidently, at the 
early stages of its postembryonic ontogenesis. As 
regards the European perch, higher 90Sr content 
compared to 137Cs is noticed in the first years of its life; 
however; in the following years, probably with gradual 
prevalence of small fish in its feeding, 137Cs specific 
activity begins to exceed that of 90Sr, which 
accumulation, on the contrary, slows down with age. 
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Fig. 4 Weight dynamics of radionuclide specific activity for the 

common rudd in Glubokoye Lake 
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Fig. 5 Age dynamics of radionuclide specific activity for the 
European perch in Glubokoye Lake  

 
The absorbed dose rate estimation showed that the 

highest radiation doses in the ChEZ water bodies are 
obtained by fishes inhabiting the lake ecosystem, 
where this value for different fish species varies 
between 13.0 (pelagic species) to 294.0 (bottom 
species) µGy h-1. 

The internal dose contribution by the incorporated 
radionuclides changes from 3.6 to 33.2% of the total 
radiation dose. The incorporated 90Sr contributions 
into the internal radiation dose make up 87.1-94.5% 
for pray fish and 70.8-78.5% for predatory fish. In the 
Pripyat River the absorbed dose rate makes up 0.011-
0.013 for pelagic fish species and 0.023-0.042 µGy h-1 

for bottom species.  

Therefore, the natural self-purification processes in 
the reservoirs within the ChEZ are extremely slow, 
which causes the specific activity of the main dose-
forming radionuclides in fish species of the majority of 
lakes, former river beds and crawls to remain at quite a 
high level. The radionuclides content in fishes of the 
Pripyat River is considerably lower than the 
permissible levels, being in force in Ukraine, and only 
in several cases exceeds these values insignificantly 
(mainly in predatory fishes). 

The 90Sr content in fishes of the slowly flowing 
Schepochka Crawl exceeds the PL in 2-3 times at an 
average. The radionuclide specific activity in fish of the 
Yanovsky and Novoshepeletsky crawls, Krasnensky 
former river bed within inside and outside sections of 
the dam constructions, lakes Glubokoye, Vershina, 
Azbuchin, Dalekoye exceeds the PL in 3-212 times for 
137Cs, and in 3-2892 times for 90Sr. The specific activity 
of 90Sr и 137Cs in prey fishes (as it can be seen for rudd 
in Glubokoye Lake) rises approximately in 1.7 and 1.5 
times with the fish age increasing from 1 to 9 years, 
and in predator fishes (as it can be seen for perch in 
Glubokoye Lake) – 90Sr rises in 1.4 times, and 137Cs – 
up to 3.0 times by the 9th year of life. Such fish species 
as rudd and perch can be used as indicators of 
radioactive contamination of water-bodies by 90Sr and 
37Cs respectively. The total absorbed dose range in 
fishes of lakes Glubokoye and Vershina made up 13.0-
294.0, Yanovsky Crawl - 1.60-27.7, Schepochka Crawl - 
0.04-0.12 and the Pripyat River - 0.01-0.04 µGy h-1.  

In the majority of Ukrainian water bodies, located 
outside the ChEZ borders, this value does not exceed 
0.01 µGy h-1. Taking into account that for fishes of 
closed, relatively closed and slowly flowing water 
bodies, 90Sr is responsible for more than a half of the 
total internal absorbed dose rate, we can come to a 
conclusion that 90Sr is the main dose-forming 
radionuclide for fish in the majority of water bodies 
within ChEZ at present. 
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CESIUM-137 MONITORING USING MOSSES AND LICHENS FROM WEST MACEDONIA, GREECE 

Th. Sawidis1, K. Tsigaridas1 and L. Tsikritzis2 

1Department of Botany, School of Biology, University of Thessaloniki, Gr-54124 Thessaloniki, Greece 
2Technological Education Institution of West Macedonia, Gr-50100, Kozani, Greece 

Abstract. 137Cs concentrations of mosses, lichens and substrate (soil, bark) collected from North 
Greece were measured 20 years after the Chernobyl accident. Archive material from previous works 
were also used for comparison and diachronic estimation of the radio-contamination evolution. 
Maximum bioaccumulation capacity of 137Cs was observed in epilithic lichens in comparison to epigeic 
or epiphytic ones, whilst the epilithic mosses prevailed in comparison to the epiphytic ones. Foliose or 
crustose lichens were more contaminated than filamentose in the same biotope. Among filamentose 
or fruticose species those with large surface area to biomass ratio, e.g. Usnea sp., showed also greater 
bioaccumulation capacity. Autoradiography revealed an amount of 137Cs distributed more or less 
uniformly in lichen and moss thalli. The high 137Cs activities found in lichens and mosses 20 years 
after Chernobyl suggest that these primitive plants are effective and suitable biological indicators of 
the distribution of radionuclide fallout pattern. 
 

Key words: bioindicators, Chernobyl, 137Cs, lichens, mosses, radionuclides. 

1. INTRODUCTION 

Mosses and lichens may be regarded as the most 
commonly applied organisms for biomonitoring 
studies of radioactive contamination of both natural 
and artificial origin (Beaugelin-Seiller et al, 1994; 
Batzias and Siontorou, 2007). Twenty years back, the 
Chernobyl accident resulted in the release and global 
dispersion of about 3,000,000 TBq fission products 
mainly with 137Cs (Eisler, 1994). Within the North 
Greece region the highest activity concentrations were 
found on Mt. Vermion (Papastefanou et al, 1989; 
Sawidis and Heinrich, 1992). The long half-life 
together with its chemical and ecophysiological 
similarity with potassium makes 137Cs one of the most 
harmful radionuclides released into the environment 
by the nuclear industry. The aim of the present 
research is to continue studying the natural depuration 
rates of 137Cs over the last two decades and to test the 
performance of mosses and lichens as indicators of 
137Cs deposition. Another objective of this work has 
been differences in interception between various moss 
and lichen categories (epiphytic, epigeic or epilithic) or 
species from the same biotope. 

2. MATERIALS AND METHODS 

Two sampling stations of approximately 500 m2 
were selected  (Figure 1) for the purpose of comparing 
the radioactivity over a 10-year interval. Samples were 
collected on March 2006. Archive material collected 
and measured (for 137Cs load) before and right after the 
accident was used for time interval comparison. All 

samples were prepared according to the following 
procedure: air drying for 48 h, grinding, sieving 
through a 2-mm sieve and storing. Radiometric 
determinations were performed by using a 73 cm3 
SILENA HP-Ge detector (10.6% relative efficiency, 1.9 
keV resolution for 60Co 1.332 MeV line) connected on 
line with a SILENA 8192 MCA. Gamma spectra were 
registered for 80,000 s and processed by using 
SILENA GAMMA 2000 software. The detector was 
calibrated by using the DKD reference materials, Code 
000229 (Deutscher Kalibrierdienst, 2006). In order to 
take autoradiographs of the samples, lichen and moss 
thalli were pressed and dried between two filter 
papers, at 25 °C, for ca 1 week. The pressed thalli were 
left in contact with a MIN-R mammography film 18x24 
cm (Kodak) for 6 months at room temperature. 

 

Fig. 1 Map of the study area, including the two sampling 
stations in Mt. Vermion and Klimataki plateau 
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3. RESULTS AND DISCUSSION 

The amount of 137Cs in different lichen species 
collected at the same time in a given area exhibited 
significant differences in accumulation properties 
depending on the different ecological conditions. The 
most contaminated mosses from Mt. Vermion are both 
Grimmia species, namely G. decipiens (2050±65 Bq 
kg-1) and G. laevigata (1500±52 Bq kg-1) found on icy 
rocky surface. On the other hand T. muralis (277±5 Bq 
kg-1) and L. sciuroides (494±10 Bq kg-1), found on tree 
barks, are the “clear” moss species (Figure 2). In 
Klimataki plateau, where only epiphytic moss species 
were collected, L. sciuroides (1032±15 Bq kg-1) 
followed by H. aureum (740±26 Bq kg-1) are the most 
contaminated species. They occur mostly on the basal 
area of the oak tree trunks. On the contrary the least 
contaminated species is D. fluitans (75 ±8 Bq kg-1), 
collected from moist places. 

The most contaminated lichen from Mt. Vermion 
was U. crustulosa (5252±417 Bq kg-1) followed by P. 
muralis (4005±277 Bq kg-1) both foliose, epilithic 
species. These lichens, collected mainly from the 
exposed areas at the tip of Mt. Vermion, have had the 
ability to colonize xeric microsites, were mostly 
unprotected from the direct radioactive deposition. 
Thus they avoided any shielding effect by trees or other 
vegetation. On the other hand P. furfuracea (77±8 Bq 
kg-1) and E. prunastri (49±4 Bq kg-1) are the less 
contaminated lichen species, both epiphytic foliose 
that grow on the bark of deciduous or coniferous trees, 
which provide an effective 137Cs  protection. In 
Klimataki plateau, where only epiphytic lichens were 
sampled, the genus Ramalina as well as Evernia 
showed the lowest 137Cs content (78 Bq kg-1), whereas 
P. sulcata (310±23 Bq kg-1) and A. ciliaris (325±10 Bq 
kg-1) were the most contaminated species. Lichens with 
more compact thalli and hard upper surface such as 
Ramalina and Evernia are more effective in resistance 
of element accumulation. 

Moreover Mt. Vermion was found to be more 
contaminated than the Klimataki plateau when 
comparing soil, moss and lichen samples, but when 
comparing barks the opposite findings arose. Tree 
barks were less contaminated in Mt. Vermion than 
those of the Klimataki plateau. The faster decreasing 
values in bark specimens on Mt. Vermion in 
comparison to Klimataki plateau are reinforced by the 
higher annual rainfall (>1000 mm) leaching down the 
137Cs from the tree stems to soil. Thus the soil 
contamination on Mt. Vermion is much higher than in 
Klimataki plateau.  

Autoradiographs from lichen and moss collected 
after the accident (1986) are presented in Figure 3. 

Visualization of 137Cs distribution in lichen or moss 
thalli by autoradiography, revealed that this isotope 
was first deposited as particles and then transported 
together with nutrients via the transpiration system. 
Our autoradiographs, 10 years after the accident, 
revealed an amount of diffused 137Cs content not in 
particulate form. 

 

 

 

Fig. 2 Average 137Cs activities in epiphytic and epilithic mosses 
and lichenes from Mt. Vermion versus time 

 

a b 
 
Fig. 3 Autoradiograph of 137Cs distribution on Umbilicaria 
crustulosa (a) and Grimmia laevigata (b) thalli collected from 
Mt. Vermion in summer 1996 and covered by film in 2006 

4. CONCLUSIONS  

Twenty years after Chernobyl (April 1986) the 137Cs 
activities of lichens and mosses in the studied area are 
significantly lower than those of the summer of 1986, 
but in some species still higher than before Chernobyl. 
Interspecific variations in 137Cs charge may be related 
primarily to location, ecological requirements or 
morphological differences. In most of the moss and 
lichen species growing on trees, away from the earth 
surface, there is a considerable reduction of 137Cs 
approaching towards pre-1986 level. Based upon the 
decrease rates, the levels of 137Cs, even in non-epiphytic 
lichens and mosses of West Macedonia, Greece, will 
reach in a few years those observed before the 
Chernobyl accident. Detectable 137Cs activities in 
mosses and lichens 20 years after Chernobyl support 
the view that the latter are suitable biological monitors 
of the environmental radioactivity. 
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Abstract. We compared the methods of sampling and analysis of radionuclide concentrations in samples of common 
reed in the Chornobyl Exclusion Zone. Selection and analysis of samples were generated using two methods. The first 
one is consistent with the current regulations, which allow selection and analysis of the whole plant of common reed 
and calculations of radionuclide concentrations in relation to the wet sample's weight. The second method, adopted in 
applied ecology, directs the selection of individual plant organs and the calculation of radionuclide concentrations in 
relation to the weight of the dry sample. It has been established experimentally that when applying the second 
observation method, the statistical uncertainty of measurement is 2.5 times smaller, which makes this method more 
suitable for radiological control and monitoring. 

Key words: Chornobyl exclusion zone, field radiation measurements, radioecological monitoring, uncertainty of 
measurement results, Phragmites australis. 

1. INTRODUCTION 

For biological indication during radio-ecological 
control and monitoring of the environment, one of the 
most important metrological characteristics, which 
determine the reliability and reproducibility of 
observation results, is the uncertainty of measurement. 
[5]. This parameter most accurately characterizes the 
quality of the measurements of radionuclides in living 
organisms or their parts, which are used as biological 
indicators of the environment. Uncertainty of 
measurement, in this case, depends on sampling 
errors, laboratory measurements, allocation of 
radionuclides in biological indicators, and affects the 
number of dimensions in the implementation of the 
environmental mapping [1]. During the study period, 
which followed the 1986 disaster at the Chornobyl 
Nuclear Power Plant (Ukraine), the primary attention 
regarding the accuracy of measurements was paid to 
laboratory analysis of radionuclides. The dependence 
of accuracy of radio-ecological observations on features 
of field sampling has been developed less. Researchers 
pay particular attention to allocation of radionuclides 
in the soil and the influence of this factor on the 
methodological features of soil sampling [3]. In radio-
ecological studies of vegetation more attention was 
paid to methodological features of leaf selection, pine 
needles, wood and bark of woody vegetation. 
Methodological features of selection of herbaceous 
vegetation received less attention. At the same time, 
operating procedures govern the location and 
frequency of sampling, but do not describe the 
requirements for the parameters of the samples taken 
[8]. In the practice CEZ study of aquatic vegetation are 
based on traditions of national radioecology, which 
Instructs  the selection and analysis of the whole plant 

and the calculation of radionuclide concentrations 
considering the green weight of the sample [4]. This 
approach is also applied to the CEZ with regard to 
common reed, the samples of which are taken and 
analyzed in the form of a non-dissected plant with 
fragments of plant roots and rhizomes. Besides, our 
studies of radionuclide accumulation by individual 
tissues and organs of plants [2] showed the effect of 
this methodological approach on the quality of 
measurements in environmental monitoring. Since the 
value of common reed for biological indication for 
monitoring of aquatic ecosystems in the CEZ has 
grown in recent years, it becomes more topical to 
investigate this plant as a biological indicator [9]. 

The aim of our study is to analyze the components 
of the total statistical uncertainty of measurement 
associated with sampling measurements of 90Sr and 
137Cs accumulation of common reed. 

2. MATERIAL AND METHODS 

The observation was conducted in 2008-2013 in 
ecosystems of six reservoirs (surveillance places) in 
CEZ: Lake Azbuchyn, Lake Glyboke, Lake Daleke, 
Yaniv backwater of the Prypiat River near the Prypiat 
town, the cooling pond of the Chornobyl Nuclear 
Power Plant (NPP pool), alignment of the Prypiat River 
near Chornobyl (Chornobyl transit). During 
observations, Phragmites australis (Cav.) Trin. ex 
Steud were sampled. Sampling and analysis has been 
implemented using two methods. The first one has 
been done according to the current instructions in 
CEZ, allowing the selection and analysis of the whole 
plant of common reed and calculating the 
concentration of radionuclides regarding the green 
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weight of the sample [8]. For the first method, are one 
or two whole plants were collected monthly during 
growing season. 

The second method, which we used for comparison, 
involves the selection of certain plant organs and 
calculating concentrations in relation to the weight of 
the dry sample. Leaves and stems of common reed 
fragments were collected at mid-height of the plant. 
For comparison, in some cases, upper and lower leaves 
of the plant were selected too. Sometimes, the plant 
roots were studied as well. For this method, samples of 
respective parts of 30 plants were collected, monthly 
during the growing season. 

From leaves and stems of common reed freshly 
drawn using the second method of raw samples, 
according to current regulations [7], aqueous extracts 
were prepared. Extraction was carried out for 12 hours 
at a ratio of weight (grams) sample / water - 1/10. The 
aqueous extract was filtered and sent to the radio-
spectrometric and electrochemical analysis. 

Electrochemical analysis of the content of Ca2+ ions 
and K+ in aqueous extracts of leaves was carried out 
using the appropriate ion-selective electrodes and ion 
meter pX-150MI. Ion concentration was calculated in 
relation to the dry weight of samples. 

In the laboratory of SSE "Chornobylsky special 
plant" the analysis of the specific activity of 137Cs and 
90Sr in dry samples of selected whole plants and in 
aqueous extracts of common reed leaves. The analysis 
was performed using a spectrometer of beta energy 
radiation SEB 01-150 and gamma spectrometer with 
an analyzer 4900 Nokia LP B and Ge-detector. 

The total uncertainty of measurement (u) was 
calculated in accordance with the recommendations 
[5] by the formula: 


c

cuu (%)(%)
, (1) 

where: uс is composing uncertainty of measurement. In 
this case, we take into account only the factors 
affecting the random uncertainty components: uс (%) = 
Vc (%) = 100

1



xs , where Vc (%) is the coefficient of 

variation; s is experimental sample standard deviation, 

and x is the sample mean. 

The total measurement uncertainty of whole plants 
includes random statistical uncertainty calculated from 
data samples of concentrations of the measured 
chemicals in leaves, stems and roots of common reed. 

The optimum number of samples to be selected in 
the surveillance location to achieve the desired 
magnitude of a standard uncertainty of measurement 
was calculated using the formula [6]: 

,
2

22

m

Vt
n  , (2) 

where: t is the table value of t-test (at P=0,95, t=2,0); 
m is the set point accuracy of the studies with 3% 
under these conditions. 

The ratio of the concentration of 137Cs, 90Sr, Ca2+, 
K+ in the organs or whole plantof common reed (Kc) 
was calculated as the relative difference of the 
measured concentrations of these compounds in the 
organs: 

Kc, %= (C1 – C2) / C2·100, (3) 

where: C1 is concentration of a substance in the plant; 
C2 is concentration of a substance in the organ, which 
is compared. 

The total uncertainty in the laboratory analysis did 
not exceed ± 20%. The calculation of statistical sample 
parameters of data was performed at the confidence 
probability level 0.95. Assessment of the correlation 
links of data samples was performed by the coefficient 
of determination (R2). 

3. RESULTS AND DISCUSSION 

The results of observations show that at a 20 km 
distance the content of radionuclides in the common 
reed, selected in aquatic ecosystems, varies by orders 
of decimal magnitude (Fig. 1). 

 
Fig. 1. Location of surveillance places in CEZ and common 

reed leaves total activity (90Sr+137Cs) in 2009. 

All surveillance places are found in similar climatic 
and soil conditions. The banks of surveyed ponds are 
covered with clay sandy gleying soils with complex 
long-term, seasonal, and sometimes weather dynamics 
of groundwater levels, which determines the mobility 
of radionuclides in the gley geochemical barrier [10]. 

Throughout the growing season, 90Sr and 137Cs in 
the catchment area in the surveyed ponds are 
seasonally affected by climate and weather conditions 
[11]. For example, 1.3% 90Sr and 64% 137Cs gets in the 
Glyboke Lake during spring floods relatively to stock of 
these radionuclides in the water. During this period, 
the ratio of 90Sr/137Cs in the lake is 0.53. Later, the 
most part of 137Cs mainly migrates to the slurry falls in 
the bottom sediments. Most of 90Sr that falls into the 
lake from the outside is brought by stormwater. The 
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ratio of 90Sr/137Cs in water in summer is 26. The 
correlation between the content of 90Sr and 137Cs in the 
water during the growing season is missing. 

Besides, the migration of radionuclides in water 
bodies are affected by a variety of man-made load. The 
ecosystems of the lakes Glyboke and Daleke, in which 
the radionuclide contamination is maximal, the level of 
man-made pollution is minimal. Most anthropogenic 
impact with significant radionuclide contamination 
has been observed in the ecosystem of the cooling pond 
of the Chornobyl NPP. Ecosystems of Yaniv backwater 
and alignment of the Prypiat River near Chornobyl are 
under the influence of the products of chemical 
weathering and urban development. These water 
bodies along with the cooling pond of Chornobyl NPP 
during the first years after the Chornobyl disaster in 
1986 have undergone significant chemical 
contamination. Under these conditions, the 
uncertainty of radionuclides measurement in the 
common reed depends on many factors associated with 
the condition of the analyzed plants. Among them, the 
most effective, to our knowledge, are the individual 
characteristics of radionuclide accumulation common 
reed and its organs, and also features a seasonal 
accumulation of radionuclides by plants. Important 
methodological features of sampling that affect the 
uncertainties of measurement magnitude are the 
choice parts of the plant to carry out monitoring and 
evaluation of the transformation of the samples in the 
selection and transportation. 

3.1. Uncertainty of measurement associated with 
the individual characteristics of radionuclide 
accumulation in the common reed 

Assessment of individual heterogeneity of 
accumulation of chemicals in plants of common reed is 
held in surveillance places by selection of individual 
plants (at least five) and the analysis of their parts - 
leaves, stems and roots. Samples for the analysis of 
chemicals and radionuclides made on the timing and 
surveillance location was calculated uncertainty of 
measurement associated with the individual 
characteristics of plants are compared with each other 
(Tabl. 1). The table shows the results of measurements 
in whole plant preparations calculated on the weight of 
the crude sample, their roots and aqueous extracts of 
the leaves and stems (based on the weight of the dry 
sample). To justify the comparability of measurement 
results in dry samples and aqueous extracts, 
magnitude of standard deviations of radionuclide 
content was compared and result showed their 
sameness. A correlation analysis showed a close 
relationship between measurements of 90Sr and 137Cs 
in dry samples and aqueous extracts with a value of R2 
- 0,80 and 0.87, respectively. The magnitude of the 
obtained coefficients of determination shows that the 
results of measurements of gross content of the test 
substances and their aqueous content in extracts can 
be compared with the reliability of at least 80%. 

The data in Table 1 indicate that the standard 
deviation of the measured samples in the territory of 
the main polluting agents is the fact that their 
radionuclide content exceeds the average by more than 
100%. Heterogeneity of radionuclides in samples from 
the surveillance places, compared to the whole 
territory - is much lower. The uncertainty of 

measurement average magnitude for leaves and stems 
samples common reed collected in separate places 
reaches 25%. 

Table 1 Averaged measurements of substances in 
organs and whole plants of the common reed (in 6 

surveillance locations) 

Object 
137Cs, 

kBk/kg 
u, 
% 

90Sr, 
kBk/kg 

u, 
% 

Ca2+, 
g/kg 

u, 
% 

K+, 
g/kg 

u, 
% 

Foliag
e 

10±12 23 6,6±7,4 21 2,2±0,9 27 1,1±0,7 23 

Stems 6,0±5,6 17 2,1±1,9 13 2,0±1,8 17 1,1±0,3 15 
Roots 43±65 69 7,8±9,2 85 - - - - 
Whole 
plant 

1,3±1,5 54 0,8±0,9 46 - - - - 

Note: The number of measured samples of leaves is 
35, stems - 26, roots - 9, whole plants - 21; content of 
the matter is given by the measurement results of the 
mixed samples that are average for the entire period of 
observation; "± 42" is the standard deviation of the 
substance content in the surveillance place; u,% is 
averaged according to the results obtained in terms of 
measurements from each surveillance site. 

The Table 1 shows uncertainty of measurement 
average magnitude for leaves collected over the entire 
height of shoots common reed and portions of stems 
taken at the middle of their height. The same 
parameter (u,%), calculated for the selected leaf shoots 
at half height for 137Cs and 90Sr is 14% and 12%, 
respectively. These values are comparable to those 
calculated for the middle portions of stems (Table. 1). 

The heterogeneity of the radionuclide content in 
the roots and whole plants, estimated the magnitude of 
the uncertainty of measurement is 2.5 times higher 
compared to the leaves and stems. Comparable with 
radionuclides, in samples from the field observations, 
is the uncertainties of measurement magnitude of their 
chemical counterparts are cations Ca2+ and K+ in leaves 
and stems. Correlation analysis links the magnitude of 
the standard deviation to the content in the samples of 
90Sr, 137Cs, Ca2+, K+ showed an average force feedback 
with the values of R2 - 0,45, 0,48, 0,35, 0,41, 
respectively. This means that with an increase of 
concentrations of these biophilic substances in 
surveyed ecosystems, their availability to plants is 
increased, which in resulting in a more uniform 
accumulation of organisms and reducing the 
magnitude of the uncertainty of measurement 
associated with the individual characteristics of 
accumulation of chemical plants. 

The large of the uncertainty of measurement 
magnitude inherent in the measurement of 
radionuclides in the roots shows that their study in 
conducting radiation monitoring may not be 
widespread because of the large sample magnitude of 
the corresponding samples required to achieve 
uncertainties of measurement of less than 50%. 

As shown, the correlation analysis of data samples 
from six surveillance locations, the accumulation of 
137Cs and cations K+, and - 90Sr and Ca2+, common reed 
leaves is in inverse proportion. Communicate these 
pairs of substances in the leaves is described value R2 - 
-0,25 -0,45 and, respectively. Thus, the uncertainty of 
measurement, as already mentioned, is reduced as the 
concentration of the substance. The results indicate a 
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weak non-radiological impact of environmental factors 
in the field of observation on the magnitude of the 
uncertainty of radionuclides measurement in samples 
of common reed. 

To ensure the minimum measurement uncertainty 
it is advisable to use common reed leaves selected at 
half-height. Also, leaves as the main part of the plant, 
are preferred as a monitoring tool, as with no 
additional costs for radionuclide analysis of samples 
selected from leaves, anatomical, morphological, 
physiological and other tests can be carried out. In case 
of stock assessment of radionuclides in biomass of the 
common reed, the measurement of whole plants is 
preferred. 

To control the uncertainty of measurement under 
the local background radiation contamination 
associated with the individual characteristics of 
radionuclide accumulation by plants or parts thereof, 
required to select at least five samples of Biological 
indication. The results of uncertainty of measurement 
calculated for the sample. The resulting value is 
attributed to all the composite samples, as related to 
the individual characteristics of radionuclide 
accumulation component of the total uncertainty of 
measurement. 

3.2. Uncertainty of radionuclides measurement 
associated with the peculiarities of their accumulation 
in plant organs 

The problem of unequal accumulation of 
radionuclides by different organs is relevant only if the 
entire plant is analyzed. In this case, the magnitude of 
the uncertainty of measurement depends on the 
different ratio of mass of leaves, stems and roots of the 
entire plants selected in different places. Our estimates 
of the mass of leaves, stems and roots of the selected 
plants have shown that their ratio can vary 
significantly depending on season, state of the aquatic 
ecosystem and sampling conditions. The ratio of the 
content of radionuclides accumulated in organs of 
plants in surveillance locations was calculated using 
formula 3. Given the distribution of ratio of 
radionuclide accumulation in plant organs, uncertainty 
of measurement was calculated, which is proportional 
to mass fraction and the specific activity of the relevant 
part of the plant selected for analysis (Table. 2). 

Table 2 Contribution of organs and the entire plant to the 
uncertainty of measurement (u, %) of sample mass and 

specific activity of radionuclides 

Object Mass 137Cs 90Sr 

Foliage 23 41 42 
Stems 15 20 18 
Roots 3 25 8 
Sum u, % 41 85 68 

Studies show that when using composite samples of 
the entire plants for measurements, the results should 
be given the uncertainty of measurement magnitudes 
established for separate organs of such plants 
calculated in proportion to the ratio of their mass in a 
sample of the entire plant. 

3.3. Uncertainty of measurement related to the 
peculiarities of seasonal radionuclide accumulation 
by the plants 

During the monitoring of the environment it is 
important to consider phenological phases of the 
common reed, because some of them in time coincide 
with a maximum amount of 137Cs in the water bodies, 
others – with 90Sr. As mentioned above [10], after the 
spring floods in the beginning of the growing season in 
experimental ponds 137Cs dominates. In the period of 
maximum growth of cane, which takes place in June 
[11], 90Sr prevail in the water bodies. The concentration 
of available 90Sr in the water body in August, during 
the flowering period of the cane, can increase 
dramatically due to the summer-autumn drought 
period. These phenomena lead to the need to consider 
phenological phase of the plant while sampling and to 
assess uncertainty, which depends on changes of 
maximum content of radionuclides in the water bodies 
during the growing period. 

The comparison of uncertainty of the radionuclides 
measurement in the samples of the entire common 
reed plant and its leaves was made depending on the 
characteristics of seasonal accumulation of 
radionuclides. For laboratory analysis the leaves 
selected at half height of the plants were used. Having 
as an example the radionuclide content in the leaves of 
the common reed, which were selected under a local 
background radionuclide contamination of water 
bodies in CEZ, one can see that the value of this 
parameter can be changed by 2 to 3 times by months 
within the growing period (Fig. 2). 

 

Fig. 2. The radionuclides content in the common reed leaves 
selected from Prypiat River at the alignment of Chornobyl city 

(averaged over the results of observations of 2009-2013). 

Averaged over the surveillance locations value of 
the variation coefficients in the common reed leaves 
content of 137Cs and 90Sr varies from 38% to 65% with 
an average - 51% and from 41% to 89% with an average 
- 68%, respectively. At the same time, the average 
uncertainty of measurement associated with the 
individual characteristics of the relevant radionuclide 
accumulation in the leaves of certain plants is 23% and 
21%, i.e. 2-3 fold less (Table. 1). These values show that 
the common reed leaves can be used to evaluate 
seasonal accumulation of radionuclides, as their 
respective uncertainties of measurement are 
significantly lower than this parameter. In contrast to 
the leaves, the entire plants have uncertainty of 
measurement associated with the individual 
characteristics of accumulation of radionuclides by 
137Cs, more than seasonal one - 54% and 51%, 
respectively; by 90Sr, comparable to the seasonal one - 
46% and 68%, respectively (Table. 1). Such a ratio of 
uncertainty of measurement does not allow to make a 
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reliable estimation of the seasonal differences of 
radionuclides accumulation by using the entire plant 
samples. For reliable evaluation of the radionuclide 
accumulation by the entire plant samples with 
available parameters of uncertainties of measurement, 
several samples in different months of the growing 
season are required. 

3.4. Measurement uncertainly of radionuclides 
associated with the peculiarities of losing water in 
plants 

Uncertainty of measurement associated with the 
loss of water by the plant samples during 
transportation from the site of selection to the 
laboratory is only relevant in the case of calculating the 
analysis results on the live weight of plants at the 
delivery of samples without cooling. Between the 
sampling and analysis of the entire plants by the first 
method from 2 to 8 hours passed, while, during the 
transportation the samples were not cooled. We 
conducted an experiment to assess the loss of water by 
leaves of the common reed due to evaporation. From 
each of the six surveillance locations the leaf samples 
were taken to the laboratory in cooler bag, in plastic 
packs, at temperatures of about + 5 ° C. Control 
weighing showed no significant changes in the weight 
of the samples with the above conditions of delivery. 

To evaluate the losses due to evaporation of water, 
each sample was placed in desiccators with the 
presence of a pre-dried calcium chloride at the rate of - 
10 sorbent parts per 1 sample part. For 8 hours after 15 
min the samples were removed from the desiccators 
and weighed. On average, the loss of water samples 
consisted of 17 g/kg/hr, with a variation coefficient of 
32%. The greatest loss of water had a sample from the 
cooling pond Chornobyl NPP ecosystem – 20% of the 
sample weight within 8 hours. The samples from the 
Prypiat River ecosystem in alignment of Chornobyl-
town had lowest water loss. Since it is impossible to 
predict the travel time and the initial physiological 
state of plants at each sampling, we consider it 
appropriate in this case, to attribute all the results with 
the maximum uncertainty of measurement is 2.5% for 
each hour of the path stay from the selection site till 
the start of measurements. 

3.5. Comparison of the quality of measurements 
using different sampling methods 

Calculation of the number of samples to be selected 
for each of the techniques employed (Table. 3) was 
conducted on the basis of total uncertainty (forms. 1), 
the common component of which for both methods is 
laboratory uncertainty of measurement (20%). 

In addition to the laboratory, to calculate the total 
uncertainty implementing the first method, the 
following was used: the component related to the loss 
of water samples during transportation for 4 hours 
(10%) and seasonal variability of accumulation of 
radionuclides (137Cs - 51%, 90Sr - 68%). The last 
parameter includes individual uncertainties and that 
related to the heterogeneity of the radionuclide content 
in plant organs. Calculations show that to ensure the 
indicator accuracy of measurement of 40-45%, about 
20 plants must be measured (Table 3). With the 
indicated uncertainty, significant difference between 

the measurements from different locations can be set 
in the case where there is a difference of more than 1.5 
times. Furthermore, in studies that implemented the 
first method, in the established long-term practice, the 
annual sample data includes measurements of 1-2 
whole plants selected monthly, which accounts for 3-4 
records a year from one surveillance place. Thus, to 
achieve the desired reliability of measurement, 
samples from one surveillance location are not enough. 

Table 3 The required number of samples taken from 
one surveillance location with the given parameters of 

measurement quality 

Object 
137Cs 90Sr Ca2+ K+ 

m n m n m n m n 

Foliage 10 46 10 41 10 45 10 40 

Stems 10 55 10 44 10 55 10 49 
Whole 
plant 

40 16 45 19 - - - - 

Note: The calculations have been performed 
according to the formula 2 (at P=0,95, t=2,0), using 
the values of u,% given in Table 1. 

Given these circumstances, the annual data on the 
content of radionuclides in the samples of common 
reed (Fig. 1) can be united into three groups on the 
basis of radionuclide contamination. The first includes 
samples with background content of radionuclides 
selected in the ecosystem of the alignment of the 
Prypiat River near Chornobyl. Second, at the average 
level of radionuclide contamination of the sample 
includes samples from the Azbuchyn Lake, Chornobyl 
NPP cooling pool, Yanivsky backwater (intragroup 
differences in the content of samples: for 137Cs, Kc = 
72% of 90Sr, Kc = 53%). Third, at the maximum 
pollution level, includes the lake Glyboke and Daleke 
(the difference between the content of radionuclides in 
the sample – 137Cs by Кс=60%, 90Sr by Кс=120%). The 
difference between the content of radionuclides 
between samples from the group with the highest and 
average pollution is at 137Cs Кс=250%, and 90Sr 
Кс=570%; between samples with the average local 
background pollution 137Cs Кс=5000%, 90Sr Кс=1400%. 
Thus, this approach allows the display of the content of 
radionuclides in the common reed, in case of increase 
in the number of surveillance locations or the 
frequency of observations. 

Calculating the number of samples selected by the 
second method produced on the basis of total 
uncertainty, the components of which are the 
uncertainty of laboratory measurements and the 
individual characteristics of radionuclide accumulation 
(Table 1), showed that the measurement accuracy of 
leaves and stems is between 5% and 10% if selecting 
fifty samples from one place (Table 3). The number of 
samples required for quality assurance measurements 
of cations Ca2+ and K+ correspond to that of the 
radionuclides. 

Thus, the performance of measurements by the 
second method yields quantitative results at 
comparable costs that are 7 times more accurate as 
compared with the observations carried out by the first 
method, which are indicative. 
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4. CONCLUSIONS 

Studies have shown that in two methods used at 
CEZ today for sampling and analyzing the 
radionuclides content in samples of common reed, 
uncertainty of measurements is formed differently. 
Accordingly, the number of components of uncertainty 
of measurement is different. In the first method of 
study, when the entire plants are received for analysis 
and calculation of content of the radionuclides is made 
on the wet weight of the sample, there are several 
components of high magnitude of uncertainty of 
measurement. In this case, the uncertainty of 
measurement magnitude is so high that to produce a 
mixed sample in the surveillance location, more than 
100 plants are required to ensure satisfactory quality of 
measurements. 

The data available today on the results of long-term 
series of observations obtained by the first method can 
be used for indicator evaluation of radioecological 
parameters of aquatic ecosystems of CEZ. To reduce of 
the uncertainty of measurement results performed by 
the first method to group samples from different 
surveillance places on the basis of the similarity levels 
of radionuclides in the samples. 

Estimation of the value of the total statistical 
uncertainty of measurement by the second method, 
which is based on selection of individual plant organs 
and analytical weight control of the dry samples, 
showed that in this case a sufficient number of 
components in a composite sample is 50. The 
magnitude of uncertainty of measurement in this 
method is below the difference of radionuclides 
content in the common reed, even in samples of 
ecosystems with similar levels of radioactive 
contamination. This method of uncertainty of 
measurement estimation allows to investigate the 
seasonal accumulation of radionuclides by the 
common reed, and can also be used to monitor the 
results obtained by the first method. 
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VARIATION OF SPECIFIC ACTIVITY OF 137CS IN THE BOTTOM GROUND  
OF WATER RESERVOIRS AND WATERSIDE SOIL IN VILNIUS CITY, LITHUANIA 
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Abstract. The present work analyses the problem of radiocesium contamination of water bodies. The main object of 
research is the dynamics of radiocesium in water and bottom sediments of three Lithuanian lakes: Tapeliai, Juodis 
and Lydekinis. The Lake Tapeliai basin is of the glacier origin and has the bottom sources. The Lake Juodis is a 
running shallow lake with the thick layer of bottom sediments (over 7 m). The Lake Lydekinis is a small humic lake 
with highly colored water. Sediments and water samples were analyzed for 137Cs using a γ-spectrometric system. 
Investigation results deepen our knowledge on the processes of lake self-cleaning from anthropogenic pollutants and 
allow predicting the terms of super warm lake remediation after radioactive impacts. Estimating radioecological 
consequences of the radioactive impact to the natural water bodies, meromictic lakes are suggested as critical objects.  

Key words: radiocesium, specific activity, activity concentration, lake, bottom sediments 

1. INTRODUCTION  

The migration of radionuclides in aquatic 
ecosystem has been raising a huge interest for some 
years. Radiocesium is an important indicator 
showing the pollution of the aquatic ecosystem [1]. 
Radiocesium has been investigated for a quite long 
time. This artificial radionuclide gained attention of 
the researches after the accidents of the Chernobyl 
and Fukushima nuclear power plants. The activity 
level of the radiocesium is usually indicated in soil 
and sea water, however, for the past decade more 
and more attention has been drawn to the 
investigation of radiocesium in river and lake waters  

It is known that close lakes and water objects 
with sufficiently high water retention perform as 
accumulators of long-lived radionuclides [2,3]. They 
can content a high concentration of long-lived 
radionuclides in the water and bottom sediments 
[4,5]. The bottom sediments of the lake are the most 
important element of the water environment acting 
as a “filter” of radionuclides or as a temporary sink 
of radionuclides [6]. The vertical profiles of 
radiocesium bottom sediments are used to restore 
the chronology of the radioactive pollution, to 
evaluate the general load of the bottom sediments 
and sedimentation rate (the deposition of 
suspended particles in water per year) [7]. 

It can be stated that the processes of 
radionuclides’ retention are concerned with their 
chemical and physical processes and bottom 
sediments. Having occurred in the water the 
radiocesium migrates to the bottom sediments by 
direct absorption or together with suspended 
particles, which reach the bottom sediments later. 
Usually the bottom sediments are presented as 

“filter” for radionuclides, however they can also be 
the source of radionuclides. 

The main object of the study is a radiocesium 
behavior in a relationship with the seasonal 
variations of standard water parameters in 
Lithuanian lakes. 

The main object of the study is to estimate the 
peculiarity of radiocesium dynamics in Vilnius city 
(Lithuania) lake waters, bottom sediments and near 
bottom water. The research has shown that the 
concentration of pollutants is ten times higher in 
lower stagnant water layer of close meromictic lakes 
than in the waters of dimictic lakes. Therefore such 
lakes must be considered as objects of increased 
ecological risk. The results of the research allow to 
explain the processes of lake self-cleaning and to 
predict radiocesium pollution remediation 
processes in lakes. 

2. MATERIALS AND METHODS  

Water samples (20 l each) were collected during 
the period of 2000–2010 from different lake depths 
using a Molchanov barometer (single water volume 
is ~4 l). The parameters of these water samples were 
averaged through the whole interval of 40 cm depth 
collector. Only the aerobic water samples were 
filtered in the laboratory through the filters of 
Filtrak 391 using vacuum filtering system. The 
hypolimnetic water samples, which had sufficient 
amount of iron oxide flock, were not filtered. Then 
aerobic and hypolimnetic water samples were 
evaporated to extract dry deposits for further 
analysis of radiocesium. 

The bottom sediment samples were collected 
using an Ekman-Birge type bottom sampler made of 



 264

metal with lockable bottom. The collector was 
attached with a rope to the manual or mechanical 
winch and was lowered to the selected depth with 
the open lid. When the required depth was reached 
a certain mass solid was released which effected the 
spring mechanism forcing to close the bottom lid. 

Radiocesium specific activity of bottom 
sediment samples was measured using SILENA  
spectrometric system with highly pure germanium 
detector (HPGe) (42% relative efficiency, resolution 
- 1.8 keV / 1.33 MeV) by 661.62 keV 137mBa (137Cs 
secondary nuclide)  line.  Measurements were 
carried out using a standard geometry dishes and 
based on efficiency estimated for the known density 
samples. The mixture of different densities 
radionuclides (1 and 1.45 kg/l) prepared in Russian 
Research Institute of Technical Physics and 
Radiometric Measurements (Moscow) was used for 
calibration. The error of radiocesium activity 
measurements in the samples were evaluated by 
GAMMAPLIUS software. They were less than 5 % 
(standard deviation) for high activity samples and 
did not exceed 15 % for much less active layers of 
bottom sediments. The samples activity amendment 
was not entered as the measurements were carried 
out immediately after sampling. 

The dry deposits of water samples were analyzed 
using ORTEC scale – spectrometric system with a 
well HPGe detector (volume 170 cm3, relative 
efficiency 38 %, resolution – 2.05 keV/1.33 MeV). 
The efficiency of this γ spectrometric system of 
samples measurement is higher than SILENA 
system. 

Vilnius city lakes of different specifics were 
chosen for the research – Juodis, Lydekinis and 
Tapeliai (Fig. 1). 

 

Fig. 1 Location places of lakes: location of samples shown 
by points  

Lake Juodis (54°46´49″N, 25°26´29″E) is a 
small (only 0.1 km2) flowing shallow lake in a 
particular chain of lakes, which are tied up with each 
other by small rivers. Lake Juodis is eutrophic, it 
does not have the near-bottom water sources. This 
lake is of glacial origin. The southern part of the lake 
is broad and deep (up to 3.5 m), the northern - 
shallow bottom terrace (depth 1.0 to 1.7 m). The 

thickness of the bottom sediments in the northern 
(shallow) part is up to 7 m. 

Lake Lydekinis (54°46´11″N, 25°27´23″E) 
belongs to the river basin as part of the dammed 
headwaters. This is an open water to the north, west 
and east sides, separated by the ramparts from the 
wetland areas. The average and the maximum depth 
of the lake are 1.6 and 4.5 m respectively. The water 
of Lake Lydekinis is coloured. Formation of 
coloured water influence large amounts of iron 
oxide in this water. Processes of gravitational 
mixing of the water column in lake Lydekinis are 
followed by abundant Fe2O3 floc creation and 
sedimentation. Lake consists of two different parts, 
which do not intermix: the upper part of the lake of 
some 300-cm thickness, which becomes completely 
aerobic due to the gravitational mixing in autumn 
and constantly anoxic stagnant bottom water layer 
of some 150-cm thickness. It means that this lake is 
meromictic. 

Lake Tapeliai (54° 46´ 49″N, 25° 26´ 29″E) is of 
glacial origin and is composed of four parts: 1) the 
shallow southern terrace (4-5 m depth); 2) central 
deeper part of the lake (7-9 m depth); 3) the 
northern terrace with gradual bottom (depth ranges 
from 1.5 m to 6 m); 4) the bottom small terrace on 
the west side of the lake (depth of 5-6 m). The lake 
reaches a maximum depth of 9.5 m with a beaver 
dam. Lake Tapeliai also has bottom sources. They 
are located in three different areas: a) near the west 
coast of the southern terrace of approximately 4-4.5 
m; b) in the southwestern area of the central part of 
the lake; c) at the southern edge of the lake near the 
old drainage channel. 

3. RESULTS 

After measuring the specific activities of 
radiocesium in Lake Juodis, it was found that the 
highest specific activity was 300 Bq kg-1 at a 17 cm 
depth of bottom sediments (Fig. 2). This enables to 
estimate the sedimentation rate, which is equal to 
0.37 cm year-1. By analogy with the previous 
measurements of radiocesium vertical distribution 
in bottom sediments [8], the maximum values of 
radiocesium specific activity are assigned to the 
moratorium period of nuclear explosion (1963). 
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Fig. 2 Radiocesium specific activity in Lake Juodis (depth 

~3 m). Error of measurements 2 % 
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Vertical profiles of radiocesium specific activity 
of the bottom sediments taken from the deepest part 
of the lake Lydekinis are described by the highest 
specific activity values of bottom sediments near the 
surface (Fig. 3) and a marked decrease in activity in 
the deeper layers. 

Sedimentation rate was evaluated according to 
the fact that the radioactive contamination in deeper 
areas of the Lake Lydekinis was caused only by 
global deposition. This rate is approximately 0.06 
cm·y-1. 
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Fig. 3 Vertical profiles of radiocesium specific activity in 

Lake Lydekinis (depth ~4,5 m). Error of measurements 3 % 

Radiocesium specific activity of the vertical 
profiles of the bottom sediment samples taken at a 
certain distance from the deepest layer of Lake 
Lydekinis were different. They are described by the 
increased sedimentation rate (0.2–0.35 cm·y-1) and 
high radiocesium specific activity at 3.5-8 cm depth 
interval of bottom sediments. One of these vertical 
profiles shown in Fig. 4 was obtained from the 
bottom sediment samples collected from a depth of 
3.9 m. 
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Fig. 4 Vertical profiles of the radiocesium specific activity 
in Lake Lydekinis (depth ~ 3.9 m). Error of measurements 

2 % 

Using the Gaussian formula for vertical profiles 
slopes of radiocesium specific activity of the bottom 
sediments (below the peak of the profile), it was 
found that characteristic half-widths of these slopes 
vary in the range 3.4–4.5 cm. Compared with the 

primary vertical profile, these small shifts in the 
shape of slopes formed during the fast phase of 
radiocesium free-ion diffusion [8, 9]. This show 
limited possibility of radiocesium migration to 
deeper sediments under these conditions. 

Given the relatively wide band of wetland areas 
at Lake Lydekinis, the bottom sediment samples 
were collected in the upper basin of the lake at 1.9-
3.0 m depth (Fig. 5). 

0 10 20 30 40
0

50

100

150

200

250

13
7 C

s s
pe

ci
fic

 a
ct

iv
ity

, B
q

kg
-1

Sediments depth, cm  
Fig. 5 Vertical profiles of the radiocesium specific activity 
in Lake Lydekinis (depth ~1.9 m). Error of measurements 

5 % 

The maximum values were measured at the 
bottom sediments depths from 9.5 to 11.7 cm (Fig. 
5), and from 8.5 to 11.1 cm. The characteristics of 
slopes’ half-widths are also relatively high (6.2 and 
5.7 cm respectively). The structure of the vertical 
profiles of radiocesium specific activity in all bottom 
sediments samples remained the same. However, 
the maximum density of bottom sediments was 
identified in the deepest layers: in the 26.4 to 31.1 
cm (samples taken from 1.9 m depth of the lake) and 
in the 25.2 to 29.5 cm (samples taken from 3 m 
depth of the lake). Sedimentation rate was equal to 
~0.5 and ~0.49 cm·y-1 respectively. 

Having analyzed the gained data of radiocesium 
activity in Lake Tapeliai, it can be seen that the 
vertical profile of radiocesium specific activity 
characterizes its activity peaks on the surface of 
bottom sediments (Fig. 6). 
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We see that the specific activity of radiocesium 
at the superficial bottom sediment layer (at the 
depth of 3.5 m) is slightly higher than 111 Bq·kg-1, 
then, starting from the bottom sediment depth of 15 
cm the specific activity decreases. The maximums of 
vertical profiles of bottom sediment density were at 
15-17 cm of bottom sediment depth. 

Meanwhile radiocesium specific activity data 
obtained at a depth of 5.1 m shows a slightly 
different radiocesium distribution in bottom 
sediments (Fig. 7). 
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Fig. 7 Vertical profiles of the radiocesium specific activity 
in Lake Tapeliai (depth ~ 5,1 m). Error of measurements 

3 % 

Given the relatively wide zone of marsh at Lake 
Lydekinis, the bottom sediment samples were taken 
in the upper basin of the lake at depth of 1,9-3.0 m 
(Fig. 5). 

In this case, the main part of radiocesium is 
distributed at the bottom sediment depth of 10–20 
cm. We can notice that the radiocesium specific 
activity was nearly 180 Bq·kg-1. The density of 
sediments solids’ vertical profiles show growth 
starting at 20 cm depth. The distribution of 
radiocesium at different depths of Lake Tapeliai is 
irregular: higher values of radiocesium specific 
activity were indicated at deeper lake layers. 
Received profiles of radiocesium specific activity 
show radiocesium’s spread deep into the bottom 
sediments. 

The highest values of radiocesium specific 
activity, measured in the whole lake area, varied at 
the interval of 110–190 Bq·kg-1 . Bottom sediment 
layer, characterized by the highest values of 
radiocesium was always located at 6 to 19.5 cm deep 
into the bottom sediments. Radiocesium specific 
activity of the surface layers of the bottom 
sediments was 20–120 Bq·kg-1. These values were 
measured in the southern and south-western part of 
the lake near the bottom sources (Fig. 8).  

These data indicate that radiocesium migration 
in bottom sediments was lowest in the central part 
of the lake: the slope width ranged from 1.3 to 2.8 
cm interval. 

The data of bottom sediments load (Bq·m-2), 
considering the collection places of bottom 
sediments samples are presented in Fig. 9. The data 
was distributed into four groups according to their 

collection places: the north terrace, north-west 
terrace, central part of the lake, and south terrace. 
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Fig. 8 Vertical profiles of the radiocesium specific activity 
in Lake Tapeliai (depth ~7.7 m). Error of measurements 
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The maximum radiocesium inventory was 
recorded on the north-west terrace, it was around 
~1520 Bq·m-2. Radiocesium inventory on the 
southern lake’s terrace varied at 770–1470 Bq·m-2 
interval, while the depth of the lake in that part was 
4.2 to 5.4 m. Such radiocesium inventory 
distribution can be explained by the existence of 
lake’s bottom sources and the influence of the 
currents of these sources on the spread of the 
pollutants. The radiocesium inventory on the 
shallow northern terrace is much smaller and is 850 
Bq·m-2. The terrace is next to the stream flowing 
from the lake and open to the wind gusts. The 
radiocesium inventory in bottom sediments that are 
below 5.4 m depth of Lake Tapeliai is about 1.5-2 
times lower than in the upper water layers. 
However, sedimentation rate is approximately 
equal. 
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Fig. 9 Distribution of radiocesium inventories (Bq·m-2) in 
the lake sediments core with the bottom depth. Error of 

measurements 5 % 

It implies that the main process of sediment 
activation in the lake is related to the direct sorption 
of radiocesium onto the sediment surface. It also 
means that in the lake, which is thermally stratified 
for about 5 months during the warm period, 
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radioactive pollution were mainly distributed and 
accumulated in the boundary sediments of the 
upper mixed water layer. These pollution are able to 
reach the bottom sediments of the deepest areas of 
the lake under conditions of the full lake water 
mixing in spring or late autumn. Radiocesium 
inventory in the deepest part of the lake can also 
increase due to the landslides of the bottom 
sediments.  

Processes of lake self-cleaning are taking place 
in lake Tapeliai, the same as in other lakes. The 
studies of Lake Juodis have shown that these 
processes during winter are thermodynamic and are 
associated with heat transfer processes during the 
formation of the ice cover. Depending on the 
amount of heat generated Lake Tapeliai can be 
attributed to moderately warm or super warm lakes 
[10]. 

During a long exploration period of Lake Juodis 
(since 2000), only during the winter of the year 
2008-2009 the snow cover was low, causing long-
term total water layer aerobic conditions for the 
presence of green algae and phytoplankton 
photosynthetic activity under the ice. Temperature 
and radiocesium vertical profiles (Fig. 10) are 
measured in the aerobic water; data showed that the 
near-bottom water temperature increase above 4 ° 
C, which is believed to be associated with an 
increase in mineralization due to its porous water 
buoyancy effect, was accompanied by the growth of 
radiocesium concentration. 
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Fig. 10 Vertical profiles of 137Cs activity concentrations in 

Lake Juodis 

The measurement data showed that radiocesium 
activity concentration in the lake water going deep 
down always increases (Fig. 11), also the tendency of 
the increase in dry deposits of water samples is 
observed. 

The data shown in Fig. 11 represents 
approximately the entire range of volumetric 
activity in coloured water. The broadest range is 
dependent on surface watercolor: 1.6±0.3 Bq·m-3–
7.0±0.4 Bq·m-3. 

Radiocesium activity concentration increases 
with depth, and its range of variation at the depth 
interval of 3.1–3.6 m decreases almost twice: from 
7.3±0.4 Bq·m-3 to 9.9±0.8 Bq·m-3. Such variations 

can be induced by external effect, which is 
decreasing with depth. 
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Fig. 11 Vertical profiles of radiocesium activity 

concentrations in Lake Lydekinis water. Error of 
measurements 5  

Fig. 12 presents the data of radiocesium 
activities concentration in surface waters of Lake 
Tapeliai during the years 2000–2010. The 
decreasing radiocesium activity concentration 
tendency in the outflowing river is obvious. Over 
time, the amount of radiocesium in the central part 
of the lake started to decrease as well, though the 
increase of radiocesium activity concentation in 
spring 2010 is observed. It can be related with the 
color marshy water access into the lake. Episodic 
radiocesium activity concentration measurements of 
inflow into the Lake Tapeliai of colored water 
stream shows that these concentrations ranging 
within limits of 4–6.4 Bq·m-3  in 2006–2010. 
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Fig. 12 A course of radiocesium activity concentrations in 

surface water of Lake Tapeliai and in the outflowing brook 
in 2000–2010 

Radiocesium activity concentration data 
obtained during 2009-2010 is only one-third of the 
concentration activities measured in the outflowing 
stream from the lake. However, data show some 
increase in the radiocesium activity concentration 
during spring and autumn periods. Colored water in 
the lake depends on the direction of the wind; under 
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the northern winds, colored water can cover the 
entire surface of the south terrace. 

Having analyzed the obtained data of 
radiocesium activities, we can see that the vertical 
profile of radiocesium specific activity describes its 
activity peaks at the bottom sediment surface. 

Fig. 13 shows the radiocesium activity 
concentration distribution in Lakes Juodis, Tapeliai 
and Lydekinis. 
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Fig. 13 Comparison of the vertical profiles of the water 
soluble radiocesium activity concentrations in studied 

lakes in summer. Error of measurements 2 % 

The lowest radiocesium activity concentration 
values are measured in Lake Tapeliai, just slightly 
higher values are measured in Lake Juodis. 
However, the radiocesium activity concentration of 
both lakes does not exceed 2 Bq·m-3. Meanwhile the 
radiocesium activity concentration in the water of 
Lake Lydekinis is almost 7 times higher than the 
values measured in the ecosystems (near-bottom 
water) of Lakes Juodis and Tapeliai.  

From the data, it is evident that radiocesium 
activity concentration is increasing extremely in 
near-bottom water. These data show processes of 
radiocesium release from bottom sediments into the 
near-bottom water. 

CONCLUSIONS 

1. A thermodynamic mechanism – buoyancy of 
the sediment interstitial liquids – is 
responsible for the near-bottom water 
enrichment in radiocesium in lakes in winter. 
The process reveals itself also in autumn under 
aerobic conditions and is a predecessor of the 
anaerobic zone formation in winter. The latter 
is proved by the vertical profile of radiocesium 
activity concentrations in water of shallow 
Lake Juodis. Under aerobic conditions, these 
concentrations increase from 1,5 to 2,1 Bq·m-3.  

2. The peak values of radiocesium activity 
concentration measured in the water of Lake 
Lydekinis is almost 7 times higher than the 
values recorded in the ecosystems of Lakes 
Juodis and Tapeliai, and reaches 13 Bq·m-3, 
which implies that similar meromictic lakes 

should be treated as increased radioecological 
risk objects. 

3. The temperatures of near-bottom water in lake 
Tapeliai exceeding 4 oC in winter and 
formation of thermally stratified lake water 
layered structures shows that the bottom 
sediments’ interstitial liquids thermodynamic 
buoyancy mechanism induces processes of the 
surface sediment mixing and is involved in 
processes of lake self-cleaning. 

4. The bottom sources of Lake Tapeliai decrease 
the sedimentation rate in the area of their 
existence and absorption of pollution through 
the bottom sediment surface. 
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Abstract. In the present study, we investigated the accumulation of 137Cs and 90Sr in compartments of the Nitellopsis 
obtusa cells. The effect of Sr2+, Cs+ and Ca2+, K+, which are chemical analogues of 90Sr and 137Cs, to the bioelectric 
parameters of these algae were studied simultaneously. The aim of this work was studying the penetration of 137Cs and 
90Sr through regulating membrane barriers in the cells of starry stonewort (Nitellopsis obtusa). 137Cs and 90Sr are 
accumulated mainly in the cell membrane (75% to 92%) of these algae. The cell membrane as a cation exchanger 
regulates ion flow through the first cells diffusion barrier – its thick outer cytomembrane (the complex consisting of the 
cell wall and plasmalemma). Significantly, smaller amounts of 137Cs and 90Sr enter into the cytoplasm than in the 
cytomembrane, 10-20% and 3-10%, respectively. Analysis of the accumulation levels of 137Cs and 90Sr in the 
compartments of the Nitellopsis obtusa cells show their accumulation in the cell membrane as well as their active 
transport through outer and inner cytoplasmic membranes. Membrane potentials determined mainly by the gradient 
of the K+ ions are doing an important regulatory function in this process. From the obtained data it results that cells of 
Nitellopsis obtusa algae can be a convenient radioecological model for the study of the accumulation of radionuclides 
in plants at the cellular level. 

Key words: Accumuliation, 137Cs, 90Sr, Nitellopsis obtusa, cell compartments. 

1. INTRODUCTION 

It is known that pecto-cellulosis cell wall 
affects the process of the entering of mineral 
substances into a plant especially from low 
concentration solutions [1]. The cell membrane is 
a subacid cation-exchanger whose matrix has a 
certain amount of carboxyl groups linking cations 
[2]. The highest cation specificity of cell 
membrane is signified for Ca 2+ [3]. 

The properties of the cell membrane as a 
barrier may occur when radionuclides are 
entering into the plants’ cells. In order to 
ascertain these “barrier” properties, the data 
about the accumulation of radionuclides in the 
cell membrane is needed. A series of 
radionuclides 65Zn  144Ce  210Pb  90Sr  137Cs 
established by the levels of accumulation in the 
membrane represents the ability to adsorb 
mainly 3- and 2-valent cations La3+  Ca2+  Na+ 
 K+ [4]. The faster saturation of 2-valent cations 
than 1-valent is probably caused by Ca2+ binding 
and its chemical and biological analogue Sr2+ in 
membrane with negative electrical charges of 
pectins. This process for 144Ce, 65Zn и 210Pb was 
longer because there is a gradual displacement of 

other cations (Ca2+ and Mg2+) from fixed sites 
and formation of stronger bonds [5]. 

It should be noted that the accumulation of 
65Zn decreased 3 times in the cell membrane 
treated with detergent Triton X-100, while the 
accumulation of 144Ce, on the contrary, increased 
2 times in comparison with the variants of 
untreated membrane [6]. This indicates that the 
accumulation processes of these radionuclides 
are different. Apparently 65Zn is being 
preferentially bound by a polysaccharide-protein 
matrix in the membranes and 144Ce is 
accumulated mainly in the free space between 
membrane’s phospholipidic layers [7]. 

Nowadays a topical radioecological problem is 
determining the effect of radionuclides on 
biological objects, especially at low specific 
activity level, as well as in both separately and in 
conjunction with various environmental factors, 
including the anthropogenic origin pollution. It is 
common knowledge that the cells of algae 
Nitellopsis obtusa (Charophyta division) have a 
quick and sensitive response to the impact of 
various chemical agents by modulation of its 
membrane bioelectrical parameters. The cells of 
these algae are widely used in studying the 
toxicity of heavy metals as well as determining 
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water quality [8, 9]. Here emerges the question if 
it is possible to apply electrophysiological 
methods for studying the processes of 
radionuclides transference into plant cells N. 
obtusa as well as the biological effect on these 
cells of low specific activity level. However, this 
matter has not been sufficiently studied. 

The aim of this study was to research the 
entering process of 137Cs and 90Sr into the cells of 
N. obtusa and to determine the role of plant cell 
membrane as a barrier involved in penetration of 
radionuclides into cellular compartments. 

2. OBJECT AND METHODS  

Algae Nitellopsis obtusa (Desv.) J. Groves 
collected in two Lithuanian (Žuvintas and Dusia) 
lakes was used for this research. Both lakes are 
located in the south part of Lithuania. The area of 
Žuvintas lake is 9.65 km2. It is the shallowest lake 
in Lithuania with the greatest depth being 3 m 
and average only 0.6 m. Water in lake Žuvintas is 
6.5-7.0 pH, cations concentration in water: 4*10-5 
mol/L for K+, 3*10-4 mol/L for Na+, and 1*10-3 
mol/L for Ca2+.  The area of Dusia lake is 23.17 
km2. Its greatest depth is 32 m and average depth 
is 15 m. Water in lake Dusia is 8.4 pH, cations 
concentration in water: 5*10-5 mol/L for K+,  
2*10-4 mol/L for Na+, and 1*10-3 mol/L for Ca2+. 

The experiments were performed in 
aquariums containing 1.5 L of filtered Žuvintas 
lakes water adding the cesium and strontium 
solutions, which were turned into the basic 
radionuclides chlorides form of the 105 Bq/L 
activity concentration. The water temperature 
was 24-25 оС. The duration of the experiments 
was 8 days. Algal cells which length was up to 21 
cm were dissevered into the cell membrane, the 
protoplasm and the vacuolar sap by the 
Hampson’s method [10].  

These algae cells contain big central vacuole 
surrounded by a cytoplasmic membrane – the 
tonoplast. The cytoplasm surrounding the 
vacuole is separated from external environment 
with the plasmalemma and the cell wall. The 
accumulation coefficient (AC) comprises the 
ability to accumulate radionuclides in cells 
compartments. AC is determined as the ratio of 
radionuclide concentration in compartments of 
cells (wet weight) and in the water. 

The cells of N. obtusa were separated 
mechanically, because the cells are large (about 
21 cm in length and 1.5 mm in diameter) have 
regular cylindrical shape and pronounced 
differentiation of compartments. Vacuolar sap 
was removed by cutting off one end of the cell. 
The vacuolar sap usually flows out itself or by a 
light push of tweezers along the cell. It is 
important to watch at this moment that the 
cytoplasm does not flow out together with 

vacuolar sap. This can be seen in color and 
consistency of the preparation. The vacuolar sap 
is clear and watery; and general fraction of 
cytoplasm is green and viscous. Further, the 
cytoplasm was extruded out with tweezers. The 
admixture of the cytoplasm in the vacuolar sap is 
not more than 15 per cent; and the admixture of 
the residue of the vacuolar sap in the cytoplasm 
preparation is insignificant. The cell wall was 
obtained by cutting off both ends of the cell and 
removing the cytoplasm by strong pressure of the 
tweezers along the entire cell. 

The method used for separation of cellular 
compartments is not very accurate, but has 
several advantages. It is simple, allows quickly 
preparing several preparations for measurement, 
and allows measuring the radioactivity in each 
compartment of the plant cell. 

Preparations of the cell wall, the cytoplasm, 
the vacuolar sap, and the water were sampled at 
the same time after 3 h, 2 and 8 days. 6 parallel 
samples of cell wall, 4 parallel samples of the 
cytoplasm, 4 parallel samples of the vacuolarsap, 
and 4 parallel samples of the water (each 1 ml) 
were collected for each experimental point. 
Measurement of 137Cs and 90Sr content were 
performed in accordance with conventional 
radioecological methods [6, 11, and 12]. 

Conventional intracellular methods of 
microelectrodes ant voltage clamp technique 
were applied to investigate the impact of 137Cs 
and 90Sr on the plasma membrane bioelectrical 
properties of N. obtusa cell. During the 
experiments N. obtusa internodal cells of about 
10 cm length and 0.6 mm diameter was placed 
into a plexiglass chamber and continuously 
bathed in artificial pound water or experimental 
solution. The reference electrode was immersed 
into the experimental solution near the cell and 
the microelectrode was inserted into the cell to 
measure electrical potential differences between 
outside and inside the intermodal cell. The 
details of experimental procedures, parameters 
and specifications of the experimental techniques 
were thoroughly described in previous studies 
[13-15]. 

3. RESULTS AND DISCUSSION  

The obtained data indicated the two-phase 
kinetics of the 137Cs and 90Sr accumulation in the 
cell membrane of Nitellopsis obtusa algae. The 
first is a fast nonlinear lasting for hours. The 
second phase lasting several days is slow and 
linear. Particularly rapid saturation was noticed 
for 90Sr (< 1.5 h) during the nonlinear phase of 
accumulation. The kinetics of accumulation of 
the studied radionuclides was mostly linear in the 
cytoplasm and the vacuolar sap. 
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The highest AC of 137Cs and 90Sr were 
established at the cell membrane (12427 and 
25640 respectively) (Fig. 1 and Fig. 2). AC 
values of these radionuclides were significantly 
lower and differed in lesser units in the 
cytoplasm (14.04.1 and 7.41.9 respectively). AC 
in vacuolar sap were 3.00.4 and 0.70.1 
respectively. The obtained data demonstrates 
that AC of 137Cs and 90Sr were 9 and 35 times 
respectively higher in the cells membrane than in 
the cytoplasm. 

 

 
Fig. 1. The kinetics of 137Cs accumulation in compartments of 
Nitellopsis obtusa cell. 

 

High accumulation level of these 
radionuclides in the cells membrane can 
apparently be explained by its cation-exchange 
characteristics and the ability to adsorb bivalent 
cations Ca2+ more intensively than monovalent 
cations K+. Negative potential of the cell 
membrane (about 50-70mV) recorded by 
microelectrodes equally proves the existence the 
fixed negative charges whose amount determines 
cation exchange of the membrane and potential. 
The cell membrane acting as a cations-exchanger 
regulates the ions flow through the first diffusion 
barrier of the cell – its thick membrane (complex 
of cell wall and plasmalemma). 

Higher AC of 90Sr than AC of 137Cs in the cell 
membrane may be explained by the preferred 
absorption of Ca2+ (analogue of Sr2+) compared to 
K+ (analogue of Cs+). The decrease of the 
membrane potential dependence K+ from 
ingressed Ca2+ also proves the selective 
absorbtion of Ca2+ ions. It is known, that Chara 
algae are inclined to accumulate ions (metals 
and, especially, Ca2+) in alkaline pH and 
availability of carbonates in solution [16-18]. 

However, the pH of solution used in experiment 
were lower than 8. The cells of N. obtusa were 
not calcium encrusted initially. The cell wall of 
cells taken initially was optically transparent and 
flexible.  

 

 
Fig. 2. The kinetics of 90Sr accumulation in compartments of 
Nitellopsis obtusa cell. 

 

11% of 137Cs and only 3% of 90Sr accesses the 
cytoplasm of the cells of N. obtusa from the cell 
membrane. This points the various cytoplasm’s 
permeability for 137Cs and 90Sr. Greater intake of 
137Cs than 90Sr from the cell membrane into the 
cytoplasm may be due to selective permeability of 
plasmalemma for K+ and the ability of 
protoplasm to concentrate potassium ions whose 
amount in plasmalemma is 1000 times higher 
than in the lake water [19]. Apparently, the 
relatively weak penetration of 90Sr into the 
cytoplasm can be associated with a slow and very 
low level of Ca2+ accumulation in the cytoplasm 
of algae and other Embryophytes [20]. 

16% of 137Cs and 12% of 90Sr are transferred 
into the vacuole of N. obtusa cells. Consequently, 
the inner cytoplasmic membrane appeared to be 
more permeable for the studied radionuclides 
than the outer cytoplasmic membrane. It is 
known that the main potential gradient at the cell 
of freshwater algae is created at the 
plasmalemma [21]. Its resistance is 80-85% of 
the total resistance of complex 
“plasmalemma+tonoplast”. Our results featured 
that almost 2 times less amount of 137Cs and 90Sr 
is transferred through the tonoplast in the cells of 
N. obtusa, i.e. the tonoplast of these algae cells is 
2 times less permeable than the plasmalemma. 
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The analysis of the accumulation levels of 
137Cs and 90Sr in the compartments of the 
Nitellopsis obtusa cells denote that the 
accumulation in the cell membrane is also being 
actively transported through outer and inner 
cytoplasmic membranes. Membrane potentials 
are mainly determined by electrical gradient 
across the plasma membrane for the K+ ions 
performing a significant regulatory function in 
this process. It is known that membranes are the 
most labile and is initial part in the mechanism of 
active reaction of the plant organism to external 
influences [22, 23]. 

The study of comparatively low specific 
activity (7, 15, 30 and 65 kBq/L) of tritium effect 
on membrane bioelectrical parameters of algae 
N. obtusa cells shows that 15 kBq/L specific 
activity concentration increased the specific 
resistance of N. obtusa cells membrane, reduced 
current densities of Cl- and Ca2+ in the 
depolarization phase of the action potential, and 
decelerated the recovery of the membrane action 
potential in the fast repolarization phase [24]. 

Tendencies in changes of pattern of 
bioelectrical response of N. obtusa as well as in 
transmembrane fluxes of chloride and potassium 
ions during the action potential were observed 
due to exposure of algae cell to 137Cs of 
comparatively low specific activity. Estimated 
cesium-induced alterations in electrical activity 
of giant alga cell membrane could result in 
further impairment of the electrogenesis, signal 
transduction and finally cell dysfunction, 
therefore more extensive electrophysiologycal 
investigations of radionuclides’ impact on plant 
cell are required. 

4. CONCLUSIONS 

The analysis of kinetics and accumulation 
levels of radionuclides in the cell compartments 
of algae N. obtusa indicated that the process of 
accumulation of 137Cs and 90Sr in the cellulose-
pectin cell wall is unlimited in time and can last 
for days. The accumulation of these radionuclides 
in the cells of algae N. obtusa depends on their 
accumulation in the ion exchange complex (the 
cell membrane and the plasmalemma) regulating 
the entrance of the radionuclides into the 
cytoplasm. Membrane potentials are mainly 
determined by the gradient of the potassium ions 
and electronic active transport complete an 
important regulatory function in the transport of 
137Cs and 90Sr through the outer and inner 
cytoplasmic membrane. 

Using the obtained data it can be clearly seen 
that N. obtusa cells can be a convenient 
radioecological model for the investigations of 
radionuclides’ accumulation and it’s toxicity for 
plants’ bioelectricity within the single cell. 

Therefore N. obtusa cells can be applied for the 
evaluation the effect of radionuclides to plants. 
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ACTIVE PARTICLES IN ALLUVIAL SOILS OF THE YENISEI RIVER: ISOTOPIC COMPOSITION, 
MORPHOLOGY AND STRUCTURE 
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Abstract. Several types of radioactive particles separated from contaminated soils of the Yenisei river were studied. 
The Cs-Am and Cs-poly-isotopic particles have the micron sizes and are close to the typical Yenisei “hot” particles by a 
composition of gamma-emitting isotopes. The Eu-poly-isotopic particles are the most prevailing. Presence of 
activation isotope 152Eu in their structure indicates that the nature of these particles differs from that of the “hot” 
particles. On the composition of the gamma-emitting isotopes the Eu-poly-isotopic particles are close to the 
surrounding contaminated soils. The SEM study has shown: 1. The Cs-Am particle represents amorphous grain of 
uranium oxide of 40 µm in diameter. It confirms the supposition that such particles are closely related to the “hot” 
particles of reactor type. 2. The Eu-poly-isotopic particles have absolutely different morphology and structure. They 
have no relationship with the “hot” particles of reactor type. 

Key words: radioactive contamination, “hot” particles, Yenisei 

1. INTRODUCTION 

Radioactive particles are one of the major species  
of induced radionuclides in an environment [1, 2, 3]. 
The character of the radioactive contamination of 
alluvial soils and bottom sediments of the Yenisei river 
is not an exception. This contamination is connected 
directly with activity of the Krasnoyarsk Mining and 
Chemical Combine (KMCC, see Fig. 1). Highly 
radioactive (“hot”) particles are widespread in this 
area. All previously studied Yenisei “hot” particles are 
the strong gamma-emitters [4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14]. This feature allows to detect them immediately 
during field studies using standard radiometric 
equipment. 137Cs gives the main contribution to 
gamma-radioactivity of the Yenisei “hot” particles; the 
only exclusion is monocobaltic particles, which 
gamma-spectrum is presented exclusively by 60Co lines 
[15]. Activity of 137Cs in the typical Yenisei “hot” 
particles can reach values up to n·104-n·107 Bq. The 
following gamma-emitting isotopes can be present at 
their structure: 134Cs (10-7500 Bq), 154Eu (1000-5000 
Bq), 155Eu (300-1400 Bq), 60Co (20-n·104 Bq) and 
241Am (20-75 Bq). On a set of the gamma-emitting 
radionuclides all “hot” particles can be divided in to 
three groups: 1) monoisotopic (only 137Cs or only 60Co); 
2) two-isotopic (137Cs and 134Cs) and 3) polyisotopic 
(137Cs, 134Cs, 60Co, 154Eu, 155Eu and 241Am) [8, 13, 14]. It 
is necessary to note the full absence of activation 
isotope 152Eu in the Yenisei “hot” particles. Though, as 
a rule, this isotope is the dominating radionuclide in 
contaminated alluvial soils and bottom sediments, 
especially in the near-field influence zone of the KMCC 
[8]. In spite of their "exclusiveness", “hot” particles' 
contribution to the total radioactive contamination is 

not substantial here. Their abundance in contaminated 
alluvial soils of the Yenisei river does not exceed 60-70 
particles per km2 [7]. 

Fig. 1 The KMCC approximate location 

Besides highly active “hot” particles a wide 
prevalence of low-radioactive particles (“hot” particles 
of the 2nd kind) is mentioned in contaminated alluvial 
soils of the Yenisei floodplain area, at least, in the near-
field influence zone of the KMCC [7, 8]. As opposed to 
the typical “hot” particles activities of the gamma-
emitting radionuclides in these ones are considerably 
lower (0.01-n·100 Bq). The isotopic composition of the 
gamma-emitting radionuclides of these active particles 
is similar to composition of the typical “hot” particles 
[7, 8, 13, 14]. However, there is also a considerable 
difference - presence of 152Eu as a dominating isotope 
in many cases [8, 13, 14, 15]. Ratios of activities of the 
gamma-emitting radionuclides in these particles are 
close to the values, characteristic for surrounding 
contaminated soils. Presence of 152Eu points on the 
difference in the nature of these active particles and 
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the typical Yenisei “hot” particles. Occurrence of the 
active particles in the near-field influence zone of the 
KMCC is very wide. For the contaminated alluvial soils 
of Atamanovsky island (7 km downstream from a 
discharge point of the KMCC) the concentration of the 
active particles is estimated up to the value of 1010 
particles per km2 in a 0.5 m layer of soil [7]. The 
contribution of active particles to the total 
contamination of the alluvial soils and bottom 
sediments in the near-field influence zone can reach 
45% for 137Cs, 75% for 152Eu, 154Eu and 60Co, and 100% 
for 241Am [7, 8, 13, 14, 15]. In spite of their wide 
abundance, active particles are studied insufficiently 
completely. For assessment of mobility level of the 
radionuclides, ingressed in the structure of the 
radioactive particles, it is very important to have 
information on morphology, structure, and element 
composition of matrixes of these particles, and their 
ability to the weathering in natural conditions [1, 2, 3]. 
All earlier studies [7, 8] were only about of the isotopic 
composition of the active particles, their activity and 
contribution to the total contamination of the 
floodplain alluvial soils of the Yenisei river. Gritchenko 
et al. [7] say about localization (isolation) of the “hot” 
particles of the 2nd kind from the soils of Atamanovsky 
island, but it was noted, that “preliminary microscopic 
studies have not revealed any difference between these 
particles and a material of ambient soil. At present 
there is no sufficient reliable information about 
appearance and structural performances of the “hot” 
particles of the 2nd kind”. Sukhorukov et al. [8] fix 
presence of the fine-dispersed active particles by 
significant growth of specific activities of radionuclides 
in small aliquots (1-0.5 g) of the contaminated soils 
and bottom sediments. Preliminary results of the study 
of the Yenisei active particles have been obtained in 
2009 [15]. The objective of this work is to present the 
results of the complementary studies of nature of the 
localized Yenisei active particles, their isotopic 
composition, morphology and structure. 

2. MATERIAL AND METHODS 

2.1. Samples description 

Three samples of the contaminated alluvial soils 
were chosen for the study: P10A2, P12A1, and P12A2. 
According to granulometric and mineral composition 
they are close to the typical alluvial soils of periodically 
inundated areas of the Yenisei islands in this region. 
They represent a fine-grained sand with a small 
addition of a clayey component and organic matter.  

Specific activities of the gamma-emitting 
radionuclides in the chosen samples at the moment of 
measuring in 2001 were equal, accordingly (Bq/kg): 
152Eu - 8596, 9492 and 10560; 154Eu - 2156, 3075 and 
2965; 155Eu - 468, 759 and 454; 137Cs - 939, 1388 and 
994, and 60Co - 648, 1338 and 663 [8]. Localization of 
the active particles and their subsequent isolation from 
the material of soils were made by sequential 
quartering method. The direct isolation of the active 
particles was carried out by means of a binocular 
microscope. As a result 36 active particles of various 
radionuclide composition were reliably separated and 
studied. 

2.2. Analytical procedures 

The majority of analytical procedures connected 
with the study of the Hot and active particles, were 
carried out in the IGM SB RAS.  

Definition of the isotopic composition and activities 
of the gamma-emitting radionuclides was carried out 
by the gamma-spectrometric method using a EURISYS 
MEASURES low background well-type HPGe detector 
EGPC192-P21-R with an active volume of 220 cm3, 
relative efficiency—50%, FWHM (1,332 keV)—2.1 keV. 
The counting time was in the range of 12-24 hours for 
each sample. It was depended on the level of 
radionuclides activity and was chosen in order to 
obtain a statistical error of measurement not worse 
than 5% for the major part of analytical gamma-lines. 
The detection limits for 137Cs, 152Eu, 154Eu, 60Co and 
241Am in the measured samples were of the order of 
0.01 Bq. 

The study of morphology, phase and chemical 
composition of the “hot” particles was carried out by 
the scanning electron microscope (SEM) LEO1430VP 
supplied with an energy-dispersion analysis 
spectrometer “OXFORD”. 

Active particles were characterized using a Zeiss 
EVO 50 variable pressure Environmental Scanning 
Electron Microscope (ESEM) at high vacuum 
conditions. Energy Dispersive X-ray analysis including 
spot measurements, X-ray mapping and X-ray 
linescans were performed using an Inca EDX analytical 
system (Oxford Instruments, Oxford, UK) including a 
Si(Li) detector attached to the ESEM. This study was 
performed in the Radioisotope Laboratory of the 
Norwegian University of Life Sciences. 

3. RESULTS AND DISCUSSION 

3.1. Active particles of the Yenisei river: 
radionuclides composition 

The results of the activity determination of the 
induced radionuclides, obtained for 36 preliminarily 
isolated active particles, are presented in Table 1. It is 
possible to mark out three types of active particles 
according to their gamma-emitting radionuclides 
composition: 1) the caesium-americium, containing 
137Cs and 241Am (Ch8, Ch13, Ch32, Ch33); 2) caesium-
polyisotopic (137Cs, 154Eu, 155Eu, 60Co and 241Am - Ch19) 
and 3) europium-polyisotopic (152Eu, 154Eu, 155Eu, 137Cs, 
60Co and 241Am - rest 31 particles). The third type 
differs from the second one by presence of the 
activation isotope 152Eu. Besides, there are signs of 
presence of the cobaltic particles containing only 60Со. 
However, due to their trace activity and very small 
sizes their isolation and analysis was not performed. As 
well as cobaltic, the particles of the 1st and the 2nd type 
have small sizes. Their localization was possible only as 
a part of a group of the particles of surrounding soil. 
Direct isolation of these particles by visual methods 
was very difficult and demanded application of more 
fine research techniques, including SEM. Activities of 
137Cs in the particles of the 1st type vary from 0.03 Bq 
(Ch13) to 66.5 Bq (Ch8), 241Am - 0.66 Bq (Ch32) to 
4.09 Bq (Ch8). The 137Cs/241Am ratio for the particles 
Ch32 and Ch33 is close to 1. For Ch8 it is equal 16.3, 
and for Ch13 - 0.04. In the 2nd type particle (Ch19) 
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137Cs (135 Bq) is the dominating radionuclide. 
According to the gamma-emitting radionuclide 
composition the active particles of the 1st and the 2nd 
type are very close to the typical Yenisei “hot” particles 
[8, 13, 14]. Their low activity can be connected, 
apparently, with their rather small sizes. 

Table 1. Induced gamma-emitting radionuclides 
composition of the Yenisei active particles. 

P-cle Activity1), Bq 
num 152Eu 154Eu 155Eu 137Cs 60Co 241Am 

P10A2 
Ch7 9.2 2.7 0.23 0.03 0.09 0.02 
Ch19 - 0.3 0.07 135 0.07 0.05 
Ch20 68.8 11.5 0.99 0.05 1.17 0.03 
Ch23 9.5 2.1 0.23 0.07 0.08 0.01 
Ch24 11.3 1.5 0.09 0.05 0.51 0.02 
Ch25 53.6 10.8 1.03 0.09 3.60 0.05 
Ch26 9.4 2.2 0.26 0.04 0.08 0.01 
Ch27 21.9 2.7 0.15 0.05 0.91 0.02 
Ch28 8.7 1.9 0.23 0.02 0.08 0.02 
Ch29 46.2 10.0 1.01 0.10 1.50 0.06 
Ch30 95.3 19.7 2.08 0.09 3.00 0.07 
Ch31 10.3 2.4 0.28 0.03 0.11 0.02 
Ch32 - - - 0.82 - 0.66 
Ch33 - - - 2.9 - 2.73 
Ch34 34.8 6.2 0.60 0.01 1.37 0.03 
Ch35 16.6 3.3 0.32 0.03 1.22 0.01 
Ch36 19.9 4.7 0.54 0.03 0.63 0.02 

P12A1 
Ch1 315 52.5 3.46 0.53 7.65 0.14 
Ch2 153 45.0 5.44 0.36 1.54 0.20 
Ch3 77 22.7 2.72 0.18 0.71 0.11 
Ch4 13 6.5 0.99 0.05 0.31 0.04 
Ch8 - - - 66.5 - 4.09 
Ch13 - - - 0.03 - 0.69 
Ch15 12.7 4.0 0.52 0.04 0.15 0.03 
Ch22 16.1 3.0 0.32 0.09 0.21 0.02 

P12A2 
Ch5 26 4.1 0.28 0.09 1.03 0.01 
Ch6 4.4 1.4 0.13 0.00 0.02 0.00 
Ch9 38 12.2 1.17 0.13 0.44 0.08 
Ch10 21 8.0 0.84 0.12 0.26 0.05 
Ch11 8.2 2.4 0.22 0.03 0.07 0.01 
Ch12 23 6.3 0.59 0.11 0.18 0.03 
Ch14 22.9 3.8 0.26 0.03 0.81 0.01 
Ch16 3.5 1.8 0.22 0.02 0.08 0.02 
Ch17 29.3 6.1 0.47 0.07 0.76 0.02 
Ch18 14.1 4.1 0.38 0.05 0.12 0.02 
Ch21 10.2 3.0 0.28 0.06 0.07 0.03 
1) The date of measuring is the end of 2008. 

As it was noted earlier, the basic difference of the 
active particles of the 3rd type is the presence of 152Eu. 
This isotope is completely absent in the typical “hot” 

particles. The contribution of 152Eu in the total activity 
of the particles of the 3rd type is dominating (62-86 %). 
It should be noted that 31 particles, among 36 isolated, 
correspond to this type. So it is possible to say about 
their wide occurrence in the studied area.  

In appearance all active particles of the 3rd type 
have similar structure (see Fig. 2).  

Fig. 2 The active particles of the 3rd type 

Particles have sharp flat shapes without signs of 
weathering and rounding. Their thickness is 10-30 µm. 
Geometrical dimensions can reach 1750 µm (Ch1). 
These particles a very fragile and can be easily broken. 
Their surface colour can be black, grey-brown, yellowy-
brown. The inner layers of these particles have semi-
transparent, glassy structure. The particles of the 3rd 
type can be easily isolated from surrounding soil not 
only because of their large sizes, but also due to their 
essential external difference from the soil minerals. 

The activity of 152Eu in the particles of the 3rd type 
is proportional to their geometrical size and varies in 
the range from 3.5 (Ch16) to 315 Bq (Ch1). Besides 
152Eu these particles include all gamma-emitting 
radionuclides, typical for the surrounding 
contaminated soils. This fact indirectly confirms a 
supposition about a uniform source for these particles 
and contaminated material of soils. It is necessary to 
note that intervals of variations of ratios of the main 
radionuclides (152Eu/154Eu and 154Eu/155Eu) in these 
particles are sufficiently narrow. With some exceptions 
the 152Eu/154Eu ratio in the particles from the P12A1 
and P12A2 samples lays in the range of 3-3.6, and for 
the P10A2 sample - 4.2-5. The ratio 154Eu/155Eu: 8.2-
10.9 and 8.6-11.6 respectively. 

3.2. Active particles of the Yenisei river: 
morphology and structure 

The study carried out by means of the scanning 
electronic microscopy technique, shows:  

1. The caesium-americium active particle of the 1st 
type (Ch-8, see Fig. 3) represents amorphous grain of 
uranium oxide with the size approximately 40х30 µm. 
This fact is in a good agreement with assumption that 
these particles have the direct relation to the typical 
Yenisei “hot” particles of reactor type. 
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Fig. 3 The 1st type caesium-americium active particle (Ch8). 
Photo was done by SEM back-scattered electron technique. 

Fig. 4 The 3rd type europium-polyisotopic active particle 
(Ch30). Photo was done by SEM technique 

2. The europium-polyisotopic active particles of the 
3rd type have absolutely different morphology and 
structure. The study of the particle number Ch30 
shows, that it represents the plane, multilayered 
object, which size is 200х400 µm (see Fig. 4). The total 
thickness of this particle is 30-35 µm. The inner 
vitriform layer, which thickness is 20-25 µm, consists 
generally of compounds of aluminium and iron. The 
inner layer surface is overlying by multilayered 5-15 
µm cover. It consists of compounds of iron, chromium, 
titanium, calcium, phosphorus and silicon. There is no 
any presence of uranium in this particle. The particle is 
very fragile. During preparation for the analysis the 
initial large particle was disintegrated on many pieces 
with sizes from hundreds to unities of micron. This fact 

can explain wide occurrence of the particles of of the 
3rd type in studied contaminated soils. The element 
composition of the matrix of these particles assumes 
their week solubility in natural conditions. 

The genesis of the europium-polyisotopic active 
particles of the 3rd type is not clear so far. At the same 
time the origin of "uranium" active particles of the 1st 
and the 2nd type can be related to gradual destruction 
of the large typical "hot" particles. This fact can be 
confirmed by the data obtained for the radionuclide 
composition of the soils, circumadjacent the "hot" 
particles (see Table 2). 

Table 2. Activity of induced radionuclides in 
some typical Yenisei “hot” particles (HPl, Bq) and 

circumadjacent soils (CSoil, Bq/kg).  

  152Eu 137Cs 241Am 

1 
HPl  13280 1284 

CSoil 100 2987 177 

2 
HPl  30530 2124 

CSoil 48 4134 219 

3 
HPl  61090  

CSoil 62 2693  

4 
HPl  613000  

CSoil 183 1344  

5 
HPl  41210 1865 

CSoil 42 1877 123 

6 
HPl  101700  

CSoil 77 19085  

All particles were isolated from the upper (5-15 cm) 
layer of soil. They are characterized by high activity of 
137Cs and the complete absence of 152Eu. Particles 3 and 
4 belong to the mono-isotopic group. Particles 1, 2, 5 
and 6 are polyisotopic. There is a significant amount of 
241Am in particles 1, 2, and 5. The results of 137Cs and 
241Am activities determinaton in the "hot" particle are 
presented in Table 2. In the circumadjacent soils 152Eu 
is present in amount, typical to studied area. Activity of 
137Cs in all cases substantially exceeds the value typical 
for the ordinary contaminated soils (at 6-60 times). It 
is possible to draw the same conclusion for 241Am. 
Allowing the fact, that the total amount of soil samples 
from which the particles have been isolated, is small 
(100-200 сm3), it is possible to guess the influence of 
"hot" particles on the radionuclide composition of soils 
circumadjacent them. Apparently, in the processes of 
transportation and deposition of the "hot" particles as 
a part of suspended material  incoming with water 
stream, and their further burial in soils, a destruction 
of the particles structure take place as a result of 
chemical dissolution, or by mechanical way. Thus the 
redistribution of the induced radionuclides, entering 
into the structure of the "hot" particles, may take place 
between particles and circumadjacent soils. The 
photograph of the "hot" particle containing multiple 
active inclusions in its structure is presented on Fig. 5. 

These active inclusions are the grains of uranium 
oxide and very similar to the active microparticle 
demonstrated on Fig. 3. The most part of these active 
inclusions represent conglomerates of numerous 
spherical formations of very small size (microns and 
less). Under certain conditions this structure can be 
destroyed, and uranium micro-and nano-particles can 
migrate to circumadjacent soils. 
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Fig. 5 The typical Yenisei poly-isotopic “hot” particle. Photo 
was done by SEM back-scattered electron technique. 

4. CONCLUSIONS 

For the first time the direct study of the Yenisei 
active particles was carried out. Three types of the 
active particles were revealed. Caesium-americium 
particles of the 1st type and caesium-polyisotopic 
particles of the 2nd type are very close to the typical 
Yenisei “hot” particles by their radionuclide 
composition, structure and morphology. Europium-
polyisotopic active particles of the 3rd type are most 
widely spread in the contaminated alluvial soils in the 
near-field influence zone of the KMCC. Presence of 
152Eu in these particles shows that their origin is differ 
from the origin of typical Yenisei “hot” particles. This 
assumption is confirmed by the full difference in their 
structure and morphology. 
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MEASUREMENTS OF HEAVY METALS IN RIVER SITNICA SEDIMENTS  
WITH AAS AND ICP/OES TECHNIQUES 

Mentor Ismaili, Kaltrina Jusufi, Tahir Arbneshi, Fitim Sopjani, Avni Berisha, Jeton Halili  

University of Prishtina “Hasan Prishtina”, Faculty of Natural Sciences and Mathematics,  Departament of Chemistry, 
str. “Nëna Terezë”, Nr. 5; 10000 Prishtina, Kosovo. 

Abstract. The aquatic system is the most prone environment to pollution, especially sediments. This is largely due to 
the contaminants in the air, soil or land, which eventually find their way to the aquatic systems via either air or 
rainfall. 
Sewage, industrial wastes and agricultural chemicals, such as fertilizers and pesticides, in addition to mineral and 
petroleum exploration, as well as exploitation are nonetheless, the largest contributors to the surface water pollution. 
It is not particularly difficult for the burned ashes to penetrate to a river via air or other atmospheric deposits. Once 
they enter the water system, they lead to permanent damage. 
In our research we measured heavy metals; Pb, Cu, Zn and Cd through the Atomic Absorption Spectroscopy (AAS) and 
inductively coupled plasma optical emission spectrometry (ICP/OES) technique, in the river Sitnica which is exposed to 
coal fired power plants. 
This study presents detailed data of the pollution of the river Sitnica in Kosovo, which is located near Kosovo’s only two 
power plants. 

Key words: sediment river pollution, water, contaminants. 

 

1. INTRODUCTION 

The quality of ground water in a certain area is a 
function of chemical and physical parameters, which 
the geological formations and anthropogenic activities 
have abundant impact on [1][2]. 

Heating systems which are coal-powered have the 
ability to trigger negative effects on the environment, 
as well as on health. During the process of coal 
burning, a number of hazardous substances are 
released; these include acidic gases, benzene, dioxins 
and furans; formaldehyde, lead, arsenic, mercury; 
polycyclic aromatic hydrocarbons (PAH) and 
radioactive materials [3]. 

The Kosovo Energy Corporation (abbreviated as 
KEK in Albanian) is the largest corporation which is 
responsible for addressing Kosovo’s electricity needs. 
In order to do so, it produces energy through two 
power plants: Kosovo A and Kosovo B, both of which 
are coal-powered. During our study, we monitored the 
heavy metals that are released in the water from the 
coal burning, as an energy producer. 

The power plants are located in the area of Kastriot, 
which is 10 kilometers away from the capital, Prishtina. 
The Sitnica river, which flows near the power plants, is 
very sensitive to all contaminants that are released 
during the burning of coal. 

Contamination with heavy metals is shown to have 
serious consequences. Some of the heavy metals 

considered as micronutrients become detrimental to 
human health when their concentrations exceed the 
permissible level of drinking water [4]. 

2. MATERIALS AND METHODS 

2.1. Area of study 

The Sitnica River flows into the Ibër river in 
Mitrovica; it is the longest river which flows entirely 
within the borders of Kosovo. Figure 1 shows Sitnica 
encircled in red next to the map of Kosovo, with 
Kastriot highlighted and encircled in black.  

 
 

Fig. 1 Study zone with river Sitnica highlighted and its location 
within Kosovo 
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2.2. Experimental data 

For our research we used and compared two 
techniques Atomic Absorption Spectroscopy (AAS) and 
inductively coupled plasma optical emission 
spectrometry (ICP/OES) Table 2 shows the 
measurements of heavy metals measured in AAS and  
ICP/OES instruments for Cd, Cu, Pb and Zn. The R2 
value is presented in Table 1 for both used techniques. 

The sediment samples that we collected for our 
study, where evaporated till their dryness and then 
treated with mixture of diverse acids; HCl, HNO3, HF 
and HClO4 according to ISO 14869-1:2001 [5] 

 
R2 value (calculated from calibration curve) 

Element Cd Zn Pb Cu 

AAS 0.9891 0.9792 0.9611 0.9914 

ICP-OES 0.9913 0.9817 0.9904 0.9971 

Table 1. Calibration curve for AAS and ICP/OES techniques 

 

   
   

   
   

 Pb 
1 

Pb 
2 
 

Cd 
1 

Cd 
2 

Cu 
1 

Cu 
2 

Zn 
1 

Zn 
2 

1 

0.25 0.24 0.11 0.10 1.42 1.35 0.98 0.93 
2 

12.95 12.3 4.34 4.12 1.88 1.79 1.27 1.21 
3 

15.54 14.76 5.2 4.94 3.25 3.09 2.31 2.19 
4 

21.45 20.38 15.42 14.65 7.4 7.03 4.55 4.32 
5 

25.0
5 23.8 18.45 17.53 8.88 8.44 11.02 10.47 

6 

35.77 33.98 16.1 15.3 6.45 6.13 11.55 10.97 
7 

12.65 12.02 5.21 4.95 5.31 5.04 4.58 4.35 
8 

130.2 127.69 7.22 6.86 81.05 77.75 315 309.25 

Table 2 Measurements of metals with AAS (1) and ICP/OES 
(2) techniques in mg kg-1 

 

For comparison purposes we used permitted 
allowed concentration of heavy metals, according to 
Dutch List of standards [6] 

 

 

Table 3 Comparison of heavy metal pollution with Dutch 
Standard list 

 

 

 

 

3. RESULTS AND DISCUSSIONS  

The emissions and waste disposal in the Sitnica 
river have tremendous influence on water pollution. In 
this study, it is indicated that the pollution with Pb 
measured with AAS technique is the lowest with 0.25 
mg/kg and the highest with 130.2 mg/kg (Table 2). The 
measurements with ICP/OES showed that the 
concentration of Pb ranged from lowest at 0.24 mg/kg 
to highest at 127.69 mg/kg When comparing the 
results with the Dutch list (Table 3), we conclude that 
lead exceeds the permitted concentration for 1.5 times. 

The highest concentration of Cd is 18.45 mg/kg 
with AAS, whereas the ICP/OES technique recorded 
17.53 mg/kg. The lowest concentration of Cd is 0.11 
mg/kg with AAS and 0.10 mg/kg with ICP/OES (Table 
2). The maximal permitted concentration of Cd (Table 
3) is 0.8 mg/kg, thereby leading to the conclusion that 
one of the samples, namely sample number 8, 
exceeded the upper limit 23 times.  

The highest concentration of zinc in our study was 
determined to be 315 mg/kg with AAS and 309.25 
mg/kg (Table 2). The lowest concentration of zinc is 
0.98 mg/kg and 0.93 mg/kg. From the list above 
(Table 3), we conclude that zinc exceeded the 
permitted concentration over twice. 

The maximum concentration allowed for copper is 
36 mg/kg (Table 3). In our samples, the lowest 
concentration is 1.42 mg/kg and 1.35 mg/kg ICP/OES 
(Table 2). The highest concentration of Cu is 81.05 
mg/kg with (AAS) and 77.75 mg/kg (ICP/OES). Thus, 
from the table comparison (Table 3) we conclude that 
copper exceeded the allowed concentration more than 
twice. 

By comparing the results obtained from the two 
determination techniques utilized in this study, namely 
ICP/OES and AAS, we concluded that there were only 
a few differences in results, thus leading to the 
conclusion that both methods are quite accurate. 
Furthermore, sample number 8 is the heaviest polluted 
due to the fact that it was collected on a zone that is 
more prone to waste disposal from coal-fired power 
plants. In the absence of sediment standard 
comparison, we used the Dutch standard list for soil. 

4. CONCLUSION 

The toxic properties of heavy metals make them 
tremendously concerning, whereas certain heavy 
metals are also essential for the survival and health of 
humans [7]. We studied different physical and chemical 
properties of the river Sitnica, as well as metal 
pollutants in surface water on scattered spots. 

 Based on our findings, we may conclude that the 
Sitnica river water had greater concentrations of most 
of the studied metals due to the coal-fueled power 
plants situated close to the river. Furthermore, the 
coal-fired power plants have a major impact in the 
water quality of Sitnica, leading to great pollution due 
to the release of pollutants in the vicinity of soil and 
the atmosphere depositions in this area. 

 

 

Metal Pb 

mg/kg 

Cd 

mg/kg 

Cu 

mg/kg 

Zn 

mg/kg 

Target 85 0.8 36 140 
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APPLICATION OF REMOTE SENSING TECHNIQUE FOR PRESERVATION OF PLANT ECOSYSTEMS  
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Abstract. In this study a biophysical approach for estimation of the physiological state and stress reactions of plants 
based on remote sensing technique - the measured optical signals reflected from the leaf surface - was used. The 
investigations were focused on the detection of a biotic stress (viral infection) on plum trees caused by Plum pox virus 
(sharka disease). Spectrometric measurements of leaf reflectance were carried out in the visible and near infrared 
spectral ranges (450-850 nm) by means of a multichannel fibre-optics spectrometer. Statistical significance of the 
differences in hyperspectral data was established at a number of wavelengths (p<0.05, Student t-test) in the green and 
near infrared spectral ranges. First derivative analyses showead a shift to the lower wavelengths of the red edge 
position of the spectral curves of infected leaves (about 1 nm and 5 nm for two of the three investigated groups) that is 
an indicator for presence of changes in the plant health. Several vegetation indices (normalized difference vegetation 
index - NDVI, simple ratio, photochemical reflectance index, and disease vegetation index - fD) were analysed and best 
results for separating the healthy from infected leaves gave NDVI and fD. The serological test DAS-ELISA was applied 
for assessment of the presence of PPV in plum leaves. The comparative analyses on the evidence from the spectral 
response and the DAS-ELISA findings revealed the strong relationship between the results and this indicates the 
possibilities of hyperspectral remote sensing for screening for diseases in plants. 

Key words: hуperspectral reflectance, remote sensing, vegetation indices, sharka disease, viral infection 

1. INTRODUCTION  

Recent researches in biophysical remote sensing 
and its applications to climate and land change science 
includes both empirical and theoretical approaches [1]. 
Their common aim is the use of novel techniques and 
modeling approaches to measure biophysical and land 
surface properties with remote sensing [2]. These 
properties are governed by biological and physical 
processes, vegetation type, amount, distribution, and 
associated functional attributes. The empirical studies 
involve observation and analysis of the land with 
satellite remote sensing systems and various ground-
based instruments [3]. The theoretical approaches 
involve computer-based simulation of both the remote 
sensing system and landscape conditions [4, 5].  

Remote sensing technique based on hyperspectral 
reflectance data may be very useful tool for a rapid and 
non-destructive preliminary screening of presence of a 
stress and diseases in the plants [6, 7]. The 
contemporary sensors and technologies improve 
significantly the capability to gather information by 
measuring the reflected and emitted electromagnetic 
radiation from the ultraviolet up to microwave spectral 
ranges [8]. This innovative technology will be 
extremely helpful to greatly spatialize diagnostic 
results and provide exceptional tools to monitoring of 
plant ecosystems and to render agriculture more 
sustainable and safe, avoiding expensive use of 
pesticides in crop protection [9].  

The photosynthetic apparatus of plants is a 
sensitive indicator of their state due to rapid changes 
of chlorophyll content induced by variations of 
environmental conditions [10]. Chlorophyll presence 
causes the specific shape of the reflectance spectrum of 
vegetation that allows for the use of spectra for remote 
assessment of plant status [11, 12].  

Plant diseases influence and change the optical 
properties of the plants in different ways. Depending 
on the host pathogen system and disease specific 
symptoms, different regions of the reflectance 
spectrum are affected, resulting in specific spectral 
signatures of diseased plants [13, 14].  

Plant diseases caused by viral infections are 
responsible for major economic losses in the 
agricultural industry worldwide. Plum pox or sharka is 
the most destructive and most feared viral disease of 
stone fruit trees (genus Prunus) such as plums, 
peaches, apricots, nectarines, almonds and cherries 
[15, 16]. Distribution of Plum pox has been known as a 
serious disease on stone fruit since the early 1900’s. 
The symptoms of the disease were first observed in 
plums by plum growers in Bulgaria between 1915 and 
1918. Some reports specify that symptoms were 
observed in Macedonia as early as 1910. Between 1932 
and 1960 the disease spread to the north and east from 
Bulgaria. The disease was observed mainly in plums 
and apricots until the 1960’s and was never observed in 
peaches in Bulgaria, or Yugoslavia until the 1980’s and 
only then in peaches which had come from Hungary 
[17].  
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In recent years spectral vegetation indices (SVIs) 
have been commonly used for monitoring, analyzing, 
and mapping temporal and spatial variation in 
vegetation [18]. By calculating ratios of several bands 
at different ranges of the spectrum, SVIs result in a 
reduction of data dimension, which may be also useful 
in effective data analysis for disease discrimination 
[19]. They are highly correlated to several biochemical 
and biophysical plant parameters indicating plant 
health or vitality and form the basis for many remote 
sensing applications in crop management. There are 
indices derived from reflectance values at several 
wavelengths that are able to detect and quantify the 
leaf content substances such as chlorophyll, 
anthocyanin, and water [20, 21].  

This study evaluates the possibility and effectivity 
of a remote sensing technique - hyperspectral leaf 
reflectance – for preliminary screening of the presence 
of a biotic stress (viral infection) caused by Plum pox 
virus (PPV) on plum trees (Prunus domestica) at an 
early stage without visible symptoms on the leaves. 
Healthy and infected leaves from plum cultivar 
Stenley, widely spread in Bulgaria, were investigated. 
Validation and analyses were carried out with the 
serological test DAS-ELISA, one of the most widely 
used tests for plant viruses. 

2. SPECTRAL RESPONSES OF PLANTS 

Leaf spectral reflectance assists in monitoring the 
stress and diseases in plants with the help of different 
plant spectral properties at the visible (VIS), near 
infrared (NIR), and shortwave infrared (SWIR) regions 
ranging from 350-2500nm, which develop specific 
signatures for specific plant species and for a specific 
stress for a given plant [22, 23].  

Green vegetation species all have unique spectral 
features, mainly because of the chlorophyll and 
carotenoid, and other pigments and water content [14]. 
The function described by the ratio of the intensity of 
reflected light to the illuminated light for each 
wavelength presents the leaf spectral reflectance curve. 
Fig. 1 shows typical reflectance curves of four classes 
green vegetation [24].  

 

 

Fig. 1 Typical spectral reflectance curves of green vegetation 

The VIS spectral region is characterized by a low 
reflectance, due to absorption by photoactive plant 
pigments. The chlorophyll absorbs blue (400 to 490 
nm) and red (620 to 690 nm) light, and transfers the 
absorbed energy into the photosynthetic electron chain 
[10]. The reflectance in the NIR region is mainly 
dominated by leaf internal structure, leaf anatomy, and 
the characteristics of the epidermal surface [25]. The 
transition from VIS to NIR is specified by the so called 
red edge, the reflectance slope between 680 and 750 
nm [26]. Leaf reflectance in the SWIR region is mainly 
influenced by strong water absorption bands at 1200, 
1400, 1940, and 2400 nm. Changes in the absorption 
of incident light allow the identification of plant health 
and stress. Anomalies or differences between 
reflectance curves can be distinguished by calculating 
difference spectra, ratios or derivations [27, 28]. 

3. MATERIALS AND METHODS 

3.1. Leaf material  

The plum trees, cultivar Stenley, were grown in an 
orchard near the Bulgarian town of Kostinbrod. Leaf 
samples were picked off from 15 branches at the 
different parts of the crowns of three plum trees, 
planted at a distance of 10 meters one from another in 
the orchard. Some of the leaves from each of the trees 
were healthy and some ones- infected by Plum Pox 
Virus (PPV). The leaves were with normal turgor and 
without signs of chlorosis. Spectral measurements 
were conducted on 40 healthy and 40 infected leaves 
from each plum tree.  

3.2. Spectral measurements 

Hyperspectral reflectance data were collected by 
means of a portable fibre-optics spectrometer USB 
2000 (Ocean Optics, USA) in the VIS and NIR spectral 
ranges (350-1100 nm) at a spectral resolution 
(halfwidth) of 1.5 nm. The data used for the analysis 
were taken in the spectral range 450-850 nm in 1130 
spectral bands at a step of 0.3 nm. In this range, the 
main part of the reflected radiation from green leaves 
appears. The measurements were carried out under 
controlled illumination conditions - a halogen lamp 
providing homogeneous illumination of the leaf 
surface. The distance between the fibre-probe and leaf 
samples was 20 cm. The spectral reflectance 
characteristics (SRC) of the leaves investigated were 
determined as the ratio between the reflected from the 
leaves radiation and this one reflected from a diffuse 
reflectance standard (white screen WS1). The 
specialized software “Spectra Suite”, Ocean Optics Inc., 
was used for data acquisition and processing [29]. 

3.3. Data analysis  

The Student’s t-test was applied for determination 
of the statistically significance of the differences 
between sets of the values of the reflectance spectra of 
healthy (control) and infected leaves. Statistical 
analyses were performed in four most informative for 
the leaf reflectance of green vegetation spectral ranges: 
green (520-580 nm, maximal reflectivity of green 
vegetation), red (640-690 nm, maximal chlorophyll 
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absorption), red edge (690-720 nm, maximal slope of 
the reflectance spectra) and the NIR (720-770 nm). 

The statistical significance of the differences 
between SRC of control and infected leaves was 
examined in ten wavelength bands (λ1 = 475.22 nm, 
λ2= 489.37 nm, λ3 = 524.29 nm, λ4 = 539.65 nm, λ5 = 
552.82 nm, λ6 = 667.33 nm, λ7 = 703.56 nm, λ8 = 719.31 
nm, λ9 = 724.31 nm, and λ10 = 758.39 nm) suggested to 
be disposed uniformly over the investigated ranges 
[30]. First derivatives of the averaged SRCs over all 
measured areas of the healthy and infected leaves were 
calculated for assessing the red edge position of the 
curves serving as an indicator for plant health. 

Four SVIs that represent the physiological stress in 
plants were selected and computed. Narrow-band 
vegetattion indices used in this study are:  

 

- NDVI - normalized difference vegetation index;  

redNIR

redNIR

RR

RR
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 ,                   (1) 

where: NIR=755 nm, red=685 nm 

- Df  - disease index;  
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- PRI- photochemical reflectance index; 
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- SR - simple ratio index;   

NIR

red

R

R
SR 

                                   (4) 

where: NIR=755 nm, red=670 nm 

3.4. Serological analyses 

The most common serological technique for routine 
diagnosis of viruses DAS-ELISA (double antibody 
sandwich enzyme-linked immunosorbent assay) was 
applied to assess the presence of PPV in plum leaves. 
The analysis was conducted by the method of Clark 
and Adams [31]. The test was realized by using a 
commercial kit of Loewe Biochemica GmbH 
(Sauerlach, Germany) with polyclonal IgG for Plum 
pox virus broad range. Stone fruits leaf sap was used as 
an antigen. Absorption was measured with a 
Multimode Detector DTX880 (Beckman, USA) at the 
wavelength of λ=405 nm. 

4. RESULTS AND DISCUSSION 

The averaged SRC of healthy and infected with PPV 
leaves from three plum trees, cultivar Stenley, are 
shown in Fig. 3, Fig. 4, and Fig. 5. The trees were 
marked as Stenley 1, Stenley 2, and Stenley 3. The 
differences in the SRC were expressed more 
significantly in the green, red, and NIR spectral ranges. 

The SRC values of infected leaves increased in the 
green (green peak, 550 nm) and the first part of the red 
(680 nm) regions for the three trees investigated. Most  

Fig. 3 Averaged spectral reflectance characteristics of 
control and infected with PPV leaves from plum tree Stenley 1 
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Fig. 4 Averaged spectral reflectance characteristics of 
control and infected with PPV leaves from plum tree Stenley 2 

significant are the differences between SRC of the 
healthy leaves and those infected in the case of Stenley 
3. These differences indicated decreasing of the 
chlorophyll absorption in the infected leaves. In the 
NIR region the SRC values of infected leaves decreased 
with the exception of the case of Stenley 2. These 
differences appeared due to the changes occurred in 
leaf cell structures and water content. 

Statistical significance of the differences between 
SRC of control and infected leaves was established by 
means of the Student’s t-test. It was applied on the sets 
of spectral data at the 10 above listed wavelengths. P-
values and the sets of means are shown in Table 1. The 
number of statistically significant differences is the 
smallest (5) for Stenley 1 and is increased for the next 
two cases. For Stenley 2 it is 6 and for Stenley 3 – 8. 

First derivatives of the averaged SRCs of healthy 
and infected leaves were calculated and analyses were 
performed to evaluate the red edge position of the 
SRCs of infected leaves. 
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Table 1. p-values and set of means of the Student’s t-test of SRC pairs of control and infected with PPV plum 
leaves from three trees 

 

Pairs 
compared 

Stenley 1 Stenley 2 Stenley 3 
Control 

P< 
PPV Control 

P< 
PPV Control 

P< 
PPV 

mean mean mean mean mean mean 
λ1 / λ1c 4.14 ns 4.42 5.09 ** 3.99 3.28 ** 4.22 
λ2 / λ2c 4.67 ns 5.12 5.75 ns  5.13 4.37 ** 5.11 
λ3 / λ3c 10.88 * 12.40 13.56 ns 14.04 9.82 *** 12.06 
λ4 / λ4c 14.44 * 16.09 17.32 * 18.64 12.51 *** 15.20 
λ5 / λ5c 15.28 * 16.97 18.30 ** 20.10 13.21 *** 16.08 
λ6 / λ6c 5.03 ns 5.67 6.32 ns 5.86 5.14 ** 5.97 
λ7 / λ7c 17.25 ** 19.51 20.31 ns 22.85 14.76 *** 18.91 
λ8 / λ8c 40.81. ns 41.05 40.04 *** 49.75 33.38 *** 36.19 
λ9 / λ9c 48.15 ns 47.24 46.88 *** 57.38 39.33 ns 40.94 
λ10 / λ10c 68.21 ** 63.07 61.69 *** 77.55 55.91 ns 53.00 

 ns – no significance (p>0.05); * - p<0.05; ** - p<0.01;*** - p<0.001 
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Fig. 5 Averaged spectral reflectance characteristics of control 
and infected with PPV leaves from plum tree Stenley 3 

Fig.6. a) and b) show the maximum of SRC 
derivatives for control and PPV infected leaves for the 
cases of Stenley 2 and Stenley 3 where the differences 
in reflectance spectra were more expressed. Shifts to 
lower wavelengths of the two maximums of PPV 
infected leaves (about 1 nm and 5 nm, respectively) 
were observed, an indicator for presence of changes in 
the physiological stage of the infected leaves. 

The analyses by DAS-ELISA test yielded a positive 
result for presence of viral infection in the infected 
leaves from the three plum trees investigated, Fig.7. 
For positive were considered samples having optical 
density (OD) at a wavelength of 405 nm over the 
threshold (Cut-off = 0.462) which was three times the 
value of the negative control (K-). The samples (1), (3) 
and (6) were negative for PPV infection and they were 
used as control groups for spectral measurements. The 
values of the OD for positive leaf samples (2) and (4) 
from plum trees Stenley 1 and Stenley 2 were close: 
0.6966 and 0.7569, respectively  

a) 

 
b) 

 

Fig.6 First derivatives on SRC of control (green line) and 
infected with PPV (dash line) leaves for plum trees: 

a) Stenley 2 and b) Stenley 3 

The SRC changes of these two samples in 
comparison with the control SRCs are similar in VIS 
range. For the positive sample (5), Stenley 3, the OD 
value is by a factor of 2.5 higher than the samples (2) 
and (4) and changes in VIS were most significant. In 
NIR region the spectral behavior of the infected leaves 
of the three plum trees was different and indicated that 
the physiological condition of the plants was changed 
and especially the leaf tissues (leaf cell structures) and 
water content.  



 
Table 2. Values of hyperspectral vegetation indices used in the study, standard deviations and statistical significance 
of the differences 

 

Pairs 
compared 

Vegetation indices 
NDVI fD PRI SR 

Control Stenley 1 0.822  0.459 0.028 0.076  
PPV Stenley 1 0.755 ***   0.448  **  0.005 ***  0.094*** 
F 
LSD0.05 

14.51 
0.008 

9.42 
0.006 

12.84 
0.005 

8.18 
0.004 

Control Stenley 2 0.856    0.463   0.031   0.074   
PPV Stenley 2 0.794   **  0.450*** 0.009 ***   0.091***  
F 
LSD0.05 

6.92 
0.014 

10.05 
0.004 

11.81 
0.005 

9.45 
0.0021 

Control Stenley 3 0.827 0.458  0.026  0.082   
PPV Stenley 3 0.791 *** 0.443***    0.008 *** 0.098***  
F 
LSD0.05 

12.321 
0.007 

11.51 
0.0036 

8.75 
0.0042 

9.47 
0.0039 

ns – no significance (p>0.05); * - p<0.05; ** - p<0.01;*** - p<0.001 

 

OD, λ = 405 nm 

 

 

Fig. 7 Results of DAS-ELISA test on the leaf samples from 
three plum trees 

Legend: 1 - healthy leaves plum Stenley 1, 2 - infected 
leaves plum Stenley 1; 3 - healthy leaves plum Stenley 2, 4 - 
infected leaves plum Stenley 2; 6 - healthy leaves plum 
Stenley 3, 5 - infected leaves plum Stenley 3, K+ - positive 
control for PPV, K- - negative control for PPV, B- - negative 
control buffer 

Four narrowband hyperspectral vegetation 
indices were computed (equations 1-4 in subsection 
3.3) for each set of spectral data. Table 2 shows the 
mean values of indices NDVI, fD, PRI, SR, standard 
deviations and statistical significance of differences. 
Student’s t-test (at p<0.05) was applied for 
assessment of the significance of differences 
between SVIs values for control and infected groups 
of leaves. The best results for separating the healthy 
from infected leaves gave SVIs NDVI and disease 
index fD because their mean values for infected 
groups decreased as compared to the values of 
control groups and the differences were statistically 
significant.  

4. CONCLUSIONS  

The remote sensing technique of spectral 
reflectance was applied for detection of a biotic 
stress (viral infection) caused by Plum pox virus 
(PPV) on plum trees (Prunus domestica) at an early 
stage without visible symptoms on the leaves to 
have appeared. Healthy and infected leaves from 
plum cultivar Stenley, with great importance for 
Bulgaria, were investigated. Validation and 
comparative analyses were carried out with the 
serological test DAS-ELISA, one of the most widely 
used tests for plant viruses. The strong relationship 
that was found between the results of the two 
methods indicates the effectivity and sensitivity of 
the leaf reflectance technique for early diagnosis and 
objective assessment of the presence of damages of 
plant species for making timely management 
decisions. Since the technique is non-invasive and 
highly informative, it is perspective for 
environmental monitoring of plant ecosystems and 
it has become a powerful tool for researches 
concerning the influence of the environmental 
changes on the spectral behavior of vegetation. 

REFERENCES 

1. http://www.sgst.wr.usgs.gov  
2. D. Moshou, C. Bravo, J. West, S. Wahlen, A. 

McCartney and H. Ramon, “Automatic detection of 
yellow rust in wheat using reflectance measurements 
and neural networks”, Comput. Electron. Agric. 
2004, vol. 44, pp. 173–188. 

3. S. Aggarwal, “Principles of remote sensing, Satellite 
Remote Sensing and GIS Applications in Agricultural 
Meteorology,” Proceeding of Training Workshop, 
Dehra Dun, India, WMO/TD-No. 1182, 2003, pp. 23-
38. 

4. T. Rumpf, A. K. Mahlein, U. Steiner, E. C. Oerke, H. 
W. Dehne and L. Plümer, “Early detection and 
classification of plant diseases with support vector 



 290

machines based on hyperspectral reflectance”, 
Comput. Electron. Agric. 2010, vol. 74, pp. 91–99.  

5. A. D. Meigs, L. J. Otten and T. Y. Cherezova, 
“Ultraspectral imaging: a new contribution to global 
virtual presence”, IEEE Aerosp. Electron. Syst. Mag., 
2008, vol. 23, pp. 11–17. 

6. K. Usha and B. Singh, “Potential applications of 
remote sensing in horticulture - A review”, Sci. 
Horticul., 2013, vol. 153, pp. 71–83. 

7. S. Sankaran, A. Mishra, R. Ehsani and C. Davis, “A 
review of advanced techniques for detecting plant 
diseases”, Comput. Electron. Agric., 2010, vol. 72, 
pp. 1–13;  doi:10.1016/j.compag.2010.02.007  

8. J. R. Jensen, “Digital Image Processing: a Remote 
Sensing Perspective”, 3rd ed., New Jersey: Prentice 
Hall, 2004, ISBN-1:0131453610  

9. M. Meroni, M. Rossini and R. Colombo, 
“Characterization of leaf physiology using reflectance 
and fluorescence hyperspectral measurements”, In: 
Maselli F, Menenti M, Brivio PA (eds) Optical 
observation of vegetation properties and 
characteristics. Research Signpost, Trivandrum, 
2010, pp 165–187. 

10. D. A. Sims and J. A Gamon, “Relationships between 
leaf pigment content and spectral reflectance across 
a wide range of species, leaf structures and 
developmental stages“, Remote Sens. of Environ., 
2002, vol. 81, pp. 337-354. 

11. I. Filella, A. Porcar-Castell, S. Munne-Bosch, J. Back, 
M. Garbulsky and J. Penuelas, “PRI assessment of 
long-term changes in carotenoids/chlorophyll ratio 
and short-term changes in de-epoxidation state of 
the xanthophyll cycle“, Int. J. Remote Sens., 2009, 
vol. 30, pp. 4443-4455. 

12. R. B. Smith, “Introduction to remote sensing of the 
environment”, 2001, www.microimages.com 

13. C. Hillnhütter, A. K. Mahlein, R. A. Sikora and E. C. 
Oerke, “Remote sensing to detect plant stress 
induced by Heterodera schachtii and Rhizoctonia 
solani in sugar beet fields”, Field Crops Res. 2011, 
vol. 122, pp. 70–77.  

14. D. D. Krezhova, N. M. Petrov and S. N. Maneva, 
“Hyperspectral remote sensing applications for 
monitoring and stress detection in cultural plants: 
viral infections in tobacco plants“, Proc. of Remote 
Sensing for Agriculture, Ecosystems, and Hydrology 
Conf., Edinburgh, UK, XIV, 2012, vol. 8531, pp. 24-
27. 

15. L. Levy, V. Damsteegt, R. Scorza, and M. Kolber, 
“Plum pox – potyvirus disease of stone fruits“, The 
American Phytopathological Society, 2000, 
http://www.apsnet.org/online/feature/PlumPox/To
p.html 

16. M. Cambra, N. Capote, A.Myrta and G.Llácer, “Plum 
pox virus and the estimated costs associated with 
sharka disease”, Bulletin OEPP/EPPO, 2006, 
Bulletin 36, pp. 202-204. 

17. D. Atanasoff, “Plum pox. A new virus disease” 
Yearbook University of Sofia, Faculty of Agriculture, 
1932, vol. 11, pp. 49-69.  

18. A. K. Mahlein, T. Rumpf, P. Welke, H. W. Dehne, L. 
Plümer, U. Steiner and E. C. Oerke, “Development of 
spectral indices for detecting and identifying plant 
diseases”, Remote Sens. Environ., 2013, vol. 128, pp. 
21–30; doi:10.1016/j.rse.2012.09.019. 

19. S. Delalieux, B. Somers, W. W Verstraeten, J. A. N. 
Aardt, W. Keulemans and P. Coppin, “Hyperspectral 
indices to diagnose leaf biotic stress of apple plants 
considering leaf phenology“, Int. J. Remote Sens., 
2009, vol. 30, pp. 1887–1912. 

20. S. T. Prasad, B. S. Ronald and E. D. Pauw, 
“Hyperspectral vegetation indices and their 
relationships with agricultural crop characteristics“, 
Remote Sens. Environ., 2000, vol. 71, pp. 158-182. 

21. K. L. Smith, M. D. Steven and J. J. Colls, “Use of 
hyperspectral derivative ratios in the red-edge region 
to identify plant stress responses to gas leaks“, 
Remote Sens. Environ., 2004, vol. 92, pp. 207-217. 

22. D. D. Krezhova, “Hyperspectral remote sensing of 
eflected and emitted radiation as a means for 
preservation of terrestrial ecosystems,” Proc. of 1st 
Int. Conference on Radiation and Dosimetry in 
Various Fields of Research, RAD 2012, Niš, Serbia, 
2012, pp. 71-74. 

23. J. Zhang, R. Pu, W. Huang, L. Yuan, J. Luo and J. 
Wang, “Using in-situ hyperspectral data for detecting 
and discriminating yellow rust disease from nutrient 
stresses”, Field Crops Res. 2012, vol. 134, pp. 165–
174. 

24. http://www.geog.ucsb 
25. M. R. Slaton, E. R. Hunt and W. K. Smith, 

“Estimating near-infrared leaf reflectance from 
structural characteristics”, Amer. J. of Bot., 2001, 
vol. 88, pp. 278-284. 

26. H. R. Xu, Y. B. Ying, X. P. Fu and S. P. Zhu, “Near-
infrared spectroscopy in detecting leaf miner damage 
on tomato leaf”, Biosyst. Eng. 2007, vol. 96, pp. 447–
454. 

27. Y. M. Govaerts, S. Jacquemoud, M. Verstraete and S. 
L. Ustin, ”Threedimensional radiation transfer 
modeling in a dicotyledon leaf” Appl. Opt., 1996, vol. 
35, pp. 6585–6598. 

28. P. S.Thenkabail, E. A. Enclona, M. S. Ashton and B. 
Van Der Meer, “Accuracy Assessments of 
Hyperspectral Waveband Performance for 
Vegetation Analysis Applications,” Remote Sens. of 
Environm., 2004, vol. 91, pp. 354-376. 

29. http://www.oceanoptics.com 
30. D. Krezhova, T. Yanev, St. Lukov, P. Pavlova, V. 

Aleksieva, D. Hristova and S. Ivanov, “Method for 
detecting stress induced changes in leaf spectral 
reflectance,” Compt. Rend. Acad. bulg. Sci., 2005, 
vol. 58(5), pp. 517-522. 

31. M. F. Clark and A. N. Adams, “Characteristics of the 
micro plate virus titer in the treated plants was 
slightly reduced unlike virus method of enzyme-
linked-immunosorbent-assay for the detection of 
symptoms and damages on the fruits which were 
significantly plant viruses“, J. Gen. Virol., vol. 34, pp. 
475-483. 
 



 

CALIBRATION OF HPGE DETECTORS FOR ENVIRONMENTAL SAMPLES  
USING GEANT4 SIMULATION 

Jelena Nikolic 1, Milica Rajacic 1, Dragana Todorovic 1, Marija Jankovic 1, Natasa Sarap 1, 
Gordana Pantelic 1 

1 University of Belgrade Institute for Nuclear Sciences Vinča , Mike Petrovića Alasa 12-16 11001 Belgrade 
 tel/fax +381116308467 

Abstract. Determination of full energy peak efficiency is one of the most important tasks that have to be 
performed before gamma spectrometry. Calibration of the measurement system for measuring environmental 
samples poses a special challenge to the laboratory. Many different approaches to this task have been developed 
and examined. One of the most detailed is GEANT4, a Monte Carlo simulation toolkit developed for wide variety of 
applications. The aim of this paper is to apply GEANT4 simulation for calibration of three HPGe detectors, for 
measurement of aerosol, plant and coal-like environmental samples. The detectors were modeled using the 
certificate provided by the manufacturer. The samples chosen for the simulation were secondary reference 
materials produced in the Laboratory for the purpose of experimental calibration. The efficiencies obtained using a 
simulation were compared with experimental results, in order to evaluate the trueness of the results. Measurement 
uncertainties for both simulation and experimental values were estimated in order to see whether the results of the 
realistic measurement fall within acceptable limits. 

 

Key words: HPGe, calibration, GEANT4 

1. INTRODUCTION 

One of the main problems in quantitative 
gamma-ray spectroscopy is the determination of 
detection efficiency for different energies, different 
source-detector geometries and different composition 
of voluminous sources. Experimental approach utilizes 
standard sources with composition, density and 
geometry as close to the samples of interest, as 
possible. The direct measurement of different 
calibration sources containing isolated γ-ray emitters 
within the energy range of interest, and their 
subsequent fitting to a parametric function, yields the 
best results. However, when the energy interval is 
broad, it requires a large number of primary standards, 
implying a high financial cost, a long counting time 
and much work in preparing samples. This problem is 
especially pronounced when environmental samples 
are of interest due to their diversities in composition 
and structure [1]. This problem has been partially 
solved by using procedures based on the Monte Carlo 
simulations, developed in order to complement the 
experimental calibration procedures used in gamma-
ray measurements of environmental samples [1]. 
Monte Carlo methods are based on determining full 
energy peak (FEP) efficiency by simulating all relevant 
physical processes taking place along the path of a 
photon emitted by the source. Since no approximations 

are needed, there is no limitation on the source–
detector configuration. The best known and the most 
sophisticated Monte Carlo simulation kit is the CERN 
GEANT4. Monte Carlo simulation, based on GEANT4 
simulation package has been developed to obtain the 
response of germanium detectors, with the aim to 
reproduce experimental spectra of detectors in wide 
range of applications in gamma spectroscopy 
measurements [2]. 

The aim of this paper is to apply GEANT4 
simulation for calibration of three HPGe detectors, for 
measurement of aerosol, plant and coal-like 
environmental samples. The detectors were modeled 
using the certificate provided by the manufacturer. The 
samples chosen for the simulation were secondary 
reference materials produced in the Laboratory for the 
purpose of experimental calibration. The efficiencies 
obtained using the simulation were compared with the 
experimental results, in order to evaluate the trueness 
of the results. Measurement uncertainties for both 
simulated and experimental values were estimated in 
order to see whether the results agree within the 
acceptable limits. 

2. MATERIALS AND METHODS 

The detectors considered for the Monte Carlo 
simulations were the ones commonly used in our 
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laboratory: two p-type detectors with relative 
efficiencies of 20% (named Detector 1) and 50% 
(named Detector 3), and one n-type detector with 
relative efficiency of 18% named Detector 2.  

GEANT4 allows the description of an 
experimental setup represented by a structure of 
geometrical volumes filled by specified materials. In 
the simulation, germanium detectors, together with the 
whole detector assembly, are constructed in great 
detail, according to the manufacturer’s data 
specifications, while the bulletisation and depth and 
diameter of the central cavity were estimated based on 
the known dimensions of other detectors produced by 
the same manufacturer [3, 4]. The characteristics of 
the detectors are presented in Table 1. 

Sample dimensions are also measured with 
care, and sample volumes are constructed in the 
simulation code accordingly. Primary photons are 
generated in the sample volumes with uniformly 
random positions and momentum directions in full 
space (4π srad). Each photon undergoes interaction 
processes and deposits energy in the detector or it 
traverses the detector (or the whole system) without 
interaction. All types of relevant interactions of 
photons and electrons/positrons with matter are taken 
into account, using low-energy data packages (dataset 
G4EMLOW6.32, model G4EmLivermorePhysics); 
tracking of the particles is performed down to below 10 
keV. Distribution of the photon energy deposited in the 
detector's active volume gives spectral response of the 
detector, i.e. simulated spectrum. From the simulated 
spectrum one can obtain the simulated FEP intensities, 
and from this, derive the simulated detector efficiency 
for a given energy.  

 In order to verify the results obtained by 
GEANT4, simulated efficiencies were compared to the 
experimental values. Experimental efficiency 
calibration is readily performed in the Laboratory for 
Environment and Radiation Protection of the Institute 
for Nuclear Sciences Vinca. For the purpose of 
calibrating detectors for the environmental samples, a 
set of secondary reference materials was produced in 
order to serve as calibration samples.  These samples 
were produced by spiking the chosen matrices with the 
certified radioactive mixture solution ER X 9031-OL-
426/12 issued by Czech Metrological Institute, 
Inspectorate for Ionizing Radiation. The radioactive 
solution contained following radionuclides: 241Am, 
109Cd, 139Ce, 57Co, 60Co, 137Cs, 203Hg, 113Sn, 85Sr and 88Y, 
with the energies that span from 59keV to 1898keV 
with total activity of 1342 Bq at reference date 
31.08.2012. Matrices and geometry of secondary 
reference materials were chosen in a manner that best 
mimics the realistic situation. These matrices were 
aerosol, charcoal and mineralized grass. Aerosol was 
placed in vial, mineralized plant in cylindrical 
container of 120 ml with 6g and 26g of the matrix, 
named grass 1 and grass 2 respectively and charcoal 
was placed in cylindrical containers of 120 and 250 ml, 
named charcoal 1 and charcoal 2 respectively. 

 The geometrical characteristics of the 
detectors were optimized by varying the parameters of 
the detector and conducting a simulation for water 
matrix [5].  After that, optimized parameters were used 
in the simulation. 

The secondary reference materials were 
prepared by applying the procedure with activated 

carbon, as defined in [6]. The standardized solution 
had been diluted to the adequate specific activity by 
adding carrier solution. This radioactive solution was 
homogeneously mixed in the bulk matrix materials 
previously mechanically prepared. Detailed procedures 
were presented in [7].  

3. RESULTS AND DISCUSSION 

The measurement was conducted on all three 
detectors for the duration of 60000s. Background 
radiation was measured by placing non spiked sample 
of the same geometry and composition as the 
secondary reference material and background 
spectrum was subtracted. After analyzing the spectra, 
the efficiency at the given energy was calculated 
according to: 

APt

ECN
=ε

γ 
 )(  (1) 

where N  represents the net count at the energy E, t is 

counting time, γP  is emission probability, C(E) is true 

coincidence correction factor and A is source activity 

on the given energy, with the decay correction. 
Coincidence correction factors were calculated 

using EFTRAN software [8]. The corrections ranged 
from 0.1% to as much as 9% for higher energies. 
Coincidence was more prominent for Detector 2 due to 
its beryllium window and the fact that it is an n-type 
detector. For Detector 1 and Detector 3, corrections 
were needed only for energies of 88Y and 60Co. 

Relative measurement uncertainty for the 
experimental values was calculated according to the 
following Equation: 

 
2222 )()()()()( PMNAu    (2) 

 
For aerosol, combined measurement 

uncertainty was 3% and 5% for grass 1, grass 2, 
charcoal 1 and charcoal 2. 

In case of GEANT4 simulation, combined 
relative uncertainty was estimated according to 
following consideration. The main variables that have 
been input into the simulation are 9 characteristic 
dimensions of the detector (crystal diameter and 
length, crystal cavity diameter and length, top and side 
dead layer, end cap diameter, window thickness and 
window to crystal gap) and 4 characteristics related to 
the sample (sample volume, sample and container 
material, namely density and chemical composition, 
and container to absorber gap). For these variables, 
except chemical composition of sample and container, 
the uncertainty can be estimated to be 1% for geometry 
of crystal and container to absorber gap and 10% for 
window thickness and window to crystal gap. In order 
to minimize the discrepancy between simulated and 
measured values, bulletization, dead layer and window 
to crystal gap were varied in the simulation, and the 
uncertainty was lowered to estimated 1%. The chemical 
composition of the container is well defined, but for 
the sample the situation is more complicated and poor 
knowledge of the chemical composition of aerosol and 
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grass can be the source of larger uncertainty. This is 
estimated to be 10%.  Since the uncertainty of the 

simulation, usimulation  is calculated according to  
 

 2)x(=u isimulation    (3) 

 
where δxi represents relative uncertainty of the value xi 
, overall combined uncertainty of the simulated results 
is estimated to be 5.3% for aerosol  and grass and 6% 

for charcoal. 
 
 
Simulation was conducted for the same 

secondary reference materials and efficiency was 
calculated using Equation (1).  

The relative discrepancies between simulated 
and experimental values are presented in Figure 1 in 
form of εGEANT/εexp ratio. As it can be seen from Figure 
1, the discrepancies ranged from 0.7-19.9% for 
Detector 1, from 0.8-25.5% for Detector 2 and from 
0.7-18.5% for Detector 3. Although the ranges are wide, 
the largest discrepancies are for low energies (46 and 
59 keV), while for the rest of the spectrum, average 
discrepancy was 5-10%. Similar to all Monte Carlo 

based simulations, [9, 10, 11], the largest discrepancies 
are for the lower energies. It should be noticed that 
GEANT4 simulation has great sensitivity to definition 
of the material through which the photon traverses, 
and that in Monte Carlo simulation, errors in 
definition of the matrix (such is the case for grass and 
aerosol) can influence the result for lower energies, 
(due to self-absorption correction factors) resulting in 
up to 15% discrepancy [5, 11]. This is especially 
noticeable in the case of Detector 1 and Detector 2 
where the discrepancy at lower energies exceeds the 
measurement uncertainty. The homogeneity of the 
sample can also influence. After the preparation of the 
secondary reference material, the homogeneity was 
checked by measuring the random part of the spiked 
matrix. The measurement showed that the 
inhomogeneity of the samples was below 2% [6]. It was 
shown in [8, 9] that thickness and homogeneity of the 
detector dead layer, as well as the density of the 
detector material, also can have significant influence 
on the result of the simulation. Since both Detector 1 
and Detector 2 are old, the homogeneity of dead layers 
is compromised resulting in larger discrepancies at 
lower energies. As it can be seen that is not the case for 
Detector 3 which is newer (2008.). It can be noticed 
that grass 1 shows better agreement with the 
experimental values than grass 2, although the only 
difference is the sample filling height. The results for 
grass 2 show unexplained bias for all three detectors, 
which require the repetition of both measurement and 
simulation. Discrepancies noticed for charcoal 2 in 
Detector 1 are due to uncertainties regarding the 
sample filling height of the matrix, which leads to 
erroneous selection of the attenuation coefficients. 
However, the other values show good agreement with 
experimental efficiencies. For the purpose of 
environmental samples measurement, this proves to be 
quite satisfactory, since it does not exceed 
measurement uncertainty of experimental values.  

 
Table 1 Detector characteristics 
 

 
Detector 

1 
Detector  

2 
Detector 

 3 

Geometry and  
type of detector 

Closed 
coaxial - 
p type 

Canberra 

Closed 
reverzibile 
 coaxial - n 

type 
Canberra 

Closed 
coaxial - 
p type 

Canberra 

Relative 
efficiency 

20 %  18 %  50 % 

Resol
ution 
[keV] 

on 
122 
keV 

0,850   0,759  1.00 

on 
1332 
keV 

1,8  1,69 1,9  

Peak/Compton 
 ratio 

51:1  56.1:1  65:1  

Crystal 
 diameter [mm] 

49,5  48  65  

Crystal 
 lenght [mm] 

56,5  48,5  67  
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Figure 1. The relative disrepancies 
between simulated and experimental 
efficiencies. 
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Crystal to 
 window  

Distance [mm] 
5,5  5  5  

Entry 
 window 

Al Be Be 

Central void 
 (diameter x 

lenght) [mm] 
10 x 40 10 x 40 10 x 55 

 

4. CONCLUSION  

This paper presents the results of efficiency 
calibration of three HPGe detectors using GEANT4 
simulation. The efficiencies obtained by simulation 
were compared to the experimental values, 
obtained by measuring different secondary 
reference materials. The results showed good 
agreement with the experimental results, with the 
discrepancies ranging from <1% to about 20%. The 
largest discrepancies were noticed for low energies, 
for all investigated secondary reference materials. 
Also, the discrepancies are larger for grass 2 and 
charcoal 2 in case of p-type detectors. This suggests 
that the definition of the sample chemical 
composition and geometry have to be revised. Most 
of the results were within the uncertainty limits 
proving that simulated efficiencies can be utilized 
for measurement of the environmental samples. 
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URANIUM AND RARE ELEMENTS IN TECHNOGENIC AEROSOL  
OF SIBERIAN CHEMICAL COMBINE REGION (SEVERSK, RUSSIA) 
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Abstract. Results of the geochemical research of technogenic aerosol of the Siberian Chemical Combine’ region (SCC) 
are discussed. SCC is Seversk nuclear fuel cycle plant (Russia): Uranium hexafluorides are its main product.  
The SCC emission plume is revealed to spread at a distance up to 100 km. But the main technogenic aerosol pollution is 
outlined by the radius of 20 km to the north and northeast from Seversk. The mineral component of aerosol is formed 
by SiO2 – 64 %, Al2O3 – 21.7 % and Fe2O3 – 7.65 %. 
High concentration of U, Th, lithophilous elements Sr, Ba, Y, Nb, Zr, REE in aerosol are revealed to be geochemical 
indicators of SCC emission. Average concentration (ppm) of Sn equals 5.77 (maximally – 13.4), W – 3.1 (5.2), Ba –1229 
(1620), Nb –19.4 (28.0), Y –34.4 (44.7), Sr– 5.77 (13.4), radionuclides Th –17.7 (24.4), and U –7.0 (9.8), respectively. 
Concentration of these elements in aerosol is 1.8-6.4 times higher than their average concentration in Upper 
Continental Crust (named Clarke concentration). 
Summary REE content is equal 264-325 ppm. Aerosols are enriched with heavier REE, so (La+Ce)/(Yb+Lu) ratio 
decreases to 28.9 while for the Earth’s crust this ratio is equal to = 40.7. A negative Eu anomaly is observed: Eu/Eu*= 
Eun/ (Smn • Gdn) = 0.58, while for the Earth's crust Eu/Eu* = 0.71. With the help of scanning electron microscopy 
phosphate and oxide is revealed to be mainly composed of the forms of Sr, Ba, Y, Nb, Zr, Th, REE–aerosol particles 
(238 individual aerosol particles consisting of these elements were studied).  
The aerosols are enriched with 235U: so the isotope ratio 238U/235U decreases to 74.28 (while natural ratio 238U/235U  is 
equal to 137.9). But with the help of scanning electron microscopy U-particles are not found. So, U is assumed to be 
diffused in the aerosol mass. 
 

key words:  industrial emission, aerosol,  uranium, rare elements, snow, mass spectrometry with inductively 
coupled plasma 

Introduction 

Due to the specific manufacturing of a high 
ecological risk, Nuclear fuel cycle enterprises have 
always been the objects of rapt attention of the society 
and ecologists. Siberian Chemical Combine (SCC) is 
Seversk city-forming plant of the nuclear fuel cycle, 
where nowadays uranium hexafluorides are produced 
and radioactive wastes are been processed. 
Researchers at the Tomsk Polytechnic University are 
the first to start the investigation of SCC’ pollution. Up 
until 2008, (until the reactors producing plutonium 
were closed), the solid precipitates in snow cover of the 
region were shown to contain amorphous matter, 
spherical particles of mullite and magnesioferrites, 
badelleite (ZrO2), uranium oxides [1].  

The same complex of technogenic minerals except 
uranium oxides was extracted from soil and ground in 
the region [2]. In the snow cover U, Lu, Zn, F, Cs were 
determined to be the geochemical indicators of SCC 
emissions [3], while Sr, Eu and Lu were the SCC 
indicators in soil [4]. 

The goal of the present work is to study the 
elemental composition of modern technogenic 
aerosol in the Seversk region. Under the conditions 
of Siberia, snow is the ideal object to study the 

composition and dynamics of emissions from 
industrial enterprises because solid aerosol particles 
and gaseous products partially sorbed on solid 
phases accumulate in snow from the beginning of 
November till the end of March. The winds of 
southern and southwestern direction dominate in 
the region of Seversk, similarly to the south of West 
Siberia (Russia) in general. This explains the major 
plume of aerosol pollution to the north and 
northeast. 

Objectives and research methods 

Large-volume samples of the snow blanket (50-70 
L each) are taken in late March 2010 along three routes 
to the north and northeast from Seversk (Fig. 1). In 
order to exclude the effect of automobile roads, 
sampling sites are chosen at a distance not less than 
200 m from roads.  

The upper part of settled melted smow is decanted; 
the lower layer is filtered. The dust content is deter-
mined as the ratio of the mass of suspended matter to 
the volume of melted snow. 



 

Fig. 1. Scheme of sampling sites near Seversk: I — sampling 
sites (Nos. 1 — 10 in part b) of snow cover in 2010; II — cities; 

III — settlements; IV — territories of settlements (part b). 

The density of aerosol pollution is measured as the 
ratio of the mass of suspended matter to sampling area 
and the sum of days since the formation of stable snow 
cover till sampling. 

Snow precipitation is transferred into solution 
using two methods: 1) fusion with KOH and Na2O2 at 
550 °C after preliminary ashing for 2 h at 450 °C; 2) 
decomposition with concentrated acids HClO4 and HF 
in autoclaves at a temperature of 120 °C for 2 days. The 
content of macroelements Ca, Mg, Na, K, S, Si, B, Tl, 
Fe, Mn, P and As are determined by means of atomic 
emission spectrometry with inductively coupled 
plasma (ICP-AES) using an IRIS Advantage 
spectrometer (the USA). Relative error is not more 
than 15 %, while the lower detection limits are 0.1 to 
0.0005 ppm. The concentrations of heavy metals (Cd, 
Tl, Zn, Pb), rare earth elements (REE or lanthanides), 
highly charged elements (Hf, Nb, Ta, Zr, Ba, Rb, Sr, Y, 
radionuclides Th and U) are determined by means of 
mass spectrometry with inductively coupled plasma 
(ICP-MS) using the ELEMENT instrument (Finnigan 
Mat, Germany) at the low resolution because they do 
not have substantial spectral overlapping (except 
superposition of Ba oxides on the isotopes of Eu) [5]. 
To correct the matrix effect and to control the 
instrumental drift, In (1 ng/L) is used as the internal 
standard. The elements Al, Co, Cr, Cu, Fe, Ga, Ni, Mo, 
Sc, Si, Ti, V, Sb are analyzed with medium resolution, 
and K, As at high resolution, to isolate the signals of 
overlapping elements. The lower limits of element 
detection (except macroelements) are 0.1 to 0.01 ppb. 
The relative standard deviation does not exceed 10 % if 
the determined content is above the detection lower 
limit by an order of magnitude or more. The isotope 
ratio 238U/235U is determined using the ICP-MS method 
with the relative error of ≤2 % (scanning time is 1 min 
50 s or 1000 and more scans for each isotope) [6]. 

The morphology and composition of aerosol 
particles are studied with LEO 1430 VP scanning 
electron microscope equipped with OXFORD energy 
dispersive spectrometer (EDS). To damp the particles 
composed mainly of light elements: soot particles, 
aluminosilicate slag spheroids, we reduce the sweep 
brightness (with the help of built-in software package), 
which makes only the particles containing 15-20 % and 
more iron visible (dead-gray). With this background, 
metal-containing and other heavy particles are 
distinguished by bright glow. Through sequential 
stepwise displacements over the substrate, with the 
magnification of 1500, not less than 7000 sweeps 
(fields of view) of 212 x 159 μm in size were examined; 
each of them contained 300 to 500 visible (larger than 
0.5 μm) aerosol particles. So, the elemental 

composition of 402 individual aerosol particles was 
determined.  

Results and discussion 

Density of aerosol pollution is 31.2-102.3 mg/(m2 • 
day) with the average value of 53.4 mg/(m2 • day). The 
distribution of density of aerosol pollution provides 
evidence that the major aerosol transport from Seversk 
goes to the north and northeast (Fig. 2, a). These data 
are in good correlation with previously obtained results 
(20–124 mg/(m2 • day) with the average value of 51.6 
mg/ (m2 • day)) [1, 7]. There is low soot content in 
aerosol of this area: only 15—16 mass %. That fact 
indicates relatively high temperatures of aerosol origin. 
This area of aerosol pollution is considered to exist due 
to SCC emission of high temperatures. 

Meanwhile aerosol is revealed to be enriched with 
soot (32—46 %) on three local areas near small 
settlements and in the suburbs of Seversk and Tomsk 
(see Fig. 2, b).  

 

Fig.2. Data on density of aerosol pollution in the region of 
Seversk (a) and content in aerosols: soot (b), Ce (c), Zn (d): 1 - 
diagram and component content in aerosol samples; 2 - major 
plume of high-temperature emissions from SCC; 3 - region of 
maximal precipitation of emissions from SCC; 4 - plumes of 

local low-temperature aerosol emissions 

These soot-polluted areas are considered to 
originate due to furnace heating, from boiler plants 
and vehicle emission of lower temperatures. 

A mineral component of aerosol is formed by SiO2 
– 64 % in average, Al2O3 – 21.7 % and Fe2O3 – 7.65 %. 
The aluminosilicate composition of aerosol is the same 
for all samples from this region. The features of 
microelement distribution indicate two sources of 
technogenic emission. The 1st group of microelements, 
mainly chalcophilic, is concentrated in aerosol of three 
local areas revealed previously by soot distribution in 
aerosol near small settlements in the suburbs of 
Seversk and Tomsk (see Fig. 2, b, d). In aerosol of 
these areas, the concentration (ppm) of Pb increases to 
154, Zn – 472–1033, Sb – 8.1–14.6, Cd – 10.6, Bi – 
15.5, Mo – 38, Cu – 299, Ni – 304, Co – 36, and 
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lithophilous W – 5.17, Sn – 13.37, that is 8.9-117 times 
higher than their average concentrations in Upper 
Continental Crust [8] (Table 1). Concentrations of 
these trace elements, except for copper, do not clearly 
correlate with soot content. 

These three local polluted areas are overlapped by a 
larger area of the 2nd group of element pollution: 
lithophilous elements (Sr, Ba, Y, Nb, Zr), U, Th, Tl and 
REE. The values of correlation coefficients between Th, 
U, REE and these lithophilic elements are not less than 
0.9, which points to their close genetic connection, that 
is, a sole common source.  

A correlation between the concentrations of the 
2nd group of elements and the density of aerosol 
pollution, the contents of SiO2, Al2O3, Fe2O3, is 
observed: the average value of correlation coefficients 
R is equal 0.74,  0.85, 0.81, 0.75  accordingly (see Fig. 
3, a). So, the 2nd group elements in aerosol is 
considered to indicate the SCC high-temperature 
emissions too. At the same time, a reverse correlation 
between soot and the 2nd group element contents in 
aerosol with R = -0.85 confirms our conclusions.  

 

Fig.3. Correlation coefficients between microelement content 
in aerosol with the density of aerosol pollution (a) and soot 

content in aerosol (b). 

The maximal content of the 2nd group of elements 
in aerosol is detected in the site No 8. With an increase 
in the distance from the Seversk city, element 
concentrations in aerosol decrease: 1.65 times from 
site No 4 (at a distance of 15.8 km from Seversk) to No 
5 (at 22.6 km) and almost 1.3 times in the northern 
route from site No 8 to site No 7 (at a distance of 14.8 
and 20 km from Seversk, respectively). In northeast 
route SCC aerosol pollution is mostly long-distance. 
High concentration of the 2nd group of elements 
begins to decrease only at 27.8 km from Seversk (site 
No 1). So the major direction of SCC emission is 
concluded to be northeast within 20 km.  

The site No 10 is situated away from the major SCC 
plume of air pollution. So, lower concentrations of the 
2nd group elements in aerosol are determined by us 
there (comparable with their content in the farthest 
northeast site No 1) (see Figs. 1, 2, Table). 

The author of [3] established that Lu, F, Zn, U, Cs 
are connected with SCC emissions, but we expand this 
group to include the all of REE, as well as Th, Ba, Y, 
Nb, Zr, Tl. However, Zn is excluded from this group [3] 
because of the absence of its correlation with other 
elements of the 2nd group and the presence of a strong 
correlation with the elements of the 1st group. The 
REE content in aerosol samples is normalized to 
carbonaceous chondrites C1 [9], and smooth REE 
profiles are obtained (similarly to the REE profile for 
the Earth’s crust) (Fig. 4). This fact points to their 

regular distribution and the absence of random errors 
during sample preparation and in the analytical work. 

A clear negative europium anomaly is observed: 
Eu/Eu*= Eun/ (Smn • Gdn) = 0.58, while for the Earth's 
crust Eu/Eu* = 0.71 [9]. Therefore, mobile bivalent Eu 
is likely to survive more intense carry-out during 
technological processes, which promoted Eu depletion 
of technogenic emissions and aerosol. The concen-
trations of light REE in aerosols are higher than the 
clarke by a factor of 1.7 as an average, while for heavy 
REE the excess is almost 2 times bigger (see Fig. 4, b). 
A shift of the profiles to a heavier REE caused a 
decrease in La/Lu ratio (light REE/ heavy REE) as an 
average of 7.81 (varied within the range 7.28-7.91) 
while in the earth's crust La/Lu = 9.33. 

For comparison we used the aerosol data (snow 
precipitation) and soil researches obtained in 2004 at 
the areas at a distance of 15-20 km to the northeast 
from Seversk, at 2-10 km to the southwest from 
Seversk and Tomsk [1, 2]. The first area coincides with 
boundaries of major SCC plume outlined by us.  

Also our data are compared with aerosol (snow 
precipitation) data obtained in the third area at 85-110 
km to the northeast and east from Seversk near six 
villages at the left bank of the Chulym River [10] (see 
Fig. 1). 

Additionally, for comparison we used the 
background data on aerosol samples collected at a 
distance of 480 km to the northwest from Tomsk 
(regional background [7] - site G1); at 75 km to the 
southwest from Tomsk (local background [7] -site G2); 
at 15 km to the southeast from Tomsk (site G3). We 
also used the published data of studies carried out in 
1995 for soil and aerosol of Seversk [11], the data of 
2008 for soil of Seversk and Tomsk [4], as well as the 
data of 2010 for soil and aerosol of Tomsk [7]. The 
monograph of 2010 [7] presents the data on samples 
taken within the boundaries of Tomsk.  

Data on aerosol composition in 1995 were close to 
our data [12]: (La + Ce)/(Yb + Lu) = 17.3 (see Fig. 5, a). 
The aerosol of Tomsk city in 2004 [7] had the average 
ratio (La + Ce)/(Yb + Lu) = 36.0, and are within B-
2010 field in diagram (see Fig. 5, a). Except for Eu and 
Tb, within major SCC plume REE content in the 
aerosol of 2004 and of 2010 is almost similar (see Fig. 
4). In 2004, the contents of Eu in aerosol are 1.5 times, 
and of Tb 2-3 times larger, than in 2010. But Ce, Yb 
content in aerosols of 2004 are 1.5-1.75 times lower 
than in aerosol of 2010 (see Fig. 4).  

Ratio (La + Ce)/(Yb + Lu) helps to distinguish 
different geochemical fields: 1) of the major north and 
northeast SCC plume; 2) apart from the major SCC 
plume (Fig. 5, a). The REE concentration in the aerosol 
of the major SCC plume is about 2.0 times larger than 
apart from it in aerosol within distance up to 110 km 
from  Seversk city, according 2004 and 2010 data. 
With an increase in the distance from the Seversk city, 
REE concentrations in aerosol decrease: 3.2 times 
from sites No 9-1  (at a distance 13.2 -27.8 km from 
Seversk city) to sites of Filimonovka, Minaevka and 
Novonilolaevka villages at the distance of 85-110 km 
from Seversk city. Aerosol of the area at the distance of 
85-110 km from Seversk [10] can also be divided into 
two parts. The sampled sites near Filimonovka, 
Novonikolayevka and Minayevka villages are situated 
in the section line of the major plume of SCC emissions 
(see Fig. 1). Aerosol of these sites is revealed to contain 
more REE than in samples 



Table. Microelement composition of aerosol, ICP-MS, ppm 

Route 
direction 

Sample  
Pb Zn Sb Co Ni Cu Cd Bi Mo W Sn Sr No D* 

Clarke** 17 67 0.4 17.3 47 28 0.09 0.16 1.1 1.9 2.1 320 
 NNW 
 
 
 

4 16.2  152 1 033 14.6  36 304  130  10.6  15.5  38 5.17 6.30 452 
5 22.8  89  247  5.2 14.1 112 299 1.19 4.9 16.9 2.68 4.09 255

6 24.7  109  274  5.4  15.7  61  80  0.76  1.42  3.0 2.77 4.14 343 

  N 
 

8 14.7  117  178  5.3  24  83  77  0.84  1.70  3.5 2.79 5.70 588 
7 20.1  65  165  3.4 17.2 66 54 0.50 1.06  2.6 2.80 3.78 435

NNE 
  
  
  

9 13.2  103  198  5.5  19.0  70  70  0.88  1.58  3.0 2.59 4.63 428 

3 16.9  106  273  6.2  20  79  66  0.95  1.57  2.9 2.44 5.14 478 

2 21.0  90  242  4.9  20  89  67  0.81  1.42  2.5 2.54 4.71 489 

1 27.8  154  472  8.1  16.5  69  67  1.07  1.62  2.3 2.02 5.84 348 
SE 10 6.85 64  335  3.4 16.3 65 100 1.26 1.74  4.9 4.74 13.37 359

 

Route 
direction 

Sample  
Ba Y Nb Zr La Ce Pr Nd Sm Eu Gd No D 

Clarke  624 21 12 193 31 63 7.1 27 4.7 1.0 4.0 

 NNW 
 
 

4 16.2 1 401 39.7 18.0 117 59 116 14.9 51.4 9.3 1.90 9.17
5 22.8  919 23.4 14.4 157 43 64 9.3 32.1 6.1 1.01 5.54

6 24.7 1 079 28.1 14.0 157 43 78 10.4 35.7 7.2 1.27 5.65 

  N 
 

8 14.7 1 620 44.7 28.0 263 68 131 17.0 58.2 11.1 1.89 9.93 
7 20.1 1 228 37.2 21.9 175 55 107 13.7 46.8 8.5 1.55 7.82

NNE 
  
  
  

9 13.2 1 263 36.8 21.1 185 56 107 13.7 47.2 8.5 1.60 7.96 

3 16.9 1 355 38.9 22.7 173 58 111 14.5 49.6 9.0 1.63 8.14 

2 21.0 1 373 37.5 21.8 167 57 106 13.7 48.1 8.5 1.52 8.25 

1 27.8 1 018 28.8 16.3 116 43 83 10.7 36.7 6.5 1.18 6.20 
SE 10 6.85 1 033 29.4 15.7 171 44 83 10.9 39.0 7.1 1.23 6.11

 

Route 
direction 

Sample  
Tb Dy Ho Er Tm Yb Lu Th U Tl No D 

Clarke 0.7 3.9 0.83 2.3 0.3 2.0 0.31 10.5 2.7 0.9 

 NNW 
 
 

4 16.2 1.33 9.50 1.90 5.77 0.90 5.30 0.77  15.6  9.1  0.78

5 22.8 0.76 5.40 1.09 3.33 0.54 2.61 0.40  14.1  4.3  0.38 

6 24.7 0.90 6.22 1.30 4.01 0.67 3.07 0.57  14.2  5.4  0.30 

  N 
 

8 14.7 1.42 10.25 2.07 6.20 1.01 6.00 0.88  24  9.8  1.73 

7 20.1 1.11 8.58 1.74 5.13 0.79 4.98 0.72  18.7  7.5  1.13 

NNE 
  
  
  

9 13.2 1.14 8.57 1.73 5.00 0.79 4.75 0.71  19.6  7.5  0.90 

3 16.9 1.22 8.89 1.75 5.14 0.81 5.12 0.72  20  7.9  1.36 

2 21.0 1.14 8.61 1.71 5.14 0.83 5.01 0.73  19.6  7.2  0.94 

1 27.8 0.86 6.53 1.26 3.81 0.60 3.59 0.53  14.3  5.6  0.84 

 SE 10 6.85 0.94 7.22 1.39 4.02 0.62 2.63 0.62  16.0  6.1  0.51
Sample No. corresponds to the numbers of sampling sites (see Fig. 1) 
Note: * D - distance from the centre of Seversk, km; **Clarke – the average concentration of the element in the Upper Continental 
Crust [8] . 
 
of other sites, situated apart from the major SCC plume 
section line (Fig, 5, a).  

The heavy REE concentrations in the aerosol of the 
major SCC plume is revealed to be higher than in the 
aerosol apart from the major SCC plume, so curve 1 
passes below other curves 2, 3. Because of the very 
small REE content, the region background value (site 
G1) is localized in the left lower corner of Fig. 5, a: (La 
+ Ce)/(Yb + Lu) = 37.4.  

Soil is a perennial depositing component re-
sponding to the long-term effect of technogenic action. 
Range of REE content in the soil of 2006 [2] is 

noticeably lower than that in the aerosol samples taken 
in 2004 [1]. In soil, the average ratio (La + Ce)/ (Yb + 
Lu) is equal to 28.8 [2]. As estimated by the author of 
[12], in the background soil in the USSR the average 
ratio (La + Ce)/(Yb + Lu) is 70.8. So, under the 
conditions of the long-term technogenic emission of 
REE, heavy REE are likely to get accumulated in the 
soil cover with more intense ishout (migration) of light 
REE. This secondary redistribution of REE in soil leads 
to a decrease in (La + Ce)/(Yb + Lu) ratio in soil in 
comparison with the initial REE composition in 
aerosols.  
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Fig.4.  REE profiles normalized for carbonaceous chondrite: 1, 2 - 
aerosol samples taken by us in 2010 outside (1) and within the 
major SCC emission plume (2); 3, 4 - data of 2004 on aerosol 

samples taken at a radius of 20 km from Seversk (a-c - maximal, 
average and minimal concentrations of elements, respectively [1]) 
(3) and at a distance of 85-110 km to the northeast and east from 
Seversk [11] (4); 5 - the average concentration of element in the 

continental Upper Crust. 

Aerosol data of 2010 form the two fields in the 
Th/U diagram: A-2010 and B-2010 (Fig.5, b). Aerosol 
in the major SCC plume (A-2010 field) is enriched with 
Th (19.7 ppm) and U (8.2 ppm) in comparison with the 
B-2010 field (apart from the major SCC plume), where 
the concentration of Th and U is 14.6 and 5.3 ppm, 
accordingly. However, Th/U ratio is almost the same in 
both fields; it is described by the same mean weighted 
straight curve 1 (Fig.5, b): slopes of linear fitting lines 
are 2.49-2.71 for A-2010 and 2.55 – 3.3 for B-2010. 
The average ratio Th/U in the aerosol of 2004 is equal 
to 2.5 and is close to 2010 data. 

The data on aerosol from Tomsk [7] fit within the 
B-2010 field. At the distance of 15 km southeast from 
Tomsk Th/U in aerosol is 1.64, which indicates 
technogenic U pollution of this area too.  

For aerosol samples taken from the remote region 
(at the distance of 85-110 km from Seversk) the Th/U 
ratio is much smaller and equals 0.75, with the average 
concentrations (g/t): Th 4.5, U 6.1 [7]. At the same 
time, in the samples collected in the section line of the 
major northeast SCC plume (points N, M, F in fig 5, b) , 
uranium content is higher than ones of other sampled 
sites of this remote area. A sharp depletion in thorium 
is described by thorium bounding with heavier and 
(or) larger aerosol particles precipitating at a shorter 
distance from their source. At the same time, it is 
possible that uranium is mainly bound to light fine 
fractions of aerosol, maybe also gaseous, which pro-
vides uranium transfer at long distances.  

The regional aerosol background (the site G1) is 
characterized by the low Th concentration and by far 
less than thorium U concentration (fig.5, b). So Th/U 
of the site G1 is 14.5. In site G2 of local aerosol 
background the ratio of Th/U is 5.0, and it is similar 
the natural Th/U ratio of the continental Upper Crust 
(which is 3.9 [8]).  

The range of U, Th content in soil is wider than in 
aerosol (see Fig. 5, b). Enrichment of aerosol and also 
soil with uranium within the major SCC plume is 
undoubtful. So the average Th/U ratio in the soil of 
major SCC plume and of Seversk is 2.8 [2, 3], in the 
soil of Tomsk it is 3.0 [4], which is close to the Th/U 
ratios in aerosol both of 2010 and 2004.  

Natural uranium is a mixture of three isotopes: 
238, 235 and 234, with the percentage of 99.28 : 0.72 : 
0.006, respectively. The natural ratio 238U/235U = 138. 
The minimal of 238U/235U ratio in aerosol is revealed to 
be 74.28 at the site No 2 at 21 km from Seversk city 
(Fig.6). For other aerosol samples of the A-2010 
geochemical field 238U/235U ratio is close to the natural 
ratio and it is 137.922 (without the outlier site No 2). 
But including the datum of site No 2, the average 
238U/235U ratio of A-2010 field decreases to 127.315. 
For aerosol of B-2010 field, the average ratio 238U/235U 
is 137.667, which is close to the natural isotope ratio. 
This fact is needed to continue isotope studies of 
aerosol.  

 

Fig. 5. Ratios (La + Ce)/(Yb + Lu) (a), Th/U (b) in aerosol and 
soil in the region of Seversk: 1-6 — data on aerosol samples (1 
— our data of 2010; 2 — in the radius of 20 km from Seversk, 
2004 [1]; 3 — in Tomsk, 2010 [7]; 4 — in Seversk, 1995 [11]; 5 

— at a distance of 85—110 km to north and northeast from 
Seversk, 6 – background sites (G1 – at 480 km to the 

northwest  from Tomsk city; G2 – at 75 km to the southwest 
from Tomsk city) and G3 – at 15 km to southeast from Tomsk, 
2010 [7]); 7-12 — data on soil samples (7 — in the radius of 20 

km from Seversk, 2006 [2]; 8, 9 — in Seversk, 1995 [11] and 
2008 [4], respectively; 10 — in Tomsk, 2008 [4]; 11 - the 

average concentration of element in continental Upper Crust  
[8]; 12 - soil of the USSR, 1997 [12]; 13, 14 — geochemical 
fields according to aerosol data (13 — A-2010 within the 
major SCP emission plume, northern and northeastern 

direction from Seversk, B-2010 — outside the major SCP 
emission plume, 2010; 14 — within the radius of 20 km of 

Seversk, 2004 [1]: A-2004 — within the major SCP emission 
plume, B-2004 — to the southwest from Seversk and Tomsk; 
15-17 - mean weighted aerosol sample data: 15 - our samples, 
2010 (1, 2 - for fields A- 2010 and B-2010, respectively); 16 — 
within the radius of 20 km of Seversk, 2004 [1]; 17 — at 85—
110 km to the northeast and east of Seversk, 2004 [10]; 18 — 
soil samples, 2006 [2]; F, M, N — Filimonovka, Minayevka, 

Novonikolayevka villages, respectively 

Among studied 238 individual aerosol particles by 
using scanning electron microscope the 45 oxides and 
phosphates of Y and REE (La, Ce, Nd, Sm, Gd, Dy, Er), 
Th, Os, Ir were found. Composition of most of them is 
close to monazite. Frequency of their occurrence in the 
samples of the major SCC plume is 2-3 times higher 
than the one in the samples outside of SCC plume area. 
The 36 phosphates and sulphates of Ba with the 
addition of Sr were  



 

Fig.6. Ratio 238U/235U in aerosols in the region of Seversk city. 
1 – samples from the major SCC plume, 2 – samples from out 

of the major SCC plume; 3 – natural ratio 238U/235U. 

determined. The particles are spheroids in form, sizes 
1-2 μm up to 10-20 μm (Fig. 7). Also the 17 
aluminosilicates of Zr and REE were found, which 
point to high temperatures of their origin. 

 

Fig 7. Technogenic aerosol particles of SCC emission (image 
in the mode of back-scattered electrons) with sites of 

spectrometric scanning: slage spheroid of Ba-Sr phosphates 
(a); alumosilicate slage particle Fe(Mn)2O3 and ZrSiO4 (в), 

alumosilicate slage particle with с REE phosphates (c); 
crystall of ZrSiO4 and its spectrogramm (d). 

Conclusions 

1. The major plume of SCC emission occurs in the 
northern and north-eastern directions according to the 
wind rose: at a distance up to 21 km the density of 
pollution is 31.2-102.3 mg/(m2 • day), 53.4 mg/(m2 • 
day) as average. The SCC aerosol does not have a lot  of 
soot indicating high temperature of technogenic 
aerosol origin.  

2. The SCC emission has regional significance and 
predetermines the geochemical specificity of aerosol 
and soil within the major plume at a distance up to 110 
km to north and northeast from Seversk city. But most 
of SCC aerosol pollution is outlined at a distance up to 
20 km from Seversk city. Geochemical indicators of 
SCC aerosol pollution are U, Th, lithophilous Sr, Ba, Y, 
Nb, Zr  and REE.  

Technogenic aerosol is enriched with heavy REE,  
235U, so the ratio (La + Ce)/(Yb + Lu) decreases to 
~28.9 (whereas background natural ratio is equal  to 
37.4), the isotope ratio 238U/235U – to 74.28 (whereas 
natural ratio 238U/235U is 138). 

During different periods of time, aerosol pollution 
from SCC is different. For example, in 2010 it is more 
intense in comparison with the previous period: REE, 
U and Th content in aerosol samples is higher in 
comparison with the data obtained in 2004, except for 
Eu, Tb. The difference of REE composition in the 
aerosol of 2004 and 2010 can be due to the changes in 

the technological processes at SCC during its 
operation.  

According to the data of [1, 10], with an increase in 
the distance from SCC to 20-110 km the Th/U ratio in 
aerosol decreases from 2.4-2.8 to ~0.8. It is assumed 
that U is diffused and is bonding with light and fine 
aerosol particles to be transferred by air for longer 
distances.  

SCC emission indicators - Y and REE (La, Ce, Nd, 
Sm, Gd, Dy, Er), Th, Os, Ir are present as oxide and 
phosphate particles in aerosol, Ba with the addition of 
Sr as phosphates and sulphates, and Zr is mainly 
present in the form of silicate slages.  
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Abstract. Paper presents results of the long-term study of radionuclide content in Latvian environment. Data include 
contamination levels of various samples with artificial radionuclides (Cs-137, and H-3), as well as the accumulation 
and migration of these radionuclides in the soil and ground waters in the vicinity of the decommissioned Salaspils 
nuclear reactor; the H-3 content in industrial and communal water sources in all Latvian regions; and the 
concentration of natural radionuclides (K-40 and the decay products of the Th-232, U-238 (Ra-226) decay chains) in 
building materials used in Latvia and produced from local resources (mostly clay). 

Key words: environment, artificial radionuclides, Cs-137, H-3, natural radionuclides, building materials

1. INTRODUCTION 

Assessment of radionuclide content in environment 
and radiation hazards for population is a topic 
attracting growing attention both from governments 
and population. Therefore, it is of utmost importance 
to obtain and publish actual reliable data about 
content of artificial and natural radionuclides in 
environment. 

The now decommissioned Salaspils nuclear 
research reactor (SNR) was in operation from 1961 up 
to 1998. It could cause a pollution of the closest 
surrounding territory with artificial radionuclides: 
products of activation or fission. One of the objectives 
of present work was to provide an overview of the 
content of artificial radionuclides (mostly Cs-137, and 
H-3) in soils and ground water of the three kilometer 
radius area around SNR after its shutdown. The 
obtained results are compared with the background 
radioactivity level in the rest of Latvian territory [1].  

Other objectives of presented work are related with 
the assessment of possible radiation hazards for the 
entire Latvian population. In 2003, the Latvian 
Cabinet of Ministers adopted regulations provisioning 
the entry in force of the EU Council Directive 
98/83/EC on the quality of water [2]. This directive 
prohibits the use of drinking water with tritium 
content exceeding 100 Bq/l. In order to check the 
compliance of Latvian water sources with that 
directive, we have performed the analysis of 
industrially used drinking water samples obtained 
from the Latvian food manufacturers, and the 
communal drinking water sources of all Latvian 
regions. 

Since nowadays people spend more than 80 % of 
their lifetime indoors [3], building materials, 
containing naturally occurring radionuclides (NORMs) 
K-40, and the decay products of the Th-232, U-238 
(Ra-226) decay chains, can be a major potential source 

of indoor gamma-irradiation. Therefore, we have 
carried out a representative study of natural 
radioactivity level in various building materials used 
for construction in Latvia. Especial attention is given to 
raw clay and clay ceramic made of natural resources 
available in Latvia. 

Radiation safety requirements, provisioned in the 
EU Council Directive 96/29/EURATOM [4] and the 
Latvian Cabinet of Ministers regulations [5], state the 
maximal permissible level of natural radionuclide 
activity concentration in building materials using the 
activity index I (in Bq/kg): 

I = CK/3000 + CRa/300 + CTh/200, 

where 

CK – the concentration of potassium-40 (Bq/kg); 

CRa  - the concentration of radium-226 (Bq/kg); 

CTh – the concentration of thorium-232 (Bq/kg). 

The maximal permissible level is set so that the annual 
gamma-radiation dose for the exposed population does 
not exceed 0.3-1.0 mSv. 

The study presents results of two groups of 
environmental measurements: 1) the long-term 
environment monitoring of the SNR vicinity for the 
presence of artificial radionuclides (Cs-137, H-3), and 
2) the study of radionuclide presence in Latvian 
communal and industrial water supply and building 
materials. Sect. 2 describes employed sampling and 
measurement methods. Sect. 3 presents the obtained 
results. Radiation hazards for the Latvian population 
are assessed in Sec.3 and conclusions. The standard 
methods [6-8] were used for the determination of 
radionuclides, and the quality assurance system based 
on the ISO/IEC 17025:2008 standard [9] requirements 
have been implemented at all stages of research work.  
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2. METHOD 

2.1. Sampling 

The sampling net for the collection of soil samples 
was 500x500 m. The total number of points in the 3 
km zone around the reactor was 117, and 5 points 
outside the SNR territory. Each sample was taken in 
the 1 m2 area (the size of one sample – 8x8 cm2) from 
the upper 0-5 cm soil layer. The soil samples were 
dried to the constant weight at 105 °C, homogenized 
and filled into 1 l Marinelli beakers. 

The ground water samples were gathered from 19 
wells located on the main ground water streams within 
and around the SNR territory. The wells differ by their 
depth as follows: wells A are 3 m deep in sand; wells B 
are 4.5 m deep ending in clay layer; while wells V are 9 
m deep ending in limestone layer. Each well is 
designated by its number, e.g., 10V. Wells with 
numbers from 1 to 4 are situated outside the reactor 
fence, while wells with numbers from 5 to 10 are within 
this fence. 

Samples of drinking water from industrial and 
communal sources were collected in two liter 
polyethylene bottles and delivered to the laboratory. 

Samples of building materials were delivered by 
various construction and distribution firms for 
certification purposes. All samples were homogenized, 
dried at  105 °C to achieve constant weight, filled into  1 
l Marinelli beakers and weighted. In order to allow Ra-
226 and its short-lived decay products to achieve 
secular equilibrium, the hermetically closed beakers 
were stored for at least four weeks. 

2.2. Measurements 

Concentrations of gamma radioactivity in the 1 l 
soil and building material samples were determined 
using the high resolution HPGe detectors and gamma-
spectrometers Ortec or Canberra with the GenieTM 
2000 software system [7]. The measurements were 
performed in the energy range 50-2000 keV. The 
uncertainty of measurements was within the range of 
3-10 %, the minimal detectable activity (MDA) – 0.3 
Bq/kg. 

Water samples, after distillation, were mixed with a 
scintillation cocktail (OptiPhase “HeSafe”3) in a 20 ml 
polyethylene vial. The mixing ratio was 8 ml of water 
distillate, and 12 ml of scintillation cocktail. 
Measurements of tritium activity were performed with 
the liquid scintillation spectrometer Packard TRI-
CARB 2100 or Hidex 300 SL. The measurement time 
was up to 12 hours with uncertainty less than 2 %. The 
MDA was 4 Bq/l for this counting time. Alpha and 
beta-activities in water samples were determined with 
a Tennelec-Solo device. 

3. RESULTS AND DISCUSSION 

3.1. Radionuclides in the soil of the SNR territory 

Measurements of radioactivity in the soil samples 
of the 3 km zone around the shutdown SNR 
established only presence of Cs-137; natural 
radionuclides K-40 and decay products of Th-232, and 
U-238.   

Fig. 1 shows Cs-137 concentrations in the soil taken 
in the summer of 2003 from 117 points around the 
nuclear reactor. One can see that the concentration of 
Cs-137 differs significantly in the adjacent points. It 
can be explained by the difference of Cs-137 sorption 
for various types of soil [11] and due to the location of 
the collection point (coniferous or leafy forest, 
grassland, plough land, etc.). Level of Cs-137 in the 
grassland, and plough land was from 0.3 up to 26 
Bq/kg. In the forest, the Cs-137 concentration was 
higher: from 38 to 227 Bq/kg. Maximal Cs-137 
concentration level in the SNR territory 227 Bq/kg was 
observed in the pine forest.  

For comparison, the concentration of Cs-137 from 
the global fallout in the east part of Latvia does not 
exceed 319 Bq/kg, but in the west part it is within the 
interval of 150-950 Bq/kg [1]. The average Cs-137 
activity in the Latvian soil was determined at 140 
Bq/kg [12].  Therefore, the Cs-137 concentration in all 
points of the SNR territory is below the contamination 
values established in Latvian soils [1,13].  

The regular Cs-137 monitoring of soil around the 
decommissioned SNR has been carried out since 1998. 
The total number of points selected for Cs-137 
monitoring was 5 (3 points within the territory, and 2 
points outside). Fig. 2 presents the minimal and 
maximal Cs-137 concentration values in the same 
points during the period of last 12 years. The observed 
temporal variation of Cs-137 activity depends on the 
soil material (clay, sand or peat), and the location of 
sampling point (forest or grassland). 
 

 
Fig. 1 Cs-137 activity of soils in the 3 km zone of SNR (the 

dashed line shows the average global Cs-137 fallout level in the 
Latvian territory)   

 
Fig. 2 Annual variation of Cs-137 activity in the soils of SNR 
vicinity 
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3.2. Tritium in ground water of the SNR territory 

Fig. 3 presents the concentration of tritium in two 
selected wells in the period from 1997 to 2014. One 
well (10V) is located in the SNR territory close to the 
reactor wastewater basin, and one well (2B) outside 
this territory. The well 10V is 9 m deep in the 
limestone layer, while the well 2B is 4.5 m deep in 
sand. The increased tritium concentration in the well 
10V in years 2003-2004 can be explained by the 
washing out of the previous tritium contamination 
from the gypsum caverns (within the SNR territory) 
due to meteorological conditions.  

Because of the observed increase of H-3 
concentration in the samples of years 2003-2004, the 
well 10V was investigated in more detail in the period 
from 2004 to 2009. One can see that the average 
tritium concentration fell from 2300 Bq/l in 2004 to 
34 Bq/l in 2009 (see Fig. 4).  

Fig. 3 Tritium concentration in the SNR territory 

Fig. 4 Tritium concentration in the well 10V 

Water of the SNR territory has been monitored also 
for the presence of beta-activity. Figs. 5, and 6 present 
the monitoring results obtained for groundwater, 
rainwater, and sewage.  

The increase of beta-radioactivity in the SNR 
sewage was observed during the last years of reactor 
operation (1995-1998), as well as during the partial 
dismantling of reactor systems (2008-2010). 

 

 

Fig. 5 Average concentration of beta radioactivity in the 
ground water of the SNR territory 

 

Fig. 6 Average annual concentration of beta radioactivity in 
the SNR waste water 

3.3. Tritium in industrial and communal water 
sources of Latvia 

With regards to the adoption of the EU drinking 
water directive, a study of radionuclide content in 
drinking and industrially used water resources of 
Latvia was carried out in 2006-2010.  

Table 1 presents the results of tritium, and alpha 
and beta radionuclide concentration measurements in 
communal drinking water sources (155 samples), and 
in water used by food manufacturers (54 samples). The 
determined concentration of tritium was in the range 
from 5 to 10 Bq/l which is far below the guidance level 
100 Bq/l proposed by the EU Council Directive 
98/83/EC.  

Table 1 Radionuclide concentration ranges in 
industrial and drinking water, Bq/l  

Radionuclides Food industry Communal water  
H-3 4 —10 4 — 10 
Alpha 0.01—0.05 0.01 —0.02 
Beta 0.1 —0.4 0.1 —0.6 

3.4. Natural radioactivity of building materials 

Samples were obtained from different materials 
used for buildings in Latvia. These materials were both 
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of local origin, and imported. All analyzed materials 
were grouped with regards to their usage as follows: 
auxiliary materials; granite, marble; sand, gravel; 
cement, lime, putty, finishing materials; building ware. 
Clay and clay ceramics (bricks, tiles, pipes, etc.) have 
been considered with more attention as a separate 
group.  

Table 2 presents average values of K-40, Th-232, 
U-238 radionuclide concentrations C, and their 
statistical error ΔC for the largest groups of building 
materials (N – number of samples). In order to 
characterize possible hazards for population, we 
display also maximal radionuclide concentration 
values found in each of the building material groups 
(see Fig. 7), as well as the corresponding activity index 
I values (see Fig.8). According to the EU 
recommendations [14] two groups of buildings are 
provisioned with regards to received annual external 
gamma radiation dose: a) ≤0.3 mSv; b) ≤1 mSv. For 
the first group of buildings, materials can be used in 
bulk amounts only when their activity index I≤0.5, 
while for the second group, when I≤1.  

 

Table 2 Average natural radionuclide concentrations in 
building materials, Bq/kg  

Material N CK±ΔCK CTh±ΔCTh CU±ΔCU 
Granite 11 810±73 87±19 40±14 
Cement,  
lime 

19 114±28 20±6 18±3 

Sand,  
gravel 

9 425±14 14.9±1.4 15.4±1.3 

Paint 12 25±17 2.3±0.7 5.6±2.1 
Building  
ware 

15 425±105 29±10 42±13 

 

 

Fig. 7 Maximal concentrations of radionuclides in different 
building materials used in Latvia 

 

The highest concentrations of all three natural 
radionuclides have been found in granite, and in some 
kinds of building ware, e.g., in concrete blocks, 
expanded clay products. In some sorts of granite, 
expanded clay blocks, and firebricks, radioactivity 
concentration exceeded the limits allowed by 
regulations. High contents of Th-232, and U-238 have 
been found also in clay. 

 

 

Fig. 8 Maximal activity index values for tested building 
materials 

With regards to obtained results, we have 
undertaken a systematic study of natural radionuclide 
contents in clay based building materials produced by 
various firms. In Latvia, clay is obtained from two 
deposits belonging to Devonian and Quaternary 
periods [15]. Fig. 9 presents the results of natural 
radionuclide concentration measurements for clay 
samples from these deposits. For comparison, we show 
analogous data from the neighboring Estonia [16]. One 
can see that the clays from the Devonian period, in 
comparison with those of the Quaternary period, have 
almost two times higher K-40 activity, and about 3.5 
times higher activity of Th-232 and U-238 decay chain 
products. Estonian clay has higher activity of Th-232, 
and U-238 decay products characteristic to such North 
European countries as Finland and Sweden.  

 

 

Fig. 9 Average concentrations of radionuclides in different 
clays used in Latvia and Estonia 

Fig. 10 presents natural radionuclide contents in 
the samples of clay bricks produced in Latvia and 
widely used in construction. These data are compared 
with the available data from neighboring countries 
[3,16-18], as well as with the average European values 
[19]. One can see that the Latvian clay and local 
production clay bricks have higher activity of K-40, 
slightly above that of Lithuanian bricks [17,19].  

Evaluated activity index I value for the clay samples 
taken from the Devonian period deposit is 0.73, for the 
measured samples of clay bricks produced in Latvia - 
0.65, while for the imported firebricks I=11.6, which 
considerably exceeds the permitted activity limit. 
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Therefore, clay bricks produced in Latvia are not 
suitable for construction of buildings with higher 
radiation safety standards. Imported firebricks cannot 
be used for construction even on the restricted basis 
allowing I≤6 for the second group of buildings [14]. 

It is interesting to note that, while the natural 
radionuclide level in Latvian and Estonian clays is 
similar, the activity index I for bricks differs almost 
two times. Possible explanation can be that the bricks 
measured in [16] were either imported or produced 
from imported clay. 

 

 

Fig. 10  Average  concentrations  of radionuclides in  clay 
bricks  used in Latvia  and  their  comparison with  the  data 

from  other  Baltic  region  countries 

 

4.  CONCLUSIONS 

1. The obtained results present the dynamics of 
artificial radionuclide concentration in soils and 
ground waters in the vicinity of the SNR in dependence 
on years and locations. 

The tritium activity shows variation within a wide 
range (5 — 8000 Bq/l) for particular years. Seasonal 
changes of activity were established as well. 
Concentration of tritium in the wells outside the SNR 
territory was below the level permitted for drinking 
water in Latvia. However, due to the high 
concentration of tritium in some wells within the SNR 
territory, the monitoring of H-3 should be continued.  

The results of Cs-137 monitoring in soils show that 
the activity concentration varies in different places of 
the SNR territory. However, it doesn't exceed the 
average Cs-137 concentration value in Latvian soils due 
to the impact of the global and Chernobyl fallout. 

General conclusion: the amount of radionuclides 
produced by SNR has little impact on the total 
radionuclide content in the environment of Latvia. 

2. Tritium activity in communal and industrially 
used water sources of Latvia is below 10 Bq/l which is 
much lower that the 100 Bq/l level permitted by the EC 
Directive 98/83/EC. Therefore, the use of these waters 
is safe for population. 

3. Activity of all tested building materials, except 
imported granite, and firebricks, is below radionuclide 
concentration level permissible in Latvia [5]. The use 
of these materials for construction is safe for the 
inhabitants. 

Average concentrations of natural radionuclides 
and activity index values for clay and clay bricks used 
in Latvia are on the same level as in other Baltic and 
North European countries, except Sweden. However, 
radionuclide content in different period clay deposits 
of Latvia can differ more than two times, and up to five 
times in different clay products. Therefore, clay 
products should be subjected to more stringent 
control.  
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Abstract. Lakes are dynamic response systems that integrate environmental, climatic and tectonic forcing into a 
continuous, high-resolution archive of local and regional changes. These changes are studied basing on 
palaeolimnological approach with the key goal of constructing the reliable chronology for coupling numerous proxies 
of environmental changes.  
Results of investigation of sedimentation processes in a few lakes located in the Baltic Uplands, the western part of the 
East European Plain (East Lithuania, East Latvia and North East Poland) are presented. The various gravity corers 
were used for taking short (up to 80 cm in length) sediment cores. The sliced and dried samples were examined for Pb-
210 and Cs-137 specific activity. Pb-210 dating of cores (taking into account the peaks of specific activity of Cs-137) was 
performed according to constant rate of supply (CRS) model with some modification using gamma ray assay for 
determination of radionuclide activity and estimating dating uncertainty by first-order-analysis. The activity of 
radionuclides of interest was determined using HPGe coaxial well photon detector system (GWL-series). The well-type 
detector can accommodate small samples in the well with effective volume up to 4 cubic centimeters. The gamma ray 
spectra were calculated using Gamma Vision (ORTEC®) software. The gamma-ray spectrometric system has been 
calibrated against standard radioactive sources with known Pb-210 and Cs-137 activities and other radionuclides with 
clear full-energy peaks. The measuring container filling height and sample density was taken into account during both 
efficiency calibration and actual sample measurements. A number of naturally occurring radioisotopes from the U and 
Th decay series were also determined.  
The estimated parameters for the lacustrine sedimentary records were mean sediment mass accumulation rate, 
derived linear rate of accumulation of wet bulk sediment layer, percentage of components of sedimentary matrix.  

Key words: 210Pb, 137Cs, sediment, accumulation rate, chronology, CRS model. 

1. INTRODUCTION  

The use of the natural 210Pb and artificial 137Cs 
isotopes as a dating tool appears to offer 
considerable potential for information on 
physical, chemical and biotic properties of lake 
sedimentation within the context of a changing 
environment [1]. Natural fallout radionuclides 
are particularly useful as a sediment tracers 
because is effectively independent of soil type 
and substratum properties [7]. 
The basic principal of radiometric dating is to 
derive the number of half-lives that have 
passed since decay began [2]. The main 
advantage of 210Pb age dating is that it can be 
done using low background gamma 
spectrometry. 
As a consequence of nuclear weapons testing, 
137Cs began to be detectable on a global scale 
from 1954 onward. The intensification of 
nuclear tests in 1958–1959 produced an initial 
peak of activity, and in 1963 there was a second 
peak that was responsible for the greater part 
of the activity of 137Cs found in the natural 
environment [6]. The profile of 137Cs in the 
columns of sediment should demonstrate the 

incorporation of this radionuclide in the 
medium, and the peaks of its concentration 
just mentioned can be employed as a method 
of dating, for recent sediments [5]. 
The isotopes method techniques has been used 
widely for dating recent horizons in lake 
sediments cores over the past 100-150 years 
through application of the CRS (constant rate 
of supply) model [3;4].  
This paper presents a part of the results of 
chronology investigation about recent 
lacustrine sedimentation rates in a few lakes 
located in the Baltic Uplands. The principal 
focus of this paper is to illustrate the use of 
fallout radionuclides (210Pb and 137Cs) as 
chronometers of the lake sediment mass 
accumulation trend.  

2. OBJECTS AND METHODS  

We present here examples of radionuclide 
dating from a few lakes located in the Baltic 
Uplands (Fig. 1), the western part of the East 
European Plain. 
Drūkšiai is the largest lake in Lithuania, 
located in the north-eastern part, an area with 

 



 

the greatest number of lakes, at the border 
with Latvia and Belarus. The size of the lake is 
4900 ha, its greatest depth is 33.3 m and the 
average depth is 7.5 m. Sejny is a small lake in 
Poland located in the north-eastern part of the 
country near the border with Lithuania. The 
lake covers an area of approximately 64.3 ha, 
its greatest depth is 3.8 m and the average 
depth is 1.8 m. Sventes is a lake located in the 
south-eastern part of Latvia near the border 
with Lithuania. The lake covers an area of 
734.8 ha, its greatest depth is 38 m and the 
average depth is 7.8 m. 

 
Fig. 1 The sediment cores collection places: I – Lake 
Sventes (Latvia); II – Lake Drukšiai (Lithuania), and III – 
Lake Sejny (Poland). 

Gamma-ray spectrometric analytical technique 
has main advantage  being fast, 
nondestructive, relatively simple sample 
preparation with no need of preliminary 
chemical separation. The samples were 
processed applying coring, cutting and 
preparation techniques described by authors 
[10]. The columns of sediment were extracted 
using gravity corer up to 80 cm in length. The 
sediment cores were sectioned into slices of 1-5 
cm thickness, labeled and transported to 
laboratory for further processing. Later, each 
sample was weighed and dried at 105 0C to 
constant weight and then were manually 
homogenized.  
After dried, the sample bulk density was 
determined and filed to measuring containers 
(mini beaker 3 ml).  
 
Gamma spectrometry analysis and 
chronological model 
 
The total 210Pb activity in lacustrine sediment 
samples can be determined directly by gamma 
spectrometry. However, because of the low 
energy of 210Pb gamma emission difficulties 
like self-adsorption, the total radionulides 
activities in sediment samples were 

determined by means of gamma spectrometer 
with HPGe (high purity germanium) well-type 
detector designed for low-volume samples at 
the Nature Research Centre (Lithuania). With 
HPGe detector it is possible to separate low-
energy  gamma quanta with resolution not less 
than 1.5 keV. The gamma transmissions used 
for activity calculations were 46.5 keV for 
210Pb, 661.7 keV for 137Cs and 351.9 keV gamma 
rays emitted by 214Pb as a short-lived 
granddaughter of 226Ra. The gamma spectra 
processing software GammaVision-32 
identifies the radionuclides in the sample and 
calculate their specific activities. Prior to 
measuring the radionuclide activity in the 
sample, the gamma spectrometer was 
calibrated by using the standards of 
radionuclides sources. The unsupported 210Pb 
activity was calculated as the difference 
between the 210Pb and 214Pb activities 
measured from each sediment sample. 
Chronology reconstruction included the series 
of radiometric dates. Sequential isotopes data 
were processed to obtain lake sediment ages 
using an appropriate CRS (Constant Rate of 
Supply) model. CRS model is known to 
produce reasonable results for most 
environments, including lake sediment.  

3. RESULTS AND DISCUSSION  

The results of the 137Cs activity variations in the 
lakes sediment cores taken from three 
collection sites (Fig. 1) are presented in Fig.2-5.  
The detailed primary measurement results of 
lakes sediment cores are shown in Table 1-2. 
To validate CRS age-depth model's results, we 
use the nuclear fallout radionuclide 137Cs. The 
dating of sediments by means of 137Cs can be 
performed by identifying peaks in the profile of 
activity and then assigning the corresponding 
historical dates to the peaks [6]. 137Cs 
measurements can be used to determine a 
relatioships between the pattern of sediment 
mass accumulations rates, atmospheric fallouts 
and the vertical distribution of 137Cs in the 
sediment profile [7]. Given that 137Cs 
accumulates in superficial sediments and is 
below detection limit beyond a certain depth, 
in function of different variables that depend 
on the location of each sampling site, the 
number of layers analysed in each column was 
varied. Usually sediment containing 137Cs can 
be observed up to depth of 40 cm, although in 
some cores (from Lake Sejny and Lake 
Drūkšiai) this was increased up to 58 cm 
depth.  
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Table 1. Total 210Pb, 214Pb and 137Cs in core samples collected from Lake Sventes (Latvia) and Lake Sejny (Poland). 
 

Lake Sventes Lake Sejny 

Interval 
cm 

Total 210Pb 
Bq kg-1 

214Pb 
Bq kg-1 

137Cs 
Bq kg- 

Interval 
cm 

Total 210Pb 
Bq kg-1 

214Pb 
Bq kg-1 

137Cs 
Bq kg- 

 
5-7 

8-10 
11-13 
14-16 
17-19 
20-22 
23-25 
26-28 
29-31 
32-34 
35-37 
38-40 
41-43 
44-46 
47-49 
50-52 
53-55 
56-58 
59-61 

 

 
138.0±27.2 
76.3±15.9 
63.9±13.6 
54.4±15.5 
64.9±18.0 
55.0±19.4 
41.6±16.9 
54.4±21.7 
60.1±18.7 
38.1±9.5 
36.0±8.9 
54.9±17.8 
47.0±15.1 
34.0±11.7 
30.7±10.7 
30.7±10.8 
38.2±10.8 
47.2±12.5 
37.4±15.5 

 

 
28.5±4.8 
22.2±2.7 
20.3±2.9 
22.1±2.2 
16.7±4.0 
13.6±2.9 
14.8±2.2 
10.6±4.4 
21.4±2.5 
12.3±2.3 
15.1±2.4 
1602±2.1 
13.1±2.6 
15.7±2.4 
15.1±1.8 
14.4±1.8 
18.0±2.1 
14.8±2.1 
14.2±2.2 

 

 
25.2±3.6 
23.6±4.3 
16.2±3.5 
12.8±3.4 
13.7±4.3 
8.9±3.0 
4.7±1.8 
6.6±2.0 
7.0±2.8 
5.4±1.7 
6.5±2.9 
4.2±3.0 
3.9±2.4 
4.0±2.6 
3.5±1.8 

 
0-5 
5-10 
10-15 
15-20 
20-25 
25-30 
30-35 
35-40 
40-45 
45-50 
50-55 
55-60 

 
126.0±25.2 
134.5±19.8 
111.1±14.9 
111.1±19.2 
111.1±14.3 
88.4±19.7 
74.8±37.4 
65.7±14.4 
56.6±5.5 

58.2±16.0 
46.2±18.8 
40.6±15.7 

 
45.3±8.0 
49.4±9.2 
37.4±6.1 
22.8±5.5 
17.5±4.5 
20.8±5.9 
36.3±5.5 
30.5±6.3 
25.2±5.5 
24.6±4.8 
25.2±7.1 

 

 
51.5±5.1 
51.4±8.2 
50.3±4.2 
64.8±4.5 
113.1±5.2 
63.1±5.4 
52.6±5.9 
25.4±5.1 
15.4±4.4 
7.5±2.9 
7.1±3.6 
4.6±4.0 

 

Table 2. Total 210Pb, 214Pb and 137Cs in core samples collected from Lake Drūkšiai (Lithuania). 

Interval 
cm 

Total 210Pb 
Bq kg-1 

214Pb 
Bq kg-1 

137Cs 
Bq kg- 

Depth 
cm 

Total 210Pb 
Bq kg-1 

214Pb 
Bq kg-1 

137Cs 
Bq kg- 

0-2.6 
2.6-5.3 
5.3-7 
7-9 
9-11 
11-13 
13-14 
14-15 
15-17 
17-18 
18-19 
19-20 
20-21 
21-22 
22-23 
23-24 
24-25 
25-26 
26-27 
27-28 
28-29 
29-30 
30-31 
31-32 
32-33 

462.4±74.1 
359.9±56.5 
377.9±53.6 
263.2±33.1 
258.7±36.4 
281.7±31.4 
336.3±34.4 
335.3±58.0 
303.7±45.9 
317.4±82.8 
288.1±39.9 
292.0±33.1 
245.3±28.4 
311.1±54.1 
243.9±41.1 
234.6±39.4 
239.4±39.6 
174.1±27.3 
210.8±27.9 
130.5±34.2 
165.0±26.2 
209.6±39.1 
188.1±24.0 
142.3±29.8 
159.2±41.1 

52,1±17.1 
57.6±14.8 
69.9±12.9 
61.6±13.5 
55.4±10.9 
52.2±11.6 
40.2±8.7 
48.3±12.1 
48.9±11.7 
67.0±13.2 
75.4±14.5 
44.3±10.3 
38.5±9.7 
61.4±16.4 
50.0±14.0 
55.8±7.0 
39.6±11.8 
28.0±5.4 
45.9±8.3 
38.3±14.2 
43.7±13.5 
51.8±15.9 
37.3±5.7 

33.4±10.7 
46.1±10.3 

112,8±15.6 
95.7±12.9 
89.3±10.7 
76.7±7.6 
68.2±8.8 
79.8±10.2 
97.8±8.0 
99.4±11.4 

105.8±10.4 
106.2±10.0 
92.0±12.4 
109.1±14.3 
86.0±7.8 
92.9±10.9 
97.2±10.3 
86.4±11.5 
92.0±7.3 
78.8±6.8 
103.2±7.8 
83.8±9.3 
81.1±6.4 

123.3±10.9 
137.3±7.4 
132.2±11.0 
175.6±9.5 

33-34 
34-35 
35-36 
36-37 
37-38 
38-39 
39-40 
40-41 
41-42 
42-43 
43-44 
44-45 
45-46 
46-47 
47-48 
48-49 
49-50 
50-51 
51-52 
52-53 
53-54 
54-55 
55-56 
56-57 
57-58 

 
194.7±38.5 
173.5±61.7 
159.5±24.8 
146.1±32.1 
157.0±37.8 
172.0±23.8 
200.3±50.0 
197.5±46.1 
210.3±47.2 
147.4±37.3 
177.0±34.8 
284.2±75.1 
201.1±38.2 
169.4±30.4 
160.5±36.9 
142.3±35.3 
145.7±37.5 
175.1±40.6 
178.9±48.7 
159.5±42.4 
104.1±27.0 
97.1±42.3 
114.1±30.0 
112.9±38.0 
100.5±26.0 

 

38.2±9.7 
48.7±12.1 
38.9±8.7 
41.4±5.7 
41.8±12.1 
54.4±10.1 
56.3±11.8 
59.9±11.2 
36.9±8.0 
36.0±7.1 
51.5±11.1 
18.5±10.9 
49.5±8.3 
36.7±11.0 
45.5±11.9 
46.3±10.0 
46.0±10.7 
41.3±9.3 
34.4±7.9 
34.7±7.8 
22.6±5.6 
22.7±5.0 

49.5±14.0 
25.7±7.0 
32.4±8.4 

112.7±7.9 
88.7±11.4 
70.7±7.1 
74.8±7.3 

83.7±10.0 
86.3±9.5 

105.4±8.8 
111.4±10.0 
113.3±14.5 
124.1±10.4 
153.7±12.2 
188.8±20.1 
137.1±6.5 

166.6±10.1 
234.9±11.9 
247.2±11.3 
157.9±11.5 
155.4±11.3 
119.2±6.3 
47.4±8.4 
24.8±4.3 
17.1±4.6 
17.9±4.2 
18.9±6.6 
19.1±5.4 

 
 
Fig. 2 shows variations in the 137Cs activity 
versus CRS age dates and depth of core from 
Lake Sventes. The 137Cs activity was detected at 
35-37 cm (6.5±2.9 Bq kg-1), which may record 
the onset of the globally significant levels of 
137Cs fallout in 1954. The next peak (7.0±2.8 Bq 
kg-1) may record the nuclear weapons fallout 

occuring in 1963 which appears at 29-31 cm. 
Secondary peak at 6 cm (25.2±3.6 Bq kg-1) and  
 
9 cm (23.6±4.3 Bq kg-1) are to have been 
caused by the Chernobyl accident. As 
demonstrated in Fig. 2, the 137Cs activities do 
not have a well-defined 137Cs 1954-1963 peaks, 
so we do not take the 137Cs dates as reliable. 



 

Whereas, the 1986 137Cs time marker is 
consistent with the CRS model date. 
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Fig. 2. Global origin 137Cs versus age based on 210Pb 
activities and core depth in Lake Sventes (Latvia) profile. 
Time scale: 1989-1898. 

The variations in the 137Cs activity versus CRS 
age dates and depth in Lake Drūkšiai we can 
see in Fig. 3-4. The large 137Cs acitvity peak was 
detected at a depth of 48-49 cm (247.2±11.3 Bq 
kg-1), which can be attributed to the 137Cs 
fallout in 1954.  
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Fig. 3. Global origin 137Cs versus age based on 210Pb 
activities and core depth in Lake Drūkšiai (Lithuania) 
profile. Time scale: 2011-1866. 
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Fig. 4. Global origin 137Cs versus age based on 210Pb 

activities in Lake Drūkšiai (Lithuania) profile. Time scale: 
2011-1970. 

The next peak (188.8±20.1 Bq kg-1) was found 
at 44-45 cm depth and may record the nuclear 
weapons fallout peak occuring in 1963. Above 
44 cm, the 137Cs activities increased steeply, 
reaching a maximum value (175.6±9.5 Bq kg-1) 
at a depth of 32-33 cm where the well-defined 
peak at this depth most likely records the 
Chernobyl fallout peak. As Fig. 3-4 
demonstrate, the age of core from Lake 
Drūkšiai derived from the CRS model (2011-
1866) are consistent with the 137Cs time 
markers. 
Fig. 5 illustrates the 137Cs activity profile of core 
from Lake Sejny versus CRS model dates and 
depth. The values of 137Cs activity was first 
found at 40-45 cm (15.4±4.4 Bq kg-1) and may 
record the maximum 137Cs fallout occured in 
1963. The second large 137Cs peak was detected 
at 20-25cm (113.1±5.2 Bq kg-1) and are most 
likely to have been caused by the Chernobyl 
fallout. Fig. 5 shows the results of the CRS 
dates and that the age obtained of this core was 
89 years old (2009-1921). 137Cs activities do 
not have a well-defined 137Cs 1953 peak, so we 
do not take the 137Cs dates as reliable. The 
discrepancies between the CRS model dates 
and the secure 137Cs dates indicated variations 
in core from Lake Sejny have a well-defined 
137Cs 1963 and 1986 fallout peaks, so the 137Cs 
time markers are reliable. 
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Fig. 5. Global origin 137Cs versus age based on 210Pb 
activities and core depth in Lake Sejny (Poland) profile. 
Time scale: 2009-1921. 

The 210Pb contained within the lake sediments 
resulted from the direct atmospheric fallout 
and recycled 210Pbu fallout on catchments via 
wind and normal erosion [11]. The 
atmospheric flux of 210Pb can vary by latitude 
depending on multiple factors, such as rainfall 
regime and geographical location. This is can 
be variations in the residence time of the radio 
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element in the water lamina and its mobility in 
the sediment columns [5]. The use of 137Cs 
adds further support to a chronology because, 
although this radionuclide is delivered to the 
lake sediments with particulate material. This 
artificial isotope can be expected to respond 
differently to changes in conditions, lake 
hydrology and other local factors, whereas 
137Cs is mobile and soluble in acidic water [2]. 
Studies demonstrate that the Lake Drūkšiai are 
typical of lacustrine sediment that received 
radioactive fallout in 1964-1953 and from the 
1986 Chernobyl accident [9]. Whereas, the 
cores from Lake Sventes and Lake Sejny have a 
very low 137Cs and 210Pb fluxes and this may be 
one of the key factors affecting the results of 
210Pb dating [12]. 
 
Sediment mass accumulation rates 
 
The results of the sediment mass accumulation 
rates versus CRS age dates and depth of cores 
from Lake Sventes, Lake Drūkšiai and Lake 
Sejny are demonstrated in Fig. 6-9. The 
measured results suggests that 210Pb supply 
rates have not changed significantly in recent 
sediments and that CRS model was applied to 
the whole of cores.  
Fig. 6 illustrate the results of mass 
accumulation rates in core from Lake Sventes. 
Calculations using CRS model show that 
sediment mass accumulation rates from the 
1953 through to 1898 were relatively stable, 
with a mean value of 0.047±0.024 g cm-2 year-

1. Since 1957 there has been a significant 
increase, and the mean sediment mass 
accumulation rate during the past 50 years is 
calculated to be 0.090±0.037 g cm-2 year-1.  
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Fig. 6. Sediment mass accumulation rates versus age 
based on 210Pb activities and core depth in Lake Sventes 
(Latvia) profile. Time scale: 1989-1898. 

The sediment mass accumulation rates in Lake 
Drūkšiai (Fig. 7-8) profile various from 0.004 
to 0.218 g cm-2 year-1. The mean sediment 

mass accumulation rate from 1866 to 1974 is 
calculated to be 0,042±0.013 g cm-2 year-1. 
Since 1975 the sediment accumulation rates 
have increased dramatically, particularly 
during the period from 1977 to 2010, where the 
mean value is 0,127±0.030 g cm-2 year-1. 
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Fig. 7. Sediment mass accumulation rates versus age 
based on 210Pb activities and core depth in Lake Drūkšiai 
(Lithuania) profile. Time scale: 2011-1866. 
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Fig. 8. Sediment mass accumulation rates versus age 
based on 210Pb activities and core depth in Lake Drūkšiai 
(Lithuania) profile. Time scale: 2011-1970. 

The rates of sediment mass accumulation in 
Lake Drūkšiai had been being higher than in 
lakes Sejny and Sventes is most likely due to 
the influence of the Ignalina nuclear power 
plant (INPP) during the period from 1977 to 
2011. The construction of INPP contributed to 
the corrosion of soil particles from nearby 
surfaces in 1977. Structural as well as 
functional changes in the ecosystem of Lake 
Drūkšiai occurred as a result of growing 
anthropogenic pressure expressed as thermal 
and chemical pollution. The average 
temperature of water body of the lake has 
increased during the INPP operation; as a 
consequence, this influenced the increase in 
the amount of biomass produced by the lake, 
therefore the sedimentation has increased too. 
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Aqueous medium must to recover after 
decommissioning of the INPP (in 2009), and 
the data show a decrease of sediment mass 
accumulation rate from 2011. 
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Fig. 9. Sediment mass accumulation rates versus age 
based on 210Pb activities and core depth in Lake Sejny 
(Poland) profile. Time scale: 2009-1921. 

The average of sediment mass accumulation 
rates in Lake Sventes profile (Fig. 9) for the 
whole core is 0.052±0.024 g cm-2 year-1. The 
mean value of sediment accumulation rates 
during from 1921 to 1960 were relatively stable 
- 0,031±0.019 g cm-2 year-1, while since 1970 
till 2009 slightly increased, and the mean 
sediment mass accumulation rate during the 
past 40 years is calculated to be 0,059±0.026 g 
cm-2 year-1. 

4. CONCLUSIONS 

Evaluation of sediment accumulation 
parameters by radioisotope methods are 
shown on the example of Lake Sventes 
(Latvia), Lake Drūkšiai (Lithuania) and Lake 
Sejny (Poland) sediments. The 210Pb and 137Cs 
depth distributions in sediment cores have 
been used to derive estimates of accumulation 
rates for these sites, assuming a different 
sediment deposition rate. Positive results have 
been obtained by combining 210Pb dating 
method with validating 137Cs nuclear weapons 
dates.  In general, highest sediment 
accumulation rates occur closest to the bottom 
sediment surface and values decrease with 
depth. 
From the 19th century the sediments 
accumulated on the bottom of the lakes are 
characterized by the continuous increase of 
selected trace elements content of such as Cd, 
Cu, and Zn For last 20-30 years the 
concentrations of heavy metals (decrease due 
to the more efficient sewerage and smaller 
atmospheric supply. This proxy could be one of 

additional options for the improvement of the 
sediments dating in the following studies. 
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RADIOACTIVITY CONCENTRATIONS IN SPA WATERS – DOSE ASSESSMENT  
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Abstract. In this study 6 different spa water samples from Serbia, Hungary and Czech Republic were investigated in order 
to determine their radioactivity concentrations. These waters have been used on a large scale for medical and bathing 
purposes; for therapy, rehabilitation and recreation and also used for drinking, which is the most important. The obtained 
results showed that natural activity concentrations of alpha emitting radionuclides was within World Health Organization 
recommended levels and Serbian applicable regulations, but the gross beta activity exceed 1 Bq L-1 for some of the samples. 
Considering the fact that gross beta activity in four samples was higher than recommended levels, gamma spectrometric 
measurements were performed, in order to identify radionuclides which caused increase of the gross beta activity. It was 
found that 40K was responsible for the elevated gross beta activity. Based on the obtained results the annual effective dose 
was calculated.  
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1. INTRODUCTION 

     Many thermal and mineral spring waters contain 
relatively high concentrations of naturally occuring 
radionuclides, alpha emitters (238U, 232Th, 226Ra) 
and beta emitters derived from the natural series 
uranium, thorium and actinium, 40K and artificial 
isotopes, 90Sr and 137Cs. However, these radioactive 
substances, even in small accounts, may produce a 
damaging biological effect, and ingested and inhaled 
radiation can be a serious health problem [1,2]. 

     Determination of the gross alpha and beta 
activity is widely used as the first step of the 
radiological characterization of drinking waters and 
it makes it possible to screen samples for relative 
levels of radioactivity [3]. The recommended levels 
of gross alpha and gross beta radioactivity 
concentration in drinking water are below 0.5 and 
1.0 Bq L-1, respectively [4,5]. If one of the 
recommended values is exceeded, radionuclides 
have to be identified by alpha and/or gamma 
spectrometry, and their individual activity 
concentrations need to be measured. These 
guidelines ensure an exposure lower than 0.1 mSv y-

1 assuming a water consumption rate of 2 L d-1. If 
the estimated dose is higher than 0.1 mSv y-1 the 
reduction in consumption or radionuclide 
concentration is necessary [4,5]. 

     Spa Junaković is located in the northwest of 
Bačka, 4 km away from Apatin of Serbia. Water 

belongs to alkali-muriatic, bromine iodine waters 
with temperature of 25 0C. In Spa Junaković it is 
about well-mineralized water with large amount of  

 

sodium, chloride, important amount of iodine, 
hydro carbonates and hydrogen-sulphide [6]. 

     Vrnjačka Spa is located in central Serbia, 200 km 
south of Belgrade. Mineral water of Vrnjačka Spa 
falls into two categories: warm mineral water (36.5 
0C) is one of the alkaline carbonic acid 
homeothermic and cold mineral water (14 0C, 17 0C, 
25 0C) belongs to the group of alkaline-earth 
achrotopegae. 

     Spa Selters is located in central Serbia, 46 km 
south of Belgrade. The mineral waters issue from 
two springs. The older one provides alkaline-
muriatic acidic water (31-32 0C), rich with sodium 
bicarbonate and chlorine. The other spring, in use 
since 1978, issues the water that belongs to the 
group of alkaline muriatic carbon-acidic hyper-
thermal (50 0C). 

     Mataruška Spa is located in central Serbia, 
situated on the right bank of the river Ibar, 160 km 
from Belgrade. Mineral water from Mataruška Spa 
is hypothermal (48-52 0C), with the highest 
concentration of sulfur in the south of Europe (127 
mg L-1). 

     Spa Saint Erzsebet in Morahalom (near Szeged) 
is located in the south-east of Hungary, 12 km away 
from the border with Serbia. Alkaline thermal water 
with hydrocarbon, chlorides and iodine comes from 
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depth of 660 m. Water temperature amounts 39.5 
0C [7].  

     Karlovy Vary is a spa city situated in western 
Bohemia of Czech Republic, on the confluence of the 
rivers Ohre and Tepla, approximately 130 km west 
of Prague. It is historically famous for its hot 
springs. The present healing thermal waters (max. 
73.4 0C) are strongly mineralized (above 6 g L-1 total 
dissolved solids (TDS)), of Na-HCO3−-SO42--Cl type. 
Barite crystals are commonly in vents of many 
springs in the town [8,9]. 

     This study is focussed on determination and 
comparison of the level of gross alpha and beta 
activity in thermal spa waters from different 
countries in order to show that the use of these 
waters may have a radiological hazard to human 
health. The data obtained can provide an important 
information to regarding the dose exposure risk if 
spa water is using as drinking water.   

 

2. EXPERIMENTAL 

     The spa water samples were collected directly 
from the springs during April and May 2012. Before 
measuring of activity concentration in spa waters 
from Serbia, the samples were first analyzed on pH, 
temperature and electrical conductivity. The 
temperature of spa water samples was measured 
immediately after sampling. Physicochemical 
parameters of spa water samples are listed in Table 
1.  

Table 1 Physicochemical parameters of spa 
water samples from Serbia 

 
Name of spa 

 
pH 

T 
(0C) 

Electrical 
conductivity  

(μS cm-1) 
Junaković 7.25 36.5 5100 
Vrnjačka 6.50 31.5 2900 
Selters 6.77 49.5 2300 

Mataruška 6.80 32.1 1700 
 

2.1. Procedure for gross alpha and beta activity 

An appropriate amount of spa water sample 
(about 1 - 1.5 L) was evaporated slowly to a small 
volume under an infrared lamp and the residue was 
transferred quantitatively to a stainless-steel 
planchet [10]. The aliquot concentrate should be 
quantitatively transffered in small portions (not 
more than 5 mL at a time) to a planchet, 
evaporating each portions to dryness. The sample 
residue is than dried in a drying oven at 105 0C for at 
least 2 hours, cooled in a desiccator and weighed. 
For a 5.9 cm diameter of counting planchet, an 
aliquot containing 130 mg of dissolved solids would 
be the maximum aliquot size for that sample which 
should be evaporated and counted for gross alpha 
and beta activity. This mass of solids is important 
because of self-absorption effect given that only the 
solid residue on the source surface is measured. In 
the case of a larger amount than 130 mg, self-
absorption corrections must be introduced, because 
self-absorption effects depend on the mass 

thickness. Measurements were performed 
immediately after preparation. The counting time 
was 7200 s for gross alpha and beta activities. 

     Gross alpha and beta activity in thermal water 
samples were determined by α/β low level 
proportional counter Thermo Eberline FHT 770 T 
(ESM Eberline Instruments GmbH, Erlangen, 
Germany). The counting efficiencies for the system 
are 26 % for alpha and 35 % for beta. Alpha and beta 
efficiencies of gas proportional counter were 
checked with 241Am and 90Sr sources, respectively. 

     The gross alpha and gross beta activity, Aαβ 
expressed in Bq L-1, was calculated using the 
following equation:   

                       
VE

BN
A

f 



 (1) 

where N is the count rate for the sample (s-1), B - the 
background (s-1), Ef - the efficiency of the detectors 
for alpha and beta measurements and V - volume of 
the sample (L). 

     Minimum detectable activity (MDA) was 
calculated by the equation (2):  

                        
V

LLD
MDA   (2) 

where LLD is the detection limit (s-1).  

 

2.2. Procedure for gamma spectrometry 

     Volumes of 1.5 L of samples of spa waters were 
evaporated to 200 mL under an infrared lamp and 
then poured into 200 mL cylindrical polyethylene 
vials. The counting time interval was 60000 s. The 
samples were stored to reach the radioactive 
equilibrium between 238U and 226Ra during one 
month. 

     Gamma spectrometric measurements were 
performed using a HPGe Canberra detector 
(Canberra Industries, Meriden, Connecticut, USA) 
with a counting efficiency of 20 %. Geometric 
efficiency for water matrices in the plastic bottle of 
200 mL was determined by a reference water 
material (Czech Metrological Institute, Praha, 9031-
OL-116/8, type ERX) spiked with a series of 
radionuclides (241Am, 109Cd, 139Ce, 57Co, 60Co, 88Y, 
113Sn, 85Sr, 137Cs, 210Pb). The spectra were analyzed 
using the program GENIE 2000. The total activity 
of the calibration source (60Co and 133Ba issued by 
the Czech Metrological Institute and traceable to 
BIPM (Bureau International des Poids et 
Measures)) was used to check the efficiency 
calibration and the general operating parameters of 
the gamma spectrometry system (source 
positioning, contamination, library values, and 
energy calibration). 

     The specific activity of the radionuclides in the 
samples was calculated using the equation:  

 

                        
VEPt

N
A

f 




                     (3) 
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where N is the count rate of the sample, Pγ - 
probability of gamma decay (%), Ef - the efficiency 
of the detector and V - volume of the sample (L). 

Minimum detectable activity was calculated by 
the equation (4):  

 

                       
V

LLD
MDA       (4) 

 

where LLD is the detection limit,  

BLLD 65.471.2   and B - background. The 
combined measurement uncertainty of results was 
calculated at the 95 % level of confidence (k=2).  

 

3. RESULTS AND DISCUSSION 

     The gross alpha and gross beta activity 
concentrations in thermal spa waters taken from 
different countries are given in Table 2. It can be 
seen from Table 2 the gross beta activities are higher 
than the corresponding the gross alpha activities. 
For 4 spa water samples the gross alpha activity was 
lower than the minimum detectable activity (MDA). 
The activity values of the rest two samples were 
higher than MDA but below than recommended 
level of 0.5 Bq L-1 for gross alpha activity [4,5]. The 
gross beta activity ranged between 0.13 and 4.3 Bq 
L-1. The values of gross beta activity only for 2 spa 
water samples are lower than recommended upper 
limit value of 1 Bq L-1 [4,5]. On the other hand, if 
these thermal waters are used for drinking, the 
criteria of radiological safety have been met only for 
water samples from Mataruška Spa and Spa Saint 
Erzsebet.   
 
 
Table 2 The gross alpha and gross beta activity 

concentrations of spa waters (Bq L-1) 
 

Name of spa 
Gross alpha 

activity 
Gross beta 

activity 
Junaković 0.18 ± 0.05 1.8 ± 0.3  
Vrnjačka < 0.13 1.7 ± 0.3 
Selters < 0.41 1.5 ± 0.2 

Mataruška < 0.07 0.50 ± 0.05 
Saint Erzsebet < 0.04 0.13 ± 0.02 
Karlovy Vary 0.36 ± 0.09 4.3 ± 0.5 

 

     Comparison the results of the gross alpha and 
gross beta activity concentrations in spa water 
samples obtained in this study with the values 
obtained in the other studies is presented in Table 3. 
The obtained values are in good agreement with 
those obtained in other studies.  

 
 Table 3 Literature data of gross alpha and 
gross beta activity concentrations (Bq L-1) 

  
   Due to the fact that the gross beta activity in 4 spa 
water samples (Junaković, Vrnjačka, Selters and 
Karlovy Vary) was higher than the recommended 
level of 1 Bq L-1 [4,5], it was necessary to performed 
gamma spectrometry. Table 4 presents the results of 
gamma spectrometric measurements. As can be 
seen from Table 4, the activitiy concentrations of the 
investigated radionuclides are lower than MDA, 
except for 40K. Comparison the gross beta activity 
with the results of gamma spectrometric 
determination of 40K and the fact that the 40K is 
included in the gross beta activity (89 %), we can say 
that the gross beta activity in spa waters is derived 
only from natural radionuclide 40K.  

 
Table 4 The results of gamma spectrometry for 
spa water samples (Junaković-1, Vrnjačka-2, 

Selters-3, Mataruška-4, Saint Erzsebet-5, 
Karlovy Vary-6) expressed in Bq L-1 

 
Spa 226Ra 235U 238U 232Th 40K 137Cs 

1 < 0.5 < 1.8 < 2.9 < 0.3 1.5 ± 0.6 < 0.2 
2 < 0.08 < 1.3 < 0.2 <0.06 1.6 ± 0.3 < 0.04 
3 < 0.8 < 2.1 < 0.4 < 0.4 1.3 ± 0.2 < 0.03 
4 < 0.1 < 0.9 < 0.1 < 0.01 0.5 ± 0.1 < 0.05 
5 < 0.8 < 0.3 < 4.7 < 0.7 < 0.5 < 0.2 
6 < 0.5 < 2.4 < 2.9 < 0.3 3.2 ± 1.1 < 0.2 

 
     If these spa waters are used for drinking, it is 
necessary to evaluate the annual effective dose. It 
was assumed that the gross alpha and beta activities 
originate from 226Ra and 228Ra concentration [16]. 
The annual effective dose rate (D) can be calculated 
using the following Equation [17]: 
 

                       WNSvD               (5) 

 
where N is volume which adults drink (our 
assumption is 200 mL per day or 73 L per year),  W 
- the concentration of the radioisotope (Bq L-1),   - 

the age dependent dose conversion factor (Sv Bq-1). 
For calculation, we used the dose conversion factors 
[18]: 2.8×10-7 Sv Bq-1 for 226Ra and 6.9×10-7 Sv Bq-1 
for 228Ra. Results for calculated annual effective 
doses from 226Ra and 228Ra for adults are given in 
Table 5. 

The annual effective dose values due to the 
ingestion of 226Ra in the spa waters varied from < 
0.82 to < 8.38 μSv and from 6.5 to 217 μSv for 228Ra. 
The calculated values of the annual effective doses 
are below the WHO recommended reference level of 
0.1 mSv, except for the ingestion of 228Ra for Karlovy 
Vary spa water.  

Origin Gross alpha 
activity 

Gross beta 
activity 

Spain (spa water) 
[11] 

0.07 - 2.42 0.1 - 5.8 

Turkey (thermal 
water) [12,13] 

0.060 - 3.909 0.12 - 2.097 

Hungary (spring 
water) [3] 

0.032 - 1.749 0.033 - 2.02 

Brazil (spring 
water) [14] 

0.001 - 0.428 0.12 - 0.86 

USA (spring 
water) [15] 

< 0.037 - 31 0.110 - 18.9 
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Table 5 The annual effective doses from 226Ra 
and 228Ra (μSv) for age group (>17) 

 

Name of spa Radionuclide 
Annual 

effective 
dose 

Junaković 

226Ra 

3.68 

Vrnjačka < 2.66 
Selters < 8.38 

Mataruška < 1.43 

Saint Erzsebet < 0.82 
Karlovy Vary 7.36 

Junaković 

228Ra 

90.7 
Vrnjačka 90.7 

Selters 85.6 

Mataruška 25.2 
Saint Erzsebet 6.5 
Karlovy Vary 217 

 
4. CONCLUSION 

     The aim of this study was to investigate whether 
the spa waters (Junaković, Vrnjačka, Selters, 
Mataruška, Saint Erzsebet and Karlovy Vary) can be 
hazardous to human health if used for drinking. In 
investigated samples gross alpha and gross beta 
activity were analyzed. The gross alpha activities in 
all samples are below the level allowed by Serbian 
regulations. The gross beta activities for two 
samples are below the recommended reference level 
of 1 Bq L-1, while for four samples exceed the 
recommended limits and for these spa water 
samples it is necessary to perform gamma 
spectrometric measurements. For spa water 
samples in which the gross beta activity was 
exceeded 1 Bq L-1, gamma spectrometry was 
performed and 40K was detected in concentration 
from 1.3 Bq L‒1 for Selters to 3.2 Bq L‒1 for Karlovy 
Vary while the concentrations of 226Ra, 232Th, 235U, 
and 238U were below the detection limits. Also, it 
was shown that the calculated annual effective dose 
was less than 0.1 mSv for all spa water samples, 
except for Karlovy Vary where annual effective dose 
exceed this value. The present study has been 
carried out to establish baseline data regarding 
radioactivity levels of radionuclides in spa waters 
and the corresponding radiation doses. The 
obtained results allow the determination of the 
sources of radioactivity and the distribution of the 
radionuclides in this region and estimation of the 
potential health risk to the population.  
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Abstract. Dependence of the lead-210 activity concentration in surface air on meteorological variables and 
teleconnection indices is investigated using multivariate analysis, which gives the Boosted Decision Trees method as 
the most suitable for variable analysis. A mapped functional behaviour of the lead-210 activity concentration is further 
obtained, and used to test predictability of lead-210 in surface air. The results show an agreement between the 
predicted and measured values. The temporal evolution of the measured activities is satisfactorily matched by the 
prediction. The largest qualitative differences are obtained for winter months.  
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1. INTRODUCTION  

Lead-210 is a naturally occurring radionuclide 
with a half-life of 22.23 years. The main source of 
210Pb in surface air is its radioactive parent radon-
222 that emanates from the soil. After formation, 
210Pb attaches to aerosols whose fate is governed by 
atmospheric circulation and removal processes. 

A number of studies that looked into the 210Pb 
activity concentrations at different measuring sites 
have shown a uniform radionuclide distribution, 
both in the vertical and horizontal. For example, [1] 
showed no significant variations in the 210Pb activity 
concentration at three locations over distance of 
approximately 200 km, and still noted a case in 
which the 210Pb activity concentration rapidly 
changed due to a passage of a cold front. Similarly, 
[2] investigated differences in the 210Pb activity 
concentration between two measurement sites at a 
distance of 12 km in the horizontal and of 800 m in 
the vertical. Their results also showed that over 
longer periods of time, the radionuclide was well 
mixed within the atmosphere. Further, [3] found 
good correlation between the 210Pb activity 
concentrations across two sites 100 km apart, which 
were influenced by different local conditions, 
including different prevalent winds. 

On the other hand, the vertical profile of the 
210Pb activity concentration in the atmosphere has 
been shown to reflect the fact that the radionuclide 

source is in the lowermost layer - surface air masses 
are richer in 210Pb than air masses from higher 
altitudes, with the sharpest decrease in activity 
concentration between the ground and an altitude of 
3 km [4, 5]. Further, the 210Pb activity concentration 
is higher in continental air masses than in air 
masses originating over a body of water [2, 6, 7], 
which results in the radionuclide activity 
concentration variations in the horizontal, and also 
explains temporal differences in a location under 
influence of interchangeable winds of either 
continental or maritime origin [2]. 

The above mentioned studies, however, did not 
include an analysis of 210Pb relation with large-scale 
atmospheric circulation. The North Atlantic 
Oscillation (NAO) index is one of the most 
commonly used teleconnection indices to describe a 
large-scale circulation pattern over the North 
Atlantic Ocean and surrounding land masses [8]. 
The two oscillation phases of NAO induce changes 
in large-scale circulation patterns [9], which further 
reflect on local weather conditions especially over 
eastern North America and across Europe, including 
Serbia [10]. The Polar/Eurasia pattern [8] is another 
teleconnection that has an impact on weather in 
Europe [11]. Further, the East Atlantic/Western 
Russia pattern [8] influences the amount of 
precipitation in southeast part of Europe [12], and 
can thus be a contributing factor in the amount of 
210Pb in surface air.  
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In contrast to a very limited number of studies 
looking into an influence of large-scale atmospheric 
transport on the 210Pb activity concentrations, a link 
between local meteorological variables and the 
radionuclide activities has been extensively 
investigated [7, 13, 14, 15]. For example, to name 
only a few: [16] showed a strong positive 
relationship between the 210Pb deposition and 
precipitation; [17] found a positive correlation of 
210Pb activity concentration with temperature, and 
negative correlation with precipitation, relative 
humidity and wind speed; [14] showed that washout 
is the most significant mechanism of 210Pb removal 
from the atmosphere.  

The goal of our analysis is to combine 
meteorological data and large-scale atmospheric 
transport patterns (quantified by teleconnection 
indices) and treat the 210Pb concentration in surface 
air as a result of their interplay. Different statistical 
tools are employed to achieve this. On one hand, a 
set of multivariate methods incorporated in the 
Toolkit for Multivariate Analysis (TMVA) [18] is 
used. It is complemented by a wavelet transform 
spectral analysis [19]. A mapped functional 
behaviour which is obtained in the analysis is then 
used to test predictability of the 210Pb activity 
concentration in surface air. 

2. DATASETS 

In Belgrade, Serbia, at the Vinča Institute of 
Nuclear Sciences, continual measurements of the 
210Pb activity concentrations in surface air started in 
1985. The monthly mean activity concentrations in 
composite aerosol samples were determined on 
High Purity Germanium detectors by standard 
gamma spectrometry. The activity concentrations of 
210Pb were determined using the gamma energy of 
46.5 keV. A detailed description of the measurement 
procedure is given in [15].  

The meteorological daily data: minimum, 
maximum and mean temperature, atmospheric 
pressure, relative humidity, precipitation, sunshine 
hours and cloud cover data for Belgrade, were 
obtained from the European Climate Assessment & 
Dataset (ECA&D) [20] and the Republic 
Hydrometeorological Service of Serbia. In addition, 
a temperature variable, which does not have a local 
character, was included to investigate the extent to 
which the local meteorological variables influence 
the 210Pb activity concentration in the air. The 
chosen variable was the Northern Hemispheric 
mean monthly temperature anomaly over land 
calculated from historical temperature records 
(http://www.cru.uea.ac.uk/cru/data/temperature/C
RUTEM4-nh.dat visited on 10 March 2015). The 
temperature anomaly was derived as a deviation 
from a reference temperature value which, in this 
data set, was taken as the mean over a reference 
period 1961–1990. More details on the temperature 
anomaly calculations can be found in [21, 22].   

The data for eight teleconnection indices of 
large-scale atmospheric circulation: North Atlantic 
Oscillation (NAO), East Atlantic (EA), East 

Atlantic/Western Russia, Scandinavia (SCAND), 
Polar/ Eurasia, Western Pacific (WP), East Pacific-
North Pacific (EP-NP), and Pacific/North American 
(PNA) were obtained from the data archive of the 
United States National Oceanic and Atmospheric 
Administration’s Climate Prediction Center 
(http://www.cpc.ncep.noaa.gov/data/teledoc/teleco
ntents.shtml visited on 18 October 2013). A 
description of the procedure used to identify the 
Northern Hemisphere teleconnection patterns and 
indices is given in [8]. The monthly values of 
teleconnection indices since 1950 were available.  

The temporal resolution of the input variables 
differed: the 210Pb activity concentrations and the 
teleconnection indices, apart from NAO, were 
available as monthly mean values. This resolution 
implied a total number of data points that was 
insufficient for MVA which inherently requires a 
large number of points to determine the mapped 
behaviour. To overcome this drawback, an 
interpolation of the monthly measurements was 
performed using Fast Fourier Transform smoothing 
on monthly data (Fig. 1).  

 

 
 
Fig. 1 Fast Fourier Transform of the monthly 210Pb activity 
concentrations in surface air. The Fast Fourier Transform 

curve gives interpolated daily 210Pb values which were used 
in the MVA classification and regression analysis. 

3. CALCULATIONS 

3.1. Multivariate Analysis 

Many multivariate methods and algorithms for 
classification and regression are integrated in the 
analysis framework ROOT [23], and the Toolkit for 
Multivariate Analysis (TMVA) [18]. Multivariate 
analysis is used to create, test and apply all available 
classifiers and regression methods to single out one 
method that is the most appropriate and yields 
maximum information on the dependence of an 
investigated variable on a multitude of input 
variables. Thus, in TMVA there is no need to choose 
a priori a method for the data classification and 
regression – all of the techniques incorporated in 
TMVA are tested and the most suitable one is 
chosen for further analysis. 
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The TMVA package includes various techniques, 
such as multi-dimensional likelihood estimation, 
linear and nonlinear discriminant analysis, artificial 
neural networks, support vector machine, and 
boosted/bagged decision trees. All the techniques in 
TMVA belong to the family of "supervised learning" 
algorithms. They make use of training events, for 
which the desired output is known, to determine the 
mapping function that either describes a decision 
boundary (classification) or an approximation of the 
underlying functional behaviour defining the target 
value (regression). All MVA methods see the same 
training and test data.  

The multivariate methods are compared within 
the procedure in order to find one which, on the 
basis of input variables, gives a result satisfactorily 
close to the observed values of the output variable. 
More details on calculation procedure are given in 
[24]. 

In our analysis, the output variable was the 
activity concentration of 210Pb in surface air, while 
the input variables were the nine meteorological 
variables, one derived variable, and eight 
teleconnection indices, adding to 18 input variables 
in total. A multivariate method that gave the best 
regression results in our study was the Boosted 
Decision Trees method. 

3.1.1. Boosted Decision Trees 

Boosted Decision Trees (BDT) is a method in 
which a decision is reached through a majority vote 
on a result of several decision trees. A decision tree 
consists of successive decision nodes which are used 
to categorise the events in a sample, while BDT 
represents a forest of such decision trees. The (final) 
classification for an event is based on a majority 
vote of the classifications done by each tree in the 
forest, which ultimately leads to a loss of the 
straightforward interpretation in a decision tree. 
More detailed information on training in BDT can 
be found in [24]. 

An importance of an input variable is measured 
by a “variable rank”. In BDT, this measure is derived 
by counting the number of times a specific variable 
is used to split decision tree nodes, and then 
weighting each split occurrence by the separation 
gain-squared it achieved and by the number of 
events in the node [18]. 

3.2. Wavelet Transform Analysis 

Wavelet transform (WT) is a standard analytical 
tool in investigation of time series with 
nonstationarities at different frequencies [19]. In 
WT analysis, a calculated global wavelet power 
spectrum (which corresponds to Fourier power 
spectrum) is smooth and can therefore be used to 
estimate characteristic periods in the data sets. To 
detect these characteristic periods, a standard peak 
analysis was performed by searching the maximum 
and saddle (for hidden peaks) points in the global 
wavelet power spectra of the 210Pb activities. 

4. RESULTS AND DISCUSSION 

The WT analysis showed a number of 
characteristic periods in the 210Pb activity 
concentration in surface air (Fig. 2). The periods are 
given by the time coordinates of the local maxima in 
the 210Pb activity concentration power spectrum. 
Three short characteristic periods were found, with 
a seasonal one (at 2.6 months) most pronounced. 
The annual cycle (at 11.8 months) was also evident, 
as well as a longer period of approximately three 
years (at 36.5 months). Apart from the annual cycle 
[2, 14, 15], the other 210Pb periodicities have not 
been studied in detail.   

 

 
  months 

Fig. 2 Power spectrum of the 210Pb activity concentration in 
surface air. Positions of the maximum and saddle points 

are marked with the assigned values of characteristic time 
in months. 

To allow for the prominent annual cycle in the 
210Pb activity concentration in surface air, another 
input variable, called MonthDay, was introduced in 
the analysis. The MonthDay variable is purely 
mathematical – its values represent a sum of the 
month number (1 to 12) and the day number in a 
month divided by the total number of days in the 
given month. For example, a MonthDay value for 10 
January is 1+10/31. This variable has an annual 
cycle and thus serves as a proxy of any contributing 
variable which is not specified in the analysis but 
also exhibits an annual cycle.  

Prior to the multivariate analysis, the Pearson’s 
linear correlation coefficients for the input variables 
and 210Pb activity concentrations were calculated 
(Tab. 1) using the monthly means. The strongest 
correlation was found with temperature anomaly. 
However, that correlation was not significant at the 
0.05 level. Statistically significant linear correlation 
was obtained only for atmospheric pressure and 
three teleconnection indices: EP-NP, East 
Atlantic/Western Russia, and Polar/Eurasia.  

The calculated correlation coefficients describe 
the measure of linear correlation between the 210Pb 
activity concentrations and the input variables. 
However, apart from linear, other types of 
dependance between variables could exist. Each 
method incorporated in the MVA gives its own 
ranking (as one of the results), which does not 
necessarily coincide with a ranking of another 
method, or with the order given by the linear 
correlation coefficients. 
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Table 1. Pearson’s linear correlation coefficients (r) of the 
input variables and the 210Pb activity concentration in 

surface air, and the BDT variable ranking. The correlation 
coefficients significant at the 0.05 level are given in bold. 

Variable r 
BDT 
rank 

Temperature anomaly  -0.47 1 
Precipitation  -0.22 18 
Atmospheric pressure  +0.21 15 
EP-NP +0.19 6 
Cloud cover  -0.16 17 
East Atlantic/Western Russia   +0.14 8 
Polar/Eurasia  +0.12 7 
NAO +0.10 4 
SCAND  +0.08 9 
Mean temperature -0.08 11 
Minimum temperature  -0.08 12 
Maximum temperature  -0.07 14 
Relative humidity +0.07 16 
Sunshine hours  -0.07 13 
PNA +0.04 5 
WP +0.03 3 
EA  +0.008 10 
MonthDay value N/A 2 

 

4.1. Regression Analysis 

A result of MVA regression method training is an 
approximation of the underlying functional 
behaviour that defines the dependence of the target 
value, the 210Pb activity concentrations in our 
analysis, on the input variables. This set of 
calculations was based on the measurements 
performed during the training period, which was 
from 1985 to 2010 in our case. Predictability of the 
210Pb activity concentration in surface air was tested 
in the ensuing calculations, in which the 
measurements for 2011 and 2012 were used.    

The analysis indicated that the best regression 
method, in which the output values (evaluated, or 
predicted, 210Pb activity concentrations) were closest 
to the measured concentrations, was BDT. In an 
ensemble of multivariate methods, the average 
quadratic deviation between the evaluated and 
measured values was the least for BDT (Fig. 3). The 
BDT output deviation from the measurements over 
the training period was close to zero for the majority 
of data points (Fig. 4), which confirmed the good 
quality of the regression method. 
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Fig. 3 Average quadratic deviation for multivariate 

regression methods. The deviation was the least for BDT. 
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Fig. 4 Difference between the BDT evaluated and the 

measured 210Pb activity concentrations. The colour bar on 
the right gives the number of data points. 

 

One of the results given by the BDT method is a 
variable ranking (Table 1). Apart from temperature 
anomaly (rank 1), all other meteorological variables 
were ranked as less important than the 
teleconnection indices. The influence of the large-
scale circulation is not well understood, but the local 
210Pb activity concentration could be significantly 
influenced by mesoscale and synoptic scale 
variations in atmospheric pressure (as quantified by 
the teleconnection indices). The local variations in 
atmospheric pressure, on the other hand, could play 
a minor role (low BDT rank in Table 1). 

Similarly, a high rank obtained for temperature 
anomaly (Table 1) may imply that the 210Pb activity 
concentration in surface air is to a certain extent 
insensitive to relatively fast variations in local 
temperature.  

The high rank of the MonthDay variable could 
indicate an existence of another contributing factor 
with a strong annual cycle. 

4.2. 210Pb activity concentration prediction 

The final step in our analysis was an evaluation 
of the 210Pb activity concentration outside the 
training period for which the mapped functional 
behaviour was obtained. In other words, the input 
variables for 2011 and the first half of 2012 were 
used to calculate the output variable which was then 
compared to the measured 210Pb activity 
concentration over that period (Fig. 5).  

The standard deviation of all the absolute and 
relative differences between the BDT evaluated and 
measured 210Pb values were 0.6410-4 Bq/m3 and 
0.12, respectively. 

The temporal evolution of the 210Pb activity 
concentration was satisfactorily captured by the 
regression method (Fig. 5). However, the regression 
was not able to quantitatively predict the observed 
values in winter periods, when the radionuclide 
activity concentration reached maximum values. 
Thus, during January and February 2011, the 
evaluated values were conspicuously higher than the 
measured ones, while in November and December 
of the same year, the evaluation first 
underestimated and then overestimated the 210Pb 
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activity concentration. It can, however, be argued 
that the sum of the predicted 210Pb activity 
concentrations for these two months matched the 
sum of the measured values. Furthermore, a local 
maximum seen in February 2012 was satisfactorily 
reproduced by the method.  

 

 
 
Fig. 5 210Pb activity concentration measured in surface air 
(black line) and evaluated by MVA (blue line) during 2011 

and the first half of 2012.  
 

The above results may indicate that in winter 
some additional processes play a key role in the 
210Pb activity concentration in surface air. 
Emanation of radon-222, the parent radionuclide, 
could be affected by soil conditions, such as snow 
cover, soil temperature and moisture, and it could 
thus induce changes in the 210Pb source abundance. 
Future choice of input variables should include 
some soil parameters in an attempt to increase the 
accuracy of the 210Pb prediction in winter months. 

Further assessments and refinements of the 
prediction should also address the limitation given 
by the temporal resolution of the measured 210Pb 
activity concentration in the air.  The interpolation 
of the monthly data performed to obtain daily values 
(Fig. 1) could give rise to spurious relations between 
the 210Pb activity concentration and input variables, 
which could reflect on the mapped functional 
behaviour, and in turn, on the prediction of 210Pb in 
surface air. A possible way to check the validity of 
our method is to run the prediction using only the 
measured monthly values, while still employing the 
daily data in the training period. However, a 
preferred approach to our method refinement would 
be to use a more comprehensive database with the 
measured 210Pb activity concentration of higher 
temporal resolution.  

5. CONCLUSIONS 

The dependence of the 210Pb activity 
concentration in surface air on different 
meteorological variables and indices of large-scale 
circulation was investigated using multivariate 
analysis.  

Boosted Decision Trees was singled out as the 
best regression method with the least average 

quadratic deviation between the evaluated and 
measured activity concentrations. The importance 
variable ranking given by the BDT method implied a 
greater influence of large-scale transport than of the 
local meteorological variables.  

The prediction of the 210Pb activity 
concentrations showed an agreement with the 
measurements, except in winter months when the 
largest differences were obtained.   
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relative efficiency) by standard gamma 
spectrometry. 

On the obtained results statistical methods were 
applied and Pearson's correlation coefficient 
between 7Be activity in aerosol and deposit was 
determined 

3. RESULTS 

Figure 1 and 2 present changes of 7Be activity 
density in deposits and aerosols, respectively, at five 
different locations in Serbia for 2014. Minimum and 
maximum activity density of 7Be in these samples, 
as well as Pearson's correlation coefficient between 
7Be activity in aerosol and deposit are given in table 
2. Activities of both deposit and air were present on 
mid-point of the sampling interval, ie. middle of the 
month. 

      Activity density of 7Be in deposits ranged from 
1.8 Bq/m2 (Palic, March) – 233 Bq/m2 (Zajecar, 
July), and exhibited a maximum in spring/summer. 
Activity density of 7Be in aerosols were in range 
from 0.3×10-3 Bq/m3 (Nis, February) – 9.8×10-3 
Bq/m3 (Palic, August), and also exhibited a 
maximum in spring/summer. The highest 7Be 
activity concentrations during the warm season in 
the region of investigation were attributed to more 
efficient vertical transport of air masses in the warm 
season. A phenomenon that advocates to the high 
observed values during summer is the elevation of 
the tropopause during the warm summer months 
for midlatitudes.  
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Fig. 1 Activity concentration of 7Be in deposits at locations: 
(a) - Vranje, (b) - Palic, (c) - Zlatibor, (d) - Zajecar, (e) - Nis 
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Fig. 2 Activity concentration of 7Be in aerosols at locations: 
(a) - Vranje, (b) - Palic, (c) - Zlatibor, (d) - Zajecar, (e) – 

Nis 

 

Table 2 The range of 7Be activities in aerosols 
and deposits, as well as Pearson's correlation 

coefficient between 7Be activity in aerosols and 
deposits 

Location 

7Be in 
aerosols 

10-3 

Bq/m3 

7Be in 
deposits 
Bq/m2 

Pearson's 
correlation 
coefficient 

(r) 
Nis (0.3-1.2) (2,9-52) 0.42 

Vranje (1.5-3.9) (2.4-49) 0.15 
Zajecar (2.3-7.5) (6,6-233) 0.33 
Zlatibor (3.4-8.2) (4.1-150) 0.59 

Palic (3.4-9.8) (1.8-15) 0.07 

 

 

As can be seen from table 2, there are no 
correlation for samples collected in Palic. On the 
other hand in Zajecar and Vranje correlation is 
weak, whereas in Nis is moderate. The highest value 
was obtained for Best on Zlatibor and this is strong 
correlation. 

     We can assume that the causes of the relatively 
poor correlation are differences in the impact of 
geographical and meteorological characteristics of 
the movement of beryllium-7 in aerosol and 
deposits, and because of the different characteristics 
of each sampling level. Also, presented results are 
influenced by the insufficient number of samples, so 
we will continue to monitoring these changes, 
compared them, and to examine the impact of 
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different geographical and meteorological 
characteristics of individual sampling places. 

 

CONCLUSION 

The knowledge of natural radionuclide 
concentration in air is essential, because this 
information contributes to the study of atmospheric 
circulation of air masses. In this paper, changes of 
activity density of cosmogenic 7Be in atmospheric 
deposit and ground level air at different locations in 
Serbia were investigated. The obtained results are 
used to do a linear correlation between 7Be activity 
in aerosol and deposit.  

The typical pattern of seasonal variations was 
observed for 7Be. The obtained values of 7Be activity 
density show a fluctuation which has oscillatory 
characteristics with enhanced activity in spring-
summer months. This fluctuation likely relates to 
the seasonal thinning of tropopause, which 
facilitates and enhances the stratosphere – 
troposphere vertical air mass mixing. 
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Abstract. It is proved that in the drainage brines of the "Udachnaya" diamond pipe, geological tritium is present. 
Long-distance migration of artificial radionuclides from the cavity of the "Crystal" underground nuclear explosion 
(UNE) does not exist. 

 
Key words: tritium, quarry of the "Udachnaya" diamond pipe, liquid scintillation spectrometry, drainage brines, 
distillate. 

 

In works [1,2,4] and others in 2011-2012 the 
problem of long-distance migration of artificial 
radionuclides with groundwater from the cavity of the 
underground nuclear explosion (UNE) "Crystal" was 
investigated and the works have shown the fact of 
tritium receipt in the drainage brines coming in the 
quarry of "Udachnaya" diamond pipe. If their 
conclusions are valid, then the “Udachnaya” diamond 
tube has an environmental emergency situation that 
threatens to stop the commercial production of 
diamonds. 

In this paper the possibility of long-distance 
migration of artificial radionuclides from the cavity 
UNE "Crystal" studied by precision liquid scintillation 
spectrometry (sensitivity threshold is 1 Bq/l for 
tritium). 

Hydrogen is oxidized by two oxygen atoms forming 
ordinary water, which is also called protium water. 
Tritium, respectively, produces tritium water. Tritium 
is formed by the decay of nitrogen in the upper 
atmosphere as a result of collisions with protons and 
neutrons from the solar wind. The average content in 
water bodies is about 10 Bq/l. In ocean waters a 
tritium concentration is equal to 0.11 Bq/l due to a 
dilution of atmospheric deposition by seawater. 
However, there is a latitudinal effect. On northern 
latitudes, a tritium content increases as the Earth's 
magnetosphere causes increased loss of charged 
particles in the North Pole, which is observed in the 
form of aurora. According to the results of North-
Eastern Federal University (NEFU) laboratory of 
radiation ecology in the Lena-Aldan interfluve, the 
tritium content changes within 2-10 Bq/l, on the 
Mirny–Udachniy road, the tritium contents are 2, 18, 
74, 202 Bq/l, which can be explained by a 

manifestation of the latitudinal effect of natural cosmic 
tritium (table 1). 

The biological half-life of tritium is equal to 12 
years. The maximum allowable concentration (MAC) 
of tritium content in Russia is 7600 Bq/l. Natural 
variations can reach the largest values, which are 37 
times smaller than the MAC. 

Researches which were carried out in winter 
allowed the investigation of underground water 
without impurities of cosmic tritium, which comes to 
the surface from atmospheric deposition. In winter 
precipitation has a frozen form of ice and snow, 
therefore it does not migrate. If the tritium 
concentration corresponds to background levels, 
having cosmic origin, this circumstance will prove the 
receipt absence of artificial radionuclides with 
drainage brines to the quarry of "Udachnaya" tube. 

According to the work [3], the background content 
of tritium in ocean water is equal to 0.11 Bq/l. 
According to the methodological guidelines for the 
measurement of tritium [6], this content should be 
measured in the distillate of the sample. Tritium was 
released into the distillate in the last stages of the 
evaporation of wet samples. In the dry residue of 
brines from the quarry of "Udachnaya" tube, a large 
content of radium-226 was found. It follows that the 
radium in brine leads to the two alpha decay of radium 
and radon. Therefore, in the waters of brines, a 
relatively high content of tritium is observed due to the 
growing number of scintillations from double alpha 
decay of radium-226. On the other hand, in the 
groundwater, a tritium was formed by an interaction of 
lithium-6 existing in rocks with neutrons produced by 
the decay of uranium-238 and uranium-235. They are 
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in brine, which is confirmed by the finding out of 
radium-226 in a dry residue of brines (table 2). 

Table 1 – On the Mirny-Udachniy road 

(Sample type - water) 
№ NAME, 

DATE, 
TIME OF 
POINTS 

LOCALITY NOTE VALUE, 
Bq/l  

1 Y1  
11/09/12 
11-36 

UDACHNAYA 
RESERVOIR 

1. 
RESERVOIR 
2. 
DOWNSTREA
M 

 

1. 4.104± 
0.4204 
2. 
18.539± 
0.4204 

 

2 
0250 
11/09/12 
12-09 

RESERVOIR 
TAIL OF
UDACHNAYA 
MCC 

1. RIVER 
FLOW 
 
2. RIVER 

1. 
39.559± 
0.4204 
2. 2.319± 
0.4204 

 

3 
HARYALAA
H3 
09/09/12 
18-55 

ON 
UDACHNIY-
HPP 
ROAD 

HARYYALAH 
3 
RIVER 

74.857 ± 
0.4204 

4 
OLGUYDAA
X 
09/09/12 
17-00 
 

ON 
UDACHNIY-
HPP 
ROAD 

OLGUYDAAH 
RIVER 

126.65 ± 
0.4204 

5 
ANYAX 
09/09/12 
16-20 

ON 
UDACHNIY-
HPP 
ROAD 

AANNAH 
RIVER 

202.48 ± 
0.4204 

 

Table 2 

 H3, Bq/l (NOT 
DISTILLED 
SAMPLE) 

H3, Bq/l  
(DISTILLED 
SAMPLE) 

BRINE 1 283.54±0.4204 7.41±0.4204 

BRINE 2 271.006±0.4204 4.576±0.4204 

BRINE 3 337.437±0.4204 5.048±0.4204 

BRINE 4  10.879±0.4204 

BRINE 5  6.464±0.4204 

STANDART 
H3 

 388970.46± 

0.4204 

 

Device background was determined to ensure the 
quality of the measurements. Pulses with the half 
amount of the scintillator in the vial were measured 
ten times. In the vial, the measured liquid was added 
with scintillator. Also, the dispersion for measurement 
errors was defined. The efficiency of the device was 
measured ten times on the company's standard 
solution of tritium with regard to the decay of tritium. 
Standard errors of measurement effectiveness were 
calculated. More refined performance measurements, 
compared with the data of work [7], are shown in this 
work. 

Regarding the control of individuals, the 
measurement of specific tritium content in the liquid 
phase of organism (urine, exhaled breath condensate) 

was carried out. To calculate the internal dose in a 
person we must know the annual allowable tritium 
content in the human body which corresponds to dose 
limit. 

At calculating the average tritium concentration in 
the liquid phase of the organism, the following initial 
data was taken: 365 days, 52 weeks (8760 hours, 
3.15·107 s), the mass of water contained in the human 
body is 4.3·104 g (43 l), the biological half-life of 
tritium oxide is T1/2 = 10 days. 

Critical organs are the soft parts of the human 
body, which mass is equal to 6.3·104 g, with the 
exception of bone mass (7 kg). At a uniform 
distribution of tritium oxide in the liquid phase of an 
organism, a uniform irradiation of the soft parts of the 
human body occurs. 

It is known that the dose that is created in the 
human body Rr in 1 Bq will be equal to 1.41·10-17 Sv. 
According to the standards, through water 
consumption with the tritium content of 7600 Bq/l 
(intervention level) for a year, a man gets a dose of 
7.8·10-8 mSv. This value corresponds to the annual 
permissible dose of human irradiation by tritium. 

 

Conclusion 

As a result of using the traditional radiochemical 
methods for the study of possible migration of 
radionuclides from the cavity UNE "Crystal" to the 
"Udachnaya" quarry tube, the following conclusions 
were reached: 

1. Tritium content in the brine from the quarry is 
caused by phantom activity of radium-226, and radon-
222 Tritium was found in the distillate of brine in 
amounts corresponding to natural background 
content. Consequently, the brine contains natural 
geological tritium, which is born from an underground 
lithium-6 which swallowed one neutron. 

2. The typical natural background tritium content 
was found in the water sample from an unknown 
origin source on the right bank of the Daldyn river. 
Long-distance transport of tritium at 15 km from the 
cavity of the underground nuclear explosion "Crystal" 
does not exist. 

3. As for the conditions of the city of Yakutsk, the 
average content of tritium in drinking water is 10 Bq/l, 
while the corresponding annual dose is equal to 
10.2·10-11 mSv. Consequently, the annual dose from 
tritium received by people in the Yakutsk city 
conditions is 1000 times smaller than the level of 
intervention. 
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Abstract. Radon concentration measurements were performed in indoor air and in natural mineral waters in seventeen 
Portuguese thermal spas used for therapy, drinking and irrigation purposes. The gamma doses rates were also assessed in 
different workplaces of the considered thermal spas. The radon concentration was measured in water samples taken from 
different sampling points: boreholes, springs, inhalator chambers (ORL’s) and swimming pools, and in the indoor air of different 
treatment rooms: ORL’s, swimming pools, vapours areas and Vichy shower. Radon concentration in water ranged from 26 to 
6949 Bq/L and in the indoor air ranged from 73 Bq/m3 to 3479 Bq/m3. The indoor gamma dose rates ranged from 0,148 µSv/h to 
0,644 µSv/h and the annual dose rate was estimated ranging from 0,30 to 1,29 mSv/y, for 2000 working hours per year, which is 
far below the effective dose limit for workers (20 mSv/y). Nevertheless, the great contribution for the annual effective dose will 
result from radon inhalation which is not included in this estimation. The remedial action level for drinking water of 1000 Bq/L 
(2001/928/ EURATOM) was exceeded in 23% of the selected thermal spas and about 80% of the total measurements of the indoor 
radon concentration exceeded the previous reference level of 200 Bq/m3 for new buildings and about 63% exceeded the new 
reference level of 300 Bq/m3 as established in the Directive 2013/59/EURATOM for indoor radon concentration in workplaces. 
Therefore, as the recommended limits for radon concentration in water and in indoor air were exceeded, appropriate actions 
should be taken in order to reduce the hazard to health from radon indoors and the potential resulting occupational exposure. 

Key words: radon, thermal spa, dose rate, occupational exposure 

1. INTRODUCTION: 

Radon gas is recognized as the most significant 
natural source of human exposure and the leading 
cause of lung cancer incidence, with the exception of 
tobacco [1, 2, 3, 4, 5, 6]. Thermal spas have been 
identified as one of the professional activities with 
potentially higher exposure to radon mostly due to the 
inhalation of radon released from thermal waters [7]. 

Radon concentration in groundwater varies 
considerably (1 - 10 000 Bq/L) depending mostly on 
the uranium concentration in the surrounding rock 
and on the water circulation [8]. Radon’s solubility in 
water increases with decreasing temperatures and 
therefore much attention has been given to thermal 
water sources due to the potential risk to the public 
health. Moreover, radon concentration levels in 
groundwater are generally higher than in surface water 
[3]. 

Human exposure to 222Rn and its decay products in 
water supplies can occur in two ways: by ingestion 
(drinking water) or by inhalation due to the release of 
radon into the air when using thermal waters for 
health purposes [9]. The risk of radon exposure is 
mostly associated with high radon concentrations in 
confined environments, and the subsequent inhalation, 
increasing the risk of damaging the organ cells where 
radon short-life products are deposited. 

Several studies have been conducted worldwide to 
measure the concentration of radon in the water and in 
the air of thermal spas in order to estimate the 
exposure doses both for workers and for users [8, 10, 
11, 12, 13, 14, 15]. Recently, a study carried out in 
thermal spas from Ischia Island showed that the 
average annual effective dose to workers due to radon 
exposure (3,52 mSv/y; range 0,01-7,03 mSv/y) was 
higher than the dose limit imposed by Italian 
legislation (3 mSv) [16]. 

The health effects of exposure to radon in indoor 
environments (indoor air), and in particular, in 
thermal spas, depend mainly on the concentration of 
inhaled radon, the ventilation rate of the place, freq 
uency and duration of the exposure [7, 17]. In Portugal, 
the monitoring of radon concentration is compulsory 
only in buildings constructed in granite areas, 
particularly in the districts of Braga, Vila Real, Porto, 
Guarda, Viseu and Castelo Branco, due to the 
geological characteristics of these regions. This 
obligation came into force in 2006 within the new 
regulations for indoor air quality imposed by the 
Portuguese legislation [18]. 

The purpose of this work was to measure the radon 
concentrations in indoor air and in natural mineral 
water as well as to evaluate the gamma doses rates in 
different workplaces of Portuguese thermal spas.  
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2. METHODS 

Seventeen thermal spas participated in this study, 
representing about 46% of all thermal spas existing in 
Portugal (Fig. 1). For each studied thermal spa, the 
radon concentrations were measured in the natural 
mineral water from different sampling points: 
boreholes (BH), springs (SG), inhalator chambers 
(ORL´s) and swimming pools (SP) and in the indoor 
air of different rooms: ORL’s, swimming pools (SP), 
vapours areas (VA) and Vichy shower (VS). The 
measurements were carried out between November 
2013 and September 2014. The assessment of radon 
concentration included measurements in two different 
periods (summer and winter) in the indoor air of the 
selected thermal spas. Regarding the assessment of 
radon concentration in water a single measurement 
was carried out directly in the water from the borehole 
and in the water used in the treatment rooms. 
Measurements of gamma radiation doses were also 
assessed in some of the previous locations. 

 

 
Fig. 1 Location of the Portuguese thermal spas 

Radon concentration in water was measured by 
liquid scintillation. The samples were sent to the 
Natural Radioactivity Laboratory of the Department of 
Earth Sciences, University of Coimbra, Portugal, for 
measurement by a liquid scintillation counter. The 
radionuclide activity was measured by liquid 
scintillation counting techniques (LSC) using an ultra-
low-level spectrometer (Quantulus 1220). For radon 
measurements the samples were collected in glass 
containers of 20 mL previously filled with 10 mL of a 
water immiscible scintillation cocktail, with sealed 
opening and security mechanisms to avoid gas-leakage 
during transport. With this protocol radon was 
measured through the double-phase method [19]. 

Radium and uranium isotopes were measured in 
water samples, previously filtered, acidified with HNO3 

to pH less than 2 and, only in the former isotope, pre-
concentrated by evaporation. The 226Ra activity was 
measured through the indirect method based on radon 
accumulation in a lipophylic scintillation cocktail 
during a minimum of 21 days (secular equilibrium). 
Before LSC counting a selective extraction of uranium 
was performed using an “extractive cocktail” (bis-2-
etilhexyl-ortophosphoric acid) and a non-water soluble 
scintillation cocktail. After phase separation the 
cocktail, collected in polyethylene vials, is measured 
from the peaks of 238U and 234U. This method has been 
tested by comparison with other methods (like ICP-
MS) and the results shows good agreement [20].  

The uncertainties depend on the activities but, for 
the range of values measured, were generally lower 
than 15%. For a more detailed description about the 
LSC techniques, see [21]. Efficiency was evaluated by 
measuring several standard solutions and participation 
in intercomparison exercises. 

Radon concentration measurements in air were 
performed using CR-39 detectors enclosed in small 
cylindrical (5-cm height, 3-cm diameter) diffusion 
chambers for periods between 25 and 45 days. This 
detector is a small piece of plastic that is sensitive to 
tracks of highly ionizing particles such as alpha 
particles. The CR-39 detectors were placed in each 
room at approximately 2 meters from the floor 
(breathing zone) [22]. After a period of exposure 
between 25 and 45 days, the detectors were retrieved 
and sent to the Natural Radioactivity Laboratory of the 
Department of Earth Sciences, University of Coimbra, 
Portugal.  

Indoor gamma dose rates were performed by a 
Geiger counter (Gamma Scout) which is a calibrated 
measurement instrument for alpha, beta and gamma 
rays. This device was used for the measurement of 
gamma doses rates which was hourly acquired and 
stored for a time period between 25 and 45 days. Since 
this system acquires the dose continuously the 
variation of dose during different periods of time is 
averaged out. Therefore, long-term integrated 
measurements of gamma dose may be taken. 

3. RESULTS AND DISCUSSION 

3.1. Radon concentration in natural mineral water 

The results of radon concentration in natural 
mineral water samples taken from each one of the 
studied thermal spas (TS) are presented in Fig. 2 and 
Fig. 3. Radon concentrations in natural mineral water 
from ORL’s range between 26 Bq/L and 5325 Bq/L 
(Fig. 1). About 33% of the water samples taken in 
ORL’s from the considered thermal spas exceeded the 
action level for radon concentration recommended by 
the European Commission 2001/928/EURATOM, 
establishing for concentrations in excess of 1000 Bq/L, 
remedial action is deemed to be justified on 
radiological protection grounds. In what concerns to 
water samples taken from the ORL’s of TS7, the values 
of radon concentration are very different: 2624 Bq/L 
(ORL 7.1) and 1461 Bq/L (ORL 7.2). This can be 
explained by the different type of treatment (water 
utilization) in each one of these ORL’s. In addition, 
another important variable is that TS7 has an 
operating ventilation system which may function in 
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two ways: first to exchange air with the outdoor and 
secondly, to create over-pressurised air in order to 
avoid the radon intrusion into the ORL’s. The greater 
the pressure differential the higher the radon level 
which suggests that ORL 7.1 presents a higher pressure 
differential than ORL 7.2. 

 

 
Fig. 2 Radon concentration in water samples taken from the 

ORL’s chambers (Bq/L) 

In what concerns to water samples taken from the 
boreholes (BH) (Fig. 3), the concentration of radon is 
higher than in the water from the ORL’s, ranging 
between 41 Bq/L (TS1) and 6949 Bq/L (TS17, BH 17.1). 
However, only in 25% of the water samples, taken from 
boreholes of the 17 studied thermal spas, the 
concentrations were excess of 1000 Bq/L. The high 
concentrations of radon found in TS11 and TS17 may 
be explained by local the geological settings, a bedrock 
composed by metasedimentary rocks with high 
uranium and thorium occurrences [13, 14].  

 
Fig. 3 Radon concentration in water samples taken from the 

boreholes (Bq/L) 

The radon concentration was measured in the 
water from the buvettes of 2 thermal spas which may 
be used for ingestion depending on the medical 
prescriptions. The obtained results, 59 Bq/L for TS1 
and 973 Bq/L for TS2, only the TS1 did not exceed the 
reference level recommended by the European Union 
(100 Bq/L). Nevertheless, this difference is mostly due 
to the geological settings and consequently different 
characteristics of the thermal water from each one of 
these thermal spa. 

The concentration of radon was also analysed in 
water samples taken from the springs of 3 thermal 
spas. Only one result exceeded the reference level 
recommended by the European Union (100 Bq/L): 23 
Bq/L (TS1), 86 Bq/L (TS2) and 478 Bq/L (TS3). 

3.2. Radon concentration in the indoor air 

The results of radon concentration measured in the 
indoor air for each one of the studied thermal spas (TS) 
are presented in Table 1. 

Table 1 Radon concentration in indoor air  

TS Sampling location 
222Rn 
(Bq/m3) 

1 Technical area 422 
Medical Office 577 
Thermal pool 355 
ORL 707 
Hall Spa 841 

2 Technical area 481 
Thermal pool 618 
Access corridor to the thermal pool 1079 
Ludic pool  641 

3 ORL  375 
Steam hall 398 
Bathtubs 172 
Thermal pool 370 
Sludge area 467 

4 Rehabilitation pool 813 
Thermal pool 862 
Technical area 1692 

5 Thermal pool 517 
Treatment area 692 
Vichy shower 724 
ORL 329 
Access corridor to the thermal pool 566 

6 Thermal pool 449 
ORL  3479 
Vichy shower 674 
Thermal pool 784 

7 ORL  502 
Thermal pool 274 
ORL 401 
Vapours 453 
Vichy shower 437 

8 ORL 169 
Vichy shower 406 
Thermal pool 121 

9 ORL 312 
Access corridor to the thermal pool 116 
Vichy shower 112 
Thermal pool 73 

10 Jet shower 1130 
ORL 2298 
Vichy shower 1971 
Technical area 1145 
Thermal pool 1494 

11 ORL 146 
Thermal pool 203 
Vichy shower 93 

12 ORL 169 
Vichy shower 376 

 

The highest values of radon concentrations in 
indoor air were registered in the ORL’s of TS6 and 
TS10, followed by the Vichy shower of TS10 and 
technical area of TS4, which are above of the reference 
level of 300 Bq/m3, as published in the Directive 
2013/59/EURATOM, laying down the basic safety 
standards for protection against the dangers arising 
from exposure to ionizing radiation. These thermal 
spas have only natural ventilation (no mechanical) and 
are inserted in a radon prone area (with a geological 
setting mainly comprised by granites) in addition to 
the presence of a dense network of tectonic fractures 
intersecting different geological units. Lower radon 
concentrations were recorded in the thermal 
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swimming pool of TS9 and Vichy shower of TS11. In 
spite of these thermal spas being located in a geological 
setting favourable to the radon generation these have 
mechanical ventilation which may be the main reason 
for the lower values of radon concentration. 

3.3. Indoor gamma dose rates 

The indoor gamma dose rate was measured every 
hour (µSv/h) in different areas of 13 thermal spas: 
Medical Office (MO), Technical Area (TA), ORL, 
Thermal Pool (TP) and Steam Area (SA).  

The dose rates were registered for periods between 
25 and 45 days. The basic statistic parameters are 
presented in Fig. 4 for average (AV), median (MD), 
standard deviation (SD), minimum (Min) and 
maximum (Max). 

 

Fig. 4 Indoor gamma dose rates (µSv/h) 

The average of gamma dose rates ranged between 
0,148 µSv/h (TS2) and 0,645 µSv/h (TS3). This reflects 
the very different geological settings, in particular for 
the thermal spa with the highest dose rate (SP3) and 
for the thermal spa with the lowest dose rate (SP2), 
which are located in a zone comprised predominantly 
of granitic rock and in a geological framing comprised 
mostly of metasedimentary rock, respectively. 

The gamma dose rates ranged between 0,15 µSv/h 
and 0,65 µSv/h. The annual dose rate was estimated 
varying between 0,30 and 1,29 mSv/y, for 2000 
working hours per year, which is far below the effective 
dose limit for workers (20 mSv/y) (Directive 
43/EURATOM). However the great contribution for 
the annual effective dose will result from radon 
inhalation which is not included in this estimation. 

4. CONCLUSIONS 

The results showed that the recommended limit for 
drinking water of 100 Bq/L (2001/928/ EURATOM) 
was exceeded in 51% of the selected thermal spas. 
About 80% of the total measurements of indoor radon 
concentration exceeded the previous EU reference 
level of 200 Bq/m3 for new buildings and about 63% 
exceeded the new reference level of 300 Bq/m3 
(Directive 2013/59/EURATOM). Therefore, as the 
recommended limits for radon concentration in water 
and in indoor air were exceeded, appropriate actions 
should be taken in order to reduce the hazard to health 
from radon indoors and the potential resulting 
occupational exposure. 
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220 (thoron) that influenced the assessment of human 
exposure to radon-222 (9)in some premises. 

In a combined analysis of seven North American 
studies (4), the pooled size of the sample was 3662 cases 
and 4966 controls. In the analysis, it was found that 
the odds ratio corresponded to a value 11% per 100 
Bq/m3 (CI 0 – 28%). Later, to improve the accuracy of 
the estimates, only the studies in which people lived in 
no more than two homes, with the instrumental 
evaluation of radon exposure spanning over a period of 
more than 25 years were included in the analysis. As a 
result, the sample was reduced to 1910 cases and 2651 
controls, and the slope increased to 18% (CI 2 – 43%). 
No further analysis of the influence of measurement 
errors or errors in the exposure assessment was 
conducted. In fact, the resulting dependence of 
exposure-effect was obtained on the basis of observed 
data, although quite reliable (so called naïve 
evaluation). 

The most detailed case-control study is a 
combination of 13 European studies (1) with the total 
number of cases of lung cancer 7148 and controls 
14208. The combined study included the results of 
studies conducted in 9 countries. As a result, the risk 
assessment of lung cancer from the measured radon 
concentration was 8.4% per 100 Bq/m3 (CI 3-15.8%). 
Darby et al (1) noted that the influence of radon 
exposure errors leads to an underestimation of the 
exposure-effect dependence. In this regard, the 
correction of the measured values of radon 
concentration to obtain the most probable values of the 
true concentration of radon was performed. The 
detailed approach to the correction of the influence of 
radon measurement errors is presented in work (10). 

Until now, Russia has not conducted large-scale 
epidemiological studies on the effect of radon exposure 
on lung cancer. Only few small pilot studies were 
performed in two cities of the Middle Urals and 
Lermontov city on Caucasus (6 – 8). A large-scale study 
on the influence of radon on the incidence of lung 
cancer in Russia is at the planning stage now. The 
purpose of this planned study is to obtain the reliable 
data on radon exposure-effect dependence in a single 
study, conducted with a uniform approach to 
conducting the measurements and data analyzing. 

The aim of this work is to model such research, to 
assess the impact of errors on the research results and 
to select methods that allow taking into account the 
impact of these errors. In our study, the approaches to 
the modeling of radon studies described in works (5, 10) 
were used. 

2. MATERIALS AND METHODS 

At the first stage of modeling, the distributions of 
radon concentrations in a given population were 
generated. Based on numerous data, the assumption 
that the distribution of radon concentrations was quite 
precisely described by lognormal distribution was 
made. Therefore, in the simulation, the values of the 
geometric mean (GM) and the standard deviation of 
the logarithms of radon concentration (σLN) were set. 

Lung cancer incidence was modeled in the 
following way: 

• The baseline value of spontaneous lung cancer 
incidence was chosen. When using the age-specific 
incidence λ0(t), it was assumed that the frequency 
of spontaneous occurrence of lung cancer for non-
smoking men and women was, practically, the 
same (12). The data were approximated by fitting 
the function smoothly, depending on age t at the 
time of the risk assessment. 

• The age distribution of the population for t>40 
years was modeled by decreasing function 
generally corresponding to the probability of 
survival to a certain age. Ages up to 40 years have 
not been considered due to low probability of 
spontaneous occurrence of lung cancer. 

• For each member of the population, smoking 
status was modeled at random, and then the age-
specific probability of spontaneous occurrence of 
lung cancer has been multiplied by the coefficient 
of relative risk for a group of smokers. It was 
assumed that 60% of males and 30% of females 
have been exposed to smoking (smokers of 
different intensity or ex-smokers). The types of 
smoking groups and the relative risk values have 
been chosen in accordance with (1). 

• The probability of lung cancer occurrence as a 
result of the combined action of radon and 
smoking was calculated as: ܲ(ݐ, ,݃݊݅݇݉ݏ ܴ݊) = ܴܴ௦(1(ݐ)ߣ +  ோܴܴோ), (1)ܥ

where RRsm - the relative risk of lung cancer due to 
smoking in selected smoker’s group; RRRn - the 
relative risk of lung cancer due to radon exposure 
(0.16 per 100 Bq/m3(1)); CRn–average radon 
concentration influencing a given individual. 

• Using a random numbers generator, the number 
uniformly distributed in the interval 0 to 1 was 
generated. It was considered that lung cancer was 
realized and this individual belonged to the group 
"case" under the condition: 

RND≤ P (t, smoking, Rn).  (2) 

Otherwise, a person belonged to the group 
"control". For given values of the geometric mean 
of radon concentration and the standard deviation 
σLN, 106 stories were generated. The same numbers 
of men and women have been modeled. The 
modeled data on lung cancer incidence were in 
good agreement with European statistical data (11). 

To estimate the influence of errors, it has been 
assumed that the dominant type of errors are 
multiplicative errors, which are described by a 
lognormal distribution law(5, 10). The value of the 
multiplicative error is, due to errors in the calibration 
of detectors, the influence of seasonal variations of 
radon, uncertainties associated with the transition 
from the current values of radon concentration to the 
weighted average over a long period, etc., constant over 
the entire range of radon concentration in a given 
sample. To obtain the distribution of the values of 
radon concentration affected by the error influence, the 
individual “measured” radon concentrations were 
generated as ܥோ௦ = ݁xp	ൣ ݈݊൫ܥோ൯ + .ܯܴܱܰ ;ܦܴܰ)ܸܰܫ 0;  )൧,(3)ߪ

where NORM.INV – function which returns the 
inverse of the normal distribution for the specified 
mean and the standard deviation. 
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In general, the SIMEX method also allows 
obtaining the good assessment of expected value of the 
slope of exposure-effect dependence. The quadratic or 
cubic extrapolations give better results than linear 
extrapolation but it should be noted that SIMEX 
method leads to the underestimation of the real value 
of the slope coefficient.  

4. CONCLUSIONS 

The analysis allows making the following 
conclusions. When planning a large-scale national or 
international epidemiological study to detect the lung 
cancer incidence due to exposure to radon in the 
dwellings, the researchers should focus on the 
following issues: 

• Thorough identification of factors affecting both 
the concentration of radon in homes and lung 
cancer. Identify, if possible, the numerical values 
of the coefficients of proportionality for these 
factors. 

• Comprehensive assessment of the factors 
influencing the error of radon exposure 
assessment and numerical evaluation of all errors. 

• The analysis of the possible impact of errors on the 
observed values of the exposure-effect dependence 
and the choice of optimal techniques to obtain 
undistorted value of the desired parameter. 

• Results of exposure-effect dependence essentially 
associated with the choice of intervals in which the 
odds ratios are calculated. In this regard, the 
critical rule for choosing such intervals should be 
worked out. 

• Decrease in the slope of the exposure-effect 
dependence at presence of negative correlation 
between smoking and radon should be taken into 
account. It should be noted that this effect was 
observed when the "real" values of radon 
concentration were used. The influence of such 
factors on the results of the studies should be 
examined very carefully. 

• The modeling demonstrated that to obtain an 
acceptable statistical accuracy (~15% at 95% CI), 
the planned study should be comparable in scale 
to the combined European radon study, i.e. the 
number of cases should be within 6000 - 8000 
and the number of controls 12000 – 16000. In 
planning such study, the quality of selection of the 
control group should initially be at a high possible 
level. The detailed analysis of the numerical values 
of different errors influencing the radon exposure 
assessment are also very important due to the fact 
that error values will inevitably be used for the 
correction of naïve evaluations of exposure-effect 
dependence.  
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2. MATERIALS AND METHODS 

To calculate the radiation risks of solid cancer 
incidence at low LET radiation exposure, the risk 
extrapolation models as follow were used: 

1. BEIR VII (3) excess relative risk (ERR) and excess 
absolute risk (EAR) models; 

2. UNSCEAR 2006 (4) models: ERR linear model 
adjusted for age at exposure, ERR linear  and 
linear-quadratic models adjusted for sex, attained 
age, and years since exposure, EAR linear and 
linear-quadratic models adjusted for attained age, 
and years since exposure; 

3. RERF models: linear model from Report 13 (5), 
linear and linear-quadratic models from Report 14 
(6).  

To estimate the complete detriment at whole body 
exposure, radiation risks of leukemia incidence were 
additionally calculated using: 

1. BEIR VII EAR and ERR linear-quadratic models 
(3); 

2. UNSCEAR 2006 EAR and ERR linear-quadratic 
models (4) (quadratic risk assessment models were 
excluded from consideration because of their 
inapplicability at low doses); 

3. RERF linear-quadratic models (7).  

To calculate the radiation risks at radon exposure 
the following models based on the epidemiology of 
uranium miners have been used: 

1. BEIR VI model (time since exposure, age, 
concentration), based on the epidemiology of 11 
miners cohorts (8); 

2. WISMUT models based on epidemiology of cohort 
of German uranium miners (9 – 10) (modification of 
BEIR VI models using original epidemiological 
data); 

3. Model  based on the analysis of cohorts of French 
and Czech uranium miners (11), which takes into 
account the modifying effect of time since 
exposure and age at exposure;  

4. WISMUT models based on the epidemiology of 
cohort of German uranium miners (10, 12) 
(modification of model (11) using original 
epidemiological data); 

5. Tomasek model (13) based on the epidemiology of 
11 underground miners studies (modification of 
model (11) using another data); 

6. Two-stage mutation cancer models based on the 
epidemiology of French-Czech (14) or German (15) 
cohorts; 

7. Model, analogical BEIR VI model, based on data 
in mortality and lung cancer incidence in cohort of 
Eldorado uranium miners (16); 

8. Model, suggested by Environmental Protection 
Agency (17) (modification of BEIR VI model). 

The direct use of results of the miners studies for 
radiation risk assessment at indoor radon exposure is 
impossible. The main reasons are the differences 
between: 

• characteristics of occupational and population 
cohorts (age and sex distribution, smoking 
prevalence etc.); 

• atmosphere conditions in mines and dwellings 
(ventilation rate, aerosols concentrations etc.).    

While the risk assessment at external gamma 
radiation exposure is based on the data for both males 
and females (3 - 7), the risk assessments at radon 
exposure is based on the models developed with the 
use of the male miner’s epidemiological data (8 – 16). For 
females, there are no data about the dependencies of 
radiation risk on the age of exposure or time since 
exposure. The only reason to the using of the same risk 
assessment models for males and females at radon 
exposure is the fact, that excess relative risks, observed 
in collaborative analysis of European case-control 
studies (18), were approximately equal for both sexes. 

The model for indoor radon exposure can be based 
on time and age dependences obtained from miners 
studies, but should be normalized by results of the 
epidemiological studies in dwellings. One of such 
models suggested in work (19) as a transformation of 
WISMUT model (9) was normalized by results of the 
combined European study (18). To make the radiation 
risks assessment for population at radon exposure 
more detailed, some different miners models have 
been normalized on results of combined European 
study. Like in work (19), the ERR = 0.16 per 100 Bq/m3 
was considered as corresponding to lifetime radon 
exposure at normalization. The values of coefficients of 
proportionality in models were fitted to obtain the 
lifetime ERR = 0.16 at continuous radon exposure 100 
Bq/m3 from the birth to the age 95 years (maximum 
attained age in European study) under the use of 
revised model. In assessing of radiation risks from 
radon in general population, the modified models as 
follow were used together with model (19):  

1. EPA model (17);  

2. Model  based on cohorts of French and Czech 
uranium miners (11); 

3. Models,  based on the analysis of German uranium 
miners (10, 12), which takes into account the 
modifying effect of time since exposure and age at 
exposure; 

4. Two-stage mutation cancer models based on the 
epidemiology of German (14) cohort. 

At the fitting procedure, the dependences of 
spontaneous lung cancer rate λ0(t) on attained age t for 
both sexes and the probabilities of survival p0(t) to age 
t typical to European countries were used (20).  

During the radiation risk assessment, lifetime 
probabilities R of solid tumors in general, leukemia or 
lung cancer mortality for different radiation exposure 
scenarios were calculated as: ܴ =  ,ݐ)ߣ ,ݐ ݀) బ(௧)బ(௧) ቂexp	(− ,′ݐ)ߣ ,ݐ ݀)݀ݐ′)௧௧ ቃ ஶ௧ݐ݀   

(1) 

where ߣ(ݐ, ,ݐ ݀) – is radiation cancer mortality 
depended on time of exposure te, attained age t and 
radiation dose d. The statistically expected reduction in 
life expectancy was calculated as: 	Δ݈ = (௧)బ(௧) ݐ݀ −ஶ௧− బ(௧)బ(௧) ቂ݁ݔ ቀ− ,ᇱݐ)ߣ ,ݐ ݀)݀ݐᇱ௧௧ ቁቃ ஶ௧ݐ݀  .            (2) 

The ratio ܮ = Δ݈/ܴ gives the assessment of average 
value of years of life lost at realization of radiation 
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induced case of cancer. In classical approach to dose 
conversion convention, comparing of total detriments 
taking into account not only risks but other factors is 
needed. Therefore the average weighted between solid 
tumors and leukemia values of ܮ	ഥwere calculated. The 
detriment DetT for each model of radiation risk 
assessment at radon exposure was calculated according 
to ICRP Publication 103 (21)  ்ݐ݁ܦ = ்ܴሾ்݇ + (1 − ݍ)(்݇ + ்݇(1 − ))ሿݍ ത  ,  (3) 

where kT is the lethality fraction and qmin is the 
minimum weight for non-lethal cancers (value of qmin 
was set equal to 0.1 (21)). For whole body exposure 
detriment was calculated from the averaged values ்ܴതതതത 
and ܮ	ഥ . Because UNSCEAR and RERF models are 
completely based on the data of Hiroshima and 
Nagasaki cohorts we used the value of DDREF factor 
1.5 recommended by BEIR VII report (3). 

The DCF values between radon exposure and 
effective dose were determined as  ܨܥܦ = ௧ೠ/ೃ௧ೌ/ം  ,       (4) 

where PRn – radon progeny exposure (WLM); Dγ – 
dose of homogeneous whole body exposure by low LET 
radiation (Sv).  

3. RESULTS AND DISCUSSION 

At the initial stage, the comparison of risk 
assessments of whole body exposure with non-
modified models of risk assessment for miners radon 
exposure (non-modified models of risk assessment) 
was conducted. Both single exposure at different ages 
and prolonged radiation exposure were considered. In 
some models of risk assessment, the dependence dose-
effect is not linear (3, 4, 6, 7, 14, 15). Therefore, the DCF 
assessment for different levels of radiation exposure 
was conducted. In spite of the using miners models, 
calculations of detriment and DCF values were 
conducted both for males and females. The results of 
DCF assessment with the use of miners models 
presented in Table 1 and 2. The results of DCF 
calculations for general populations with the use of 
modified models of risk assessment at radon exposure 
are presented in Table 3. The variation coefficient for 
DCF values obtained by pair combination of different 
risk assessment models is ~0.53 for general population 
and ~0.82 for miners. 

The significant difference between DCF values for 
males and females is observed. With the use of miner 
models, ratio DCFm/DCFf is in the range from 4.0 to 
5.7, at the use of modified models of risk assessment at 
radon exposure, this ratio is in the range from 4.5 to 
7.0.The main reasons of such significant differences 
are: 

• radiation detriment for females at external gamma 
radiation exposure is approximately 1.5 times 
higher in comparison with males; 

• radiation detriment for males at radon exposure is 
approximately 3 – 4 times higher in comparison 
with females due to a significant difference in the 
spontaneous incidence of lung cancer between the 
sexes. 

 

Table 1. Dose conversion factors for high levels 
radiation exposure (single exposure 300 mSv and 
50 WLM or prolonged exposure 20 mSv/year and 

4 WLM/year) 

Age at 
exposure

Sex mSv/WLM nSv/(Bq⋅h m-3)

20 Males 11.8 18.5
Females 3.1 4.8

25 Males 11.6 18.2
Females 3.1 4.8

30 Males 12.1 19.0
Females 3.3 5.1

35 Males 13.3 20.8
Females 3.5 5.6

40 Males 15.1 23.8
Females 3.7 5.9

45 Males 16.5 25.9
Females 3.7 5.8

50 Males 16.7 26.1
Females 3.3 5.2

60 Males 13.8 21.7
Females 2.6 4.1

70 Males 10.1 15.8
Females 2.2 3.4

80 Males 7.9 12.4
Females 1.8 2.9

20-60 Males 14.7 23.1
Females 3.7 5.7

0-100 Males 12.4 19.5
Females 3.2 5.1

Table 2. Dose conversion factors for low levels 
radiation exposure (single exposure 5 mSv and 

1 WLM or prolonged exposure 1 mSv/year and 0.2 
WLM/year) 

Age at 
exposure

Sex mSv/WLM nSv/(Bq⋅h m-3)

20 Males 13.3 20.8
Females 3.3 5.2

25 Males 13.0 20.4
Females 3.3 5.2

30 Males 13.6 21.4
Females 3.6 5.6

35 Males 15.2 23.8
Females 3.9 6.2

40 Males 17.4 27.3
Females 4.1 6.5

45 Males 18.9 29.7
Females 4.1 6.4

50 Males 19.4 30.4
Females 3.7 5.8

60 Males 17.0 26.6
Females 3.0 4.8

70 Males 13.9 21.8
Females 2.9 4.5

80 Males 12.1 19.1
Females 2.7 4.2

20-60 Males 15.1 23.7
Females 3.6 5.6

0-100 Males 12.4 19.5
Females 2.9 4.6
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OF NATURAL RADIOACTIVE ELEMENTS 
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Abstract. Measurements of the emanation properties were made for the <sooty> brown coals of the Kansko-Achinsk 
coal basin, which had a high concentration of natural radioactive elements. The measurements show that emanation 
coefficient for the dry and wet samples are very different and vary in the following range: calculated emanation 
coefficients for the dry samples vary from 15% to 29%, and for the wet ones vary from 30% to 41%. 

Key words: radon, emanation, coals, volume activity, trace elements, emanation coefficient 

1. INTRODUCTION. 

The Kansko-Achinsk coal basin (Fig.1) is located 
mostly in the Krasnoyarsk region and partially in the 
Kemerovo and Irkutsk regions. The jurassic brown 
coals of the Kansko-Achinsk coal basin (Jurassic 
depositions of the southern edge of the Western-
Siberian plate and the Siberian platform) are the 
operating source of combustible for thermal power 
stations and for house use by locals of Western Siberia. 
This coal basin is unique due to its immense 
dimensions and giant reserves of brown coal that are 
suitable for opencast mining. Its reserves down to 1800 
m depth were estimated as 1220 billion tons [1–3]. The 
Lower-Middle Jurassic coal-bearing formations in the 
western part of the basin formed a great syncline with 
gently sloping northern and southern limbs (Figure 1). 
The thickness of the coal layers reaches 60–80 m. 
From west to east nine great coal deposits are 
distinguished: Tisul’, Uryup, Barandat, Beryezovo, 
Kibiten’, Altat, Nasarovo (southern limb of syncline), 
Itat, Bogotol (northern limb of syncline). The coal 
layers lay almost horizontally. Everywhere, they are 
recoated by quaternary sediments. Coal deposits here 
are very convenient for an opencast mining. The 
typical unaltered coals are characterized by low trace-
element contents and have correspondingly a low 
radioactivity. According to known data, the average 
contents of uranium in unaltered coals for various 
deposits of the western part of the Kansko-Achinsk 
basin vary from 1 to 11 ppm (12–140 Bq/kg). The ash 
content of such coals is 6–16% [3–6]. Usually the 
upper part of the coal layers located directly under 
quaternary sediments is oxidized. The uppermost 
horizons of coal (0.5– 1.5 m) are most oxidized. They 
often become friable and have “sooty” structure. As the 
result of oxidation, geochemical barriers are 
distinguishable which promote the accumulation of 

trace elements. Ash content increases here up to 25–
35%. Oxidized and especially “sooty” coals are often 
strongly enriched by uranium and its decay products 
[3–5, 7, 8]. Uranium content in “sooty” coals can reach 
2100 ppm (26000 Bq/kg). The radioactive anomalies 
connected with oxidized (“sooty”) coals localized in 
some brown coal deposits of the western part of the 
Kansko-Achinsk coal basin are studied in this work. 

High radioactivity of «sooty» coals means that they 
can be a significant Rn source. A close vicinity to the 
surface and a frequent interaction with ground water 
makes them potentially dangerous for people, so far as 
the Rn released from coals can enter into their 
environment with water, by diffusion to the surface, or 
while using the coals in daily living needs. 

In this paper the emanation coefficient is the ratio 
of the amount of radon emitted from the substance to 
the total amount of radon produced in a given 
substance for a certain period of time, i.e., the ratio of 
the speed selection emanations to the speed of its 
formation in the sample. Emanation rate is radon 
creation speed within coals.  

Fig.1 Map of the coal-bearing Jurassic formation in the 
West Siberia (the western part of the Kansko-Achinsk brown 

coal basin) and location of the sampling sites [8]
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2. DETAILS 

 2.1. Coal samples 

For emanation characteristic measurements one 
example from each coal mine (Fig.1) has been selected. 
All examples collected are enriched with U-238 and 
Ra-226 elements. 
The first example (13/06-4) is a naturally exposed 
radioactive coal near Glinka village that has been 
collected from 40-45 cm depth (Fig.2). The coal sheet 
has near-surface parts covered just with soil (5-15 cm 
thickness). Concentration of Pb-210 is lower than for 
equilibrium state which points to noticeable radon 
emanation from this coal type (40% and higher). Using 
gamma-spectroscopy method for this sample the 
following content of radioactive elements has been 
obtained: 3365 Bq/kg (U-238), 4223 Bp/kg (Ra-226), 
2880 Bq/kp (Pb-210), while Th-323 content for this 
coal type is no more than 1 g/ton. There is some 
equilibrium displacement in the sample between 
uranium and radium in favor of the latter. The mass of 
the sample is 102,7 g. Finally, the calculated Rn-222 
activity of the sample is 434 Bq. 
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Fig.2. Trace element distribution in coals from Glinka village 
for 13/06 samples. The horizontal line shows the depth of the 
sample investigated in the current work. [8] 

The second sample (KA05-13/3) is a “sooty” coal 
from Beryozovky mine. The sample has been collected 
from 40-50 cm depth from coal- Quaternary Period 
sediments contact. The thickness of the overlapping 
Quaternary Period sediments doesn’t exceed 10 
meters. The thickness of the oxidized coal with 
increased radioactivity for this deposit doesn’t exceed 
2.5 meters. Also, it should be noted that this deposit 
contains coal with noticeable radioactive equilibrium 
shift to radium (fig. 3). Using the same gamma-
spectroscopy method as for the previous sample, the 
following content of radioactive elements has been 
obtained: 433 Bq/kg (U-238), 2004 Bp/kg (Ra-226), 
2050 Bq/kp (Pb-210). Th-323 content for this sample 

can be neglected. The sample mass is 8.9 g. Rn-222 
activity of the sample is 17.9 Bq. 
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Fig.3. Trace elements distribution in coals from Berezovsky 
mine for KA5-13 samples. The horizontal line shows the depth 

of the sample investigated in the current work. [8] 

The third sample (KA07-3/8) is a “sooty” coal from 
Itatsky mine. This sample has been collected from 25-
35 cm depth from coal- Quaternary Period sediments 
contact. The thickness of the overlapping Quaternary 
Period sediments doesn’t exceed 6 meters. While the 
upper part of the coal sheet has shifted the radioactive 
equilibrium to U (fig. 4), the collecting point U and Ra 

concentrations are near equilibrium. The content of 
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the sample investigated in the current work. [8]
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the radioactive elements in the third sample is: 1063 
Bq/kg (U-238), 1083 Bp/kg (Ra-226), 1131 Bq/kp (Pb-
210). Th-323 content doesn’t exceed 1 g/ton. The 
sample mass is 9.2 g. Rn-222 activity of the sample is 
10 Bq. 

 

2.2. Equipment 

For radon volume activity measurements a 
specified apparatus has been constructed. The whole 
complex consists of Radon Radiometer PPA-01M-03 
and a special sampler POU-4 (produced by NTM 
“Zaschita”) [9]. 

Measurements of volume activity are based on 
electrostatic sedimentation of Rn-222 decay products 
(positive Po-218 ions (RaA) on semiconductor detector 
from the collected air. Then, Rn-222 activity is 
calculated using alpha-spectroscopy methods by 
measuring number of alpha-particles from RaA decay. 

 

2.3. Emanation characteristics 

The main goal of all experiments was to obtain the 
dependence of samples’ volume activity value on radon 
exposition time in the collecting chamber. In order to 
fulfill this goal, the method of volumetric activity 
measurements in air has been used. A sample was, 
after being weighed, placed in powder into the 
collecting chamber (chamber’s volume is 2 liters), and 
after the chamber sealed Rn and its decay products 
were collected in the chamber. Then, the chamber’s 
content was moved into the measurements chamber by 
using a sampler. To reduce the inaccuracy of the 
radiometer, each measurement was repeated 5 times. 
After each measurement cycle, the whole system was 
cleared from Rn and its decay product. The resulting 
accuracy was 30%. 

 

3. DISCUSSION 

For the first sample (Fig.5), emanation coefficient 
measurements were made only for dry conditions. As 
the result of calculations, the obtained EC is 29% and 
the emanation rate was 127 Bq. The maximum 
measured radon volume activity value was 32657 
Bq/m3. Also, for the site, the following parameters 
were measured: 1) radon volume activity in the soil air 
is 205000 Bq/m3; background radiation is 2000 
Bq/m3 2) Rn activity flux is 1600 mBq/m2s; 
background radiation is 62 mBq/m2s. These 
indications confirm the emanation coefficient. 

To fix the correlation between Rn emanation from 
rocks and moist content, measurements for the second 
sample (Fig.5) were made either for dry or moist 
states. For the first case, the following values were 
obtained: the maximum measured Rn volume activity 
is 2120 Bq/m3; EC is 22%; emanation rate 4 Bq. And 
for the second case, the maximum measured Rn 
volume activity is 4356 Bq/m3, EC is 41%, emanation 
rate is 8 Bq. 

As mentioned above, the upper horizons of the coal 
are very oxidized. As a result, they have become friable 
with “sooty” structure. This structure supports Rn 

emanation from these coals. As a consequence, we can 
see the radioactive equilibrium displacement.  

As in the previous case, the measurements of the 
third sample (Fig.5) were made for both dry and wet 
states. The maximum value of radon volume activity in 
the accumulation chamber was: 1) for the dry sample 
1673 Bq/m3 2) for the wet sample 3239 Bq/m3. The 
resulting emanation coefficients for the dry and the wet 
samples were 15% and 30%, respectively; the 
emanation rate was 3 Bq and 6 Bq, respectively. These 
results are quite consistent with the indications for 
sample KA05-13/3. 

 

Similar results are confirmed by other authors [10-
12]. 
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4. CONCLUSIONS 

In this work, coefficients of radon emanation have been 
obtained from several samples of sooty coal Kansk-Achinsk 
coal basin. The correlation between moisture content in the 
samples has been determined as well as the amount of radon 
released from the sample. 
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RADON MEASUREMENTS IN KINDERGARTENS IN URAL RADON PRONE AREAS 
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Abstract. Indoor radon concentrations have been measured in 80 kindergartens in villages and towns of the Ural 
region, Russia, using the LR-115 nuclear track detectors. Detectors were placed in 270 rooms for a 1-2 month during 
the winter and summer seasons. The arithmetic and geometric means of annual indoor radon concentrations are 57 
and 39 Bq/m3 respectively, σLN=0.89. The measured levels of the indoor radon are relatively low. We have found only 
one kindergarten where radon concentration is above the national action level of 400 Bq/m3 for existing buildings. The 
statistically significant difference between mean radon concentrations in rooms located on the ground floor 
(64 Bq/m3) and the first floor (44 Bq/m3) was observed. No significant difference of radon concentrations depending 
on building materials (bricks or concrete) was found. 

Key words: radon, kindergartens, track detectors. 

1. INTRODUCTION 

The screening study of radon concentrations in 
schools and kindergartens in the Ural region, 
Russia, was carried out in early 1990s [1]. The radon 
concentration measurements were conducted by 
track detectors in more than 300 schools and 
kindergartens in 15 districts and practically all big 
cities of Sverdlovsk oblast, Ural region, Russia. The 
map of radon potential for the territory of 
Sverdlovsk oblast is presented in work [1]. This 
region was divided to medium, elevated and high 
radon potential zones (Figure 1).  

 
Figure. 1. The map of radon potential for the territory 

of Sverdlovsk oblast (solid lines -high; dotted line - 
elevated; dash-dot lines - medium radon potential) 

Within the Radon Program of Sverdlovsk oblast, 
local authorities recommended to conduct a radon 
survey of kindergartens in certain districts. The 

kindergartens were selected for several reasons: 
they are easily accessible through the local 
authorities, buildings have a typical construction, 
and also, surveys using radon measurements in 
schools and kindergartens have been performed in a 
number of countries throughout the world and are 
still a point of interest [2-4]. 

This paper presents the first results of 
measurements in 80 kindergartens in villages and 
towns of Sverdlovsk oblast, Ural region. 

2. MATERIALS AND METHODS 

Passive integrating measurement technique 
using solid-state track detectors is the most suitable 
method for the purpose of long-term radon 
measurements. For our radon survey, the following 
measuring instruments and devices were used: track 
detectors based on Kodak LR-115 foil, diffusion 
chamber REI 4, automatic spark counter of tracks 
AIST-2 and etching equipment. The quality 
assurance programme of the survey was aligned 
with Russia’s national metrological system. All 
measurement devices passed through authorized 
metrological certification and additional calibration 
using radon chamber supplied with an 
AlphaGUARD PQ2000 PRO radon monitor 
calibrated by the NIST (USA) 
radium-226/radon-222 radioactivity standard. Total 
uncertainty of radon concentration measurement 
conducted by a single solid-state track detector was 
estimated as 30–40% (p = 0.95). 

Also, a radon monitor device AlphaGUARD was 
used to continuously measure radon concentration 
during a short period of time in one of the 
kindergartens. The measurement interval was set to 
60 minutes in diffusion mode. 
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The measurement campaign was carried out 
from March 2013 till November 2014. 
Measurements of indoor radon concentrations in 
villages and towns of Sverdlovsk oblast were 
performed in 80 kindergartens located in five 
administrative districts: Rezhevskoy, Irbitsky, 
Sysertsky, Bogdanovichsky, Asbest. Detectors were 
installed in 240 playrooms and 30 bedrooms for day 
nap (3 or 4 rooms per kindergarten) for a 1-2 month 
by specialists from the radiation laboratory of IEE 
UB RAS. Together with detector mounting, 
questionnaire for recording the characteristics of 
buildings and rooms was filled. After the exposure 
period, the specialists packed the radon detectors in 
a plastic bag and returned them to the laboratory. In 
each kindergarten, measurements were performed 
twice: during the winter and summer seasons to 
take into account seasonal variations. Winter season 
represents a period with central heating, summer 
season – without it. For the Ural climate zone, the 
heating period lasts from October till May. The 
annual radon concentrations in rooms were 
calculated as the arithmetic mean of two seasonal 
measurements. 

The sample of facilities included in this 
procedure presents a sufficiently representative 
subgroup (approximately 15 kindergartens) for each 
of the five districts. Almost all kindergartens are 
two-storey buildings, only 7 kindergartens are one-
storey buildings and 2 kindergartens are three-
storey buildings. Detectors were installed in 2 rooms 
on the ground floor and in 1-2 rooms on the first 
floor. Most of the measurements were carried out in 
concrete panel and brick buildings (66% and 30% 
respectively). About half of the measurements were 
carried out in buildings constructed between 1950 
and 1969, and a quarter of the buildings were built 
before 1950. 

3. RESULTS OF THE RADON SURVEY 

Distribution of radon concentrations in the 
sample of kindergartens included in the survey is 
shown in Figure 2. Indoor radon concentration is 
quite well approximated by a lognormal 
distribution, therefore the log-transformed data 
were considered in the statistical analysis. 

 
Figure. 2. Distribution of mean radon concentrations in 80 
kindergartens. The lognormal distribution, χ2=0.91, df=3, 

p=0.82. 

The arithmetic and geometric means (AM and 
GM) of annual indoor radon concentrations in all 
rooms are 57 and 39 Bq/m3 respectively, σLN=0.89. 
Descriptive statistics of annual radon concentration 
in all districts are given in Table 1. This table 
describes the comparison of radon concentrations 
measured in all types of building and floors. 
Geometric mean in the Bogdanovichsky district is 
the highest one, while geometric standard 
deviations (GSD) in these subgroups are practically 
identical. There is significant difference (p<0.05) 
between radon concentrations in rooms located on 
the ground floors in the Bogdanovichsky district 
compared to rooms located on the ground floors in t 
Rezhevskoy, Sysertsky and Asbest ones. 

The statistically significant difference between 
annual radon concentrations in rooms located on 
the ground floor and the first floor was observed, 
t value is 2.84, p=0.0048 (Table 2).  

Table 1. Parameters of radon concentration 
distribution for different districts. 

District N, 
rooms 

Max, 
Bq/m3 

AM, 
Bq/m3 

GM, 
Bq/m3 

GSD 

Asbest 60 195 31 22 2.28 
Bogdanovichsky 54 624 88 66 1.98 
Irbitsky 60 180 62 49 2.21 
Rezhevskoy 56 152 50 36 2.39 
Sysertsky 40 152 55 42 2.25 

Table 2. The comparison between subgroups of 
rooms located on different floors. 

Floor N, 
rooms 

AM, 
Bq/m3 

GM, 
Bq/m3 

GSD Max, 
Bq/m3 

ground 165 64 45 2.40 620 
1st 105 44 33 2.36 150 

 

The seasonal variation analyses in the subgroup 
of ground floor rooms showed higher radon 
concentrations during winter time (heating period). 

No significant difference of radon 
concentrations depending on building materials 
(bricks or concrete) was found. To identify the 
secondary factors influencing radon concentration 
in buildings, such as the type of building or the year 
of construction, the sample size should be greater. 
In future, we plan to extend it. Concentrations 
exceeding the national action level (400 Bq/m3 for 
existing buildings) were detected only in one 
kindergarten. In a playroom situated on the ground 
floor, the annual radon concentration was 620 
Bq/m3. For this room, the effect of living habits on 
radon concentration was studied using 
AlphaGUARD radon monitor, which was installed 
during two weeks. As can be seen in the figure 3, 
high levels of radon concentrations are observed 
only in the periods when people are not present in 
the room (night time and weekends). The same 
situation was described in the work [5]. The mean 
radon concentration during daytime, when the room 
is occupied, is 120 Bq/m3, while the mean value for 
the whole period is 260 Bq/m3. 
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Fig. 3. Effect of living habits on radon concentration in 

playroom. 

4. CONCLUSIONS 

The results of the survey show that the measured 
levels of the indoor radon in kindergartens are 
relatively low in spite of the elevated radon potential 
of the territory. 

The results allow the evaluation of the maximum 
exposure of children to radon, since integrated 
measurements were performed. Also, the results 
could be useful for comparing radon concentration 
in kindergartens and in dwellings. 

We have found only one kindergarten, where 
radon concentration was above the national action 
level. Sealed building substructure and a tight 
building envelope form high indoor radon 
concentrations when the building is not occupied 
(typically at weekends, during holidays and at 
night). On the contrary, ventilation rate is high 
enough when children and personnel are present in 
the playroom. High radon concentrations during the 
periods when the building is not occupied may lead 
to the high radon levels reported by the long-term 
integrated detectors. However, the real exposure for 
children attending this kindergarten will be lower. 
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Abstract: The content of radon-222 in living and commercial buildings in the territory of Yakutia was investigated. 
There is an altitudinal gradient of radon. Low temperatures in unventilated accommodations contribute to the 
accumulation of radon. In a nine-floor building with a maximum volumetric radon activity concentration of 45 Bq/m3 
on the ninth floor, a person receives an effective dose of 1.935 mSv/year. According to the standards of the 
International Commission on Radiological Protection, an individual annual effective dose of radon should not exceed 
10 mSv/year. According to these international standards, in this building a person gets a dose 5 times smaller than the 
threshold annual effective dose. According to Russian standards, the allowable radiation dose of radon should not 
exceed 3.34 mSv/year. Consequently, in the hostel a person receives an annual dose which is 1.7 times lower than the 
maximum allowable concentration (MAC) of Russian standards 

Key words: radon, maximum allowable concentration, effective dose 

Main text 
 
For the measurement of the volumetric radon 

activity concentration in Central Yakutia, we used the 
AlphaGUARD device (GenitronInstrumentsGmbH, 
Germany) and the radon radiometer RRA-01M-03 
(“NTM-protection", Moscow, Russia). The radiometer 
RRA-01M-03 allows the measurement of the 
volumetric content of radon in air, exhalation of radon 
from the soil, and radon content in water. The 
AlphaGUARD device has the biggest sensitivity 
compared to all other devices, and it is related to the 
arbitration class. With the help of this device, 
calibration and verification of all other measurements 
of radon were carried out. 

The volumetric radon activity concentration 
in a nine-story stone building (student residence No. 
6B) and a one-story wooden building near Yakutsk and 
in the Oy village in the Khangalass region of Yakutia 
has been investigated. Radon emanation from stone 
samples taken from the Èl′konskij uranium-ore field in 
the Aldan region of Yakutia has also been investigated. 
 In October, in the nine-story stone building 
the maximum value of radon concentration was found 
on the first floor - Rn = 19 ± 7 Bq/m3, and the 
minimum concentration on the ninth floor - Rn = 4 ± 3 
Bq/m3. In December, the maximum value was equal to 
45 Bq/m3 and the minimum value was equal to 4 
Bq/m3. According to Russian Federation standards, 
the maximum allowable concentration of radon in air 
is 200 Bq/m3. It means that the maximum value in the 
student residence No. 6B is 10 and is 4,5 times smaller 
than MAC-value in October and December 
respectively.  

At 6 km away from Yakutsk, in the wooden 
house located at the range of the North-Eastern 
Federal University, there is a basement for meat 
storage. The volumetric radon activity concentration 
measured in the house in April at -25 ºС was equal to 
497 ± 89 Bq/m3, which is 2,5 times greater than the 
maximum allowable concentration in the Russian 
Federation. In the wooden house basement a 
maximum of 312 ± 62 Bq/m3 at -25 ºС has been 
observed. It is 1,5 times greater than the maximum 
allowable concentration in Russia.  
 Emanation from stone samples was 
investigated with the help of an AlphaGUARD device. 
The stones and the device were placed in the sealed 
measuring chamber. Each measurement was carried 
out in 2 hours. The maximum value was found in the 
sample No.2-5/3 - 122 Bq/m3, and the minimum was 6 
Bq/m3 in the sample No.2-4/2. A new method of 
radiation quality estimation of building materials by 
emanation of radon inside a tight measuring chamber 
was offered. Also, a comparison of equilibrium 
concentrations of radon with MAC inside living under 
construction buildings was offered. This MAC is 200 
Bq/m3 in accordance with the standards of the Russian 
Federation. Radon concentration of the sample No.2-
5/3 was higher than the MAC-value so these stones 
cannot be used as materials for residential buildings, 
but if their specific effective activity of potassium-40, 
radium-226 and thorium-232 becomes smaller than 
MAC (740 Bq/l), their use in road construction work in 
settlements is possible. The test No.2-4/2 with the 
minimal volumetric radon activity concentration of 6 
Bq/m3 is suitable for civil and road construction. 

At 63 km away from Yakutsk city in the Oy 
village in the Khangalass region of Yakutia, the 
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measurements were carried out in October in an 
inhabited one-story wooden house. The device was 
near a gas boiler, and the results were recorded at the 
moment when the oven was turned on. The maximum 
value of the volumetric concentration of radon was 229 
± 45 Bq/m3, and the minimum was 33 ± 12 Bq/m3. 
Also, measurements were carried out in Hatyng-
Yuryakhsk roadway, 5 km away from Yakutsk, in a 
cottage with gas heating. In November, the maximum 
volumetric radon activity concentration was 163 
Bq/m3, and the minimum was 8 Bq/m3. In March, the 
maximum value was equal to 21 Bq/m3, and the 
minimum was equal to 2 Bq/m3. 

 
Conclusion 
 
 1. There is an altitudinal gradient of radon, 

which shows that it is higher on the first floor than on 
the ninth floor of the nine-story building. 

2. Low temperatures in unventilated 
accommodations contribute to the accumulation of 
radon. 

3. The results obtained showed that the MAC 
value is exceeded at several times. 

4. In the nine-story building with a maximum 
volumetric radon activity concentration of 45 Bq/m3, 
on the ninth floor a person receives an effective dose of 
1.935 mSv/year. According to Russian standards, the 
maximum allowable radiation dose from radon is 3.34 
mSv/year. Consequently, in a hostel, a person receives 
an annual dose 1.7 times lower than the MAC of 
Russian standards. 

In the basement used for meat storage, the 
volumetric radon activity concentration is 497 ± 89 
Bq/m3, which corresponds to an effective dose of 
21.371 mSv/year. This is 6 times higher than the 
established norm in the Russian Federation. 
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Abstract. The charge collection performance of a diamond-graphite detector is reported. Buried graphite pillars 
with high aspect ratio were formed inside a single crystal synthetic diamond slab by using a femtosecond IR laser 
with 200 kHz of repetition rate. Grouped in two series and connected by graphite strips on the surface, eight 
independent 3D electrodes were used to collect the charge carriers generated by energy deposited in the detector. 
Collimated 90Sr,Y β-particles were used to test the charge collection in coincidence and self-triggering mode among 
pillars rows using different irradiation geometries. The charge collected by one pillar row saturates at 1.40±0.02 
fC at ±0.67V/μm with electrons impinging orthogonally the rows demonstrating a high charge carrier collection 
efficiency. 

Key words: CVD Diamond, Electric contacts, Graphite pillars, 3D sensors, β-particles 

1. INTRODUCTION 

Solid carbon shows very different mechanical 
properties depending on 3D or 2D carbon-carbon 
bond organization. The first case leads to 
crystalline diamond with a very tight lattice and the 
highest mechanical hardness; the latter refers to 
graphite with ordered planes able to slide one 
respect the other and leading to lubricant 
properties. Moreover, considering the high energy 
needed to displace a single atom from the very 
compact lattice (1.76×1023 at/cm3), diamond shows 
also important electronic properties for the 
fabrication of devices suitable to detect 
electromagnetic radiation from UV to the X-ray 
region [1] and for charge particles detection in high 
luminosity/high energy physics experiments [2]. 
Besides, its wide band gap energy (5.47 eV) makes 
this solid transparent to VIS-IR radiation also 
assuring very low electrical conductivity in the dark 
(<10-15 S/cm). High mobility (up to 2400 cm2/Vs) 
and saturation velocity (∼2×107 cm/s) jointly with 
charge carriers lifetimes as high as 0.321 μs for 
electrons and 0.983 μs for holes have been 
demonstrated [3] in synthetic diamond samples 
deposited by CVD techniques. The very high 
thermal conductivity of single crystal diamond (22 
W/cm K), concurrently with mechanical and 
electronic features, ensures power dissipation, 
temperature stability, charge collection efficiency, 
high signal sensitivity, fast transient response, 
possibility of real-time analysis, low noise and 
radiation hardness for diamond based devices. All 
such characteristics are fundamental for radiation 
detectors suitable to monitor intense pulsed 
sources like UV lasers, synchrotron radiation 

beams and X-ray facilities. Detection and tracking 
of nuclear particles also require sensitive and fast 
detectors with low electronic noise, assured in this 
case by the small dielectric permittivity (~5.5) of 
diamond material. The other ordinate solid form of 
carbon, the graphite, thanks to its high electrical 
conductivity (~1.3×103 S/cm) is suitable for the 
realization of bulk conductors even if good 
performances have been demonstrated in the form 
of thin layer for the fabrication also of conductive 
strips, array and pads in alternative to 
metallization [4,5] and for buried contacts in 3D 
detector architectures [6,7]. The fabrication of 
amorphous or nano-graphite pillars and micro-
channels inside the bulk diamond volume has been 
already introduced together with the electrical 
characteristics using different graphitization 
approaches [8-10], although only laser writing with 
ultra-short pulses allows local graphitization of the 
diamond bulk at any depth and along arbitrary 3D 
trajectory [8,11]. Nevertheless, power density 
control, graphitization rate and aspect ratio are 
very critical items to avoid mechanical cracks along 
the graphite/diamond interface where electronic 
active defects, with strong charge carrier 
recombination capability, could be generated by 
thermal stress and volume expansion. Here we 
present a radiation detector with buried graphite 
pillars having a high aspect ratio, wired among 
them using surface graphite runners and without 
the need of more metallic pads. This 3D detector 
has been simulated, electrically characterized and 
tested with low activity radioactive sources 
demonstrating to be suitable for X-rays and 
electron spectroscopy. 
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2. EXPERIMENTAL ISSUES 

2.1. Material 
A single crystal CVD diamond produced by 

Elements Six, 3×3 mm2 large and 0.5 mm thick was 
used in this work. The four lateral faces were lapped 
using common polishing techniques for further real 
time observation of the appearance and propagation 
of laser graphitized regions in the bulk of diamond. 
A 20x microscope objective and a CCD camera were 
used for this purpose. 

 
2.2. Graphitization and device realization 
The diamond sample was installed on a 

computer-controlled XYZ translation stage 
equipped with DC motors for precise 3D movement 
of the focal point regarding the sample surface. 
Local graphitization of the plate was performed with 
400 fs pulses of VaryDisc50 laser 
(Dausinger+Giesen Gmbh) operated at 1030 nm 
wavelength at 200 kHz of pulse repetition rate. The 
laser beam was tightly focused inside the diamond 
plate and moved in XYZ directions to form 
conductive graphitic electrodes on the back surface 
and in the bulk. The pulse energy was varied in the 
0.2-0.8 µJ range. Figure 1 shows a graphite pillar 20 
μm in diameter. 

 

Fig. 1. Graphite pillar of 20 μm in diameter. 

Altogether, 212 parallel buried graphite pillars, 
380±20 µm long (deep) and 150±5 µm apart, were 
produced one by one, with the pillar diameter of 
about 20 µm (see figure 1). They were grouped in 
two series along one direction by means of proper 
planar back contact patterns (~50 μm wide and ~10 
μm thick, 150±5 μm apart) realized with the same 
laser technique. The resulting contacts constitute 
the terminals for eight different strips (named 
channels in the following) used for signal 
acquisition surrounded by others connected pillars 
used for channel biasing. Due to the pillars planar 
body centered structure, also considering the 
wideness of each graphite strip and pillars diameter, 
in the following we will consider an effective 
distance among surface strips equal to Leff=120±5 
μm and √2Leff μm between a couple of isolated 
pillars connected to different voltages.  

The Raman spectra taken at the strip surface 
and pillar termination, on the external surface, is a 
proof of nano-graphite formation. The observed 
features in the spectra (D and G peaks) were similar 
to those reported elsewhere for diamond irradiated 
with a Ti:sapphire laser (1 ps, λ=800 nm). The 
fabricated device was then glued with silver paste on 
a double face printed circuit board (PCB) and the 
first series of pillars wire bonded with 25 μm Al/Si 
standard wires directly on the graphite strips and 
used as powered electrode. As the formed nano-
graphite shows very good adhesion to the 
underneath diamond, there was the possibility to 

directly bond the wires. This electrode is located all-
around the residual series of connected pillars. The 
second series forms eight groups of vertical 
electrodes, 300 μm apart, wire bonded separately - 
without any metallization - to copper strips on the 
PCB (see figure 2) which are connected to the signal 
input of a CAEN A1422H-F2 (45 mV/MeV in Si) 
hybrid charge sensitive amplifier having an input 
test (C=1pF) to be used for calibration. 

 
Fig. 2. 8-Channels wire bonded 3D detector. 

One meter long cables with LEMO and MCX 
connectors were used to bring signals to the 
digitizer. To maintain the electronic noise as low as 
possible, the bonding length was maintained similar 
and solid state batteries were used for ±12V low 
voltage amplifiers power supply. A dc-coupled 
configuration for supplying detector bias was also 
chosen to this aim being the extrinsic contribution 
to the noise mainly due to the detector capacitance. 
We have estimated the capacitance of the collection 
volume of a single channel, although be difficult to 
define its real active area. A capacitance of 0.03 pF 
was calculated on the basis of 11 graphite pillars 
faced to 26 ones all around. This value could appear 
quite low and must be considered a rough lower 
limit estimation of a channel capacitance. On these 
basis, the signal-to-noise ratio of acquired curves 
will be defined by the observation time, digitizer 
voltage threshold and measuring statistics. 

 
2.3. Measuring methods 
The pulses amplitude distribution and charge 

carriers collection of each the eight pillars group (a 
channel) was analyzed under collimated 1 MBq 
90Sr,Y test source, 1 mm in diameter (QSA Global, 
code SIFB13505, item 22/2006). The source holder 
and collimator was a brass cylinder 25 mm long, 
suitable to host the source, with an aperture 0.4 mm 
in diameter and 5 mm deep on one side, located at 
different distance from the detector depending on 
the test. Two different measurement setups were 
used: (i) fast counting collection in self triggering 
mode on each digitizer channel; (ii) slow counting 
collection mode using the smallest selectable 
coincidence window, equal to 10 ns, between two 
collecting channels among the eight available ones. 
High voltage CAEN N1471A power supply and two 
different digitizers: CAEN N6724A 2-cannels, 14 bit, 
100 MS/s and 500 mVpp of dynamic range was used 
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for data collection and spectroscopy analysis using 
CAEN DPP-PHA digital pulse processing package; 
V1724 8-channels, 14 bit, 100 MS/s and 500 mVpp 
for traces dumping - 10μs of acquisition time - using 
the N6724A coincidence output trigger. An Agilent 
33250A waveform generator with suitable rise and 
decay built-in curves was used to produce a 
calibration curve to convert the pulse height 
distribution in the ADC channels to equivalent 
electrons and collected charge. The calibration curve 
was linear with slope b=2.66 aC/ADC channel and 
constant parameter a=16.3 aC.  

3. RESULTS AND DISCUSSION  

3.1. Current-Voltage characteristic 
The current versus voltage I(V) curve, in the 

dark, up to ±100V of channel-n.8 is reported in 
figure 3. A Keithley 6517A picoammeter was used 
for this purpose at room temperature and with zero 
current correction. Before the measurement, aimed 
to remove possible adsorbed water from the surface, 
the device was heated at 250 °C in air for 300 s.  
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Fig. 3. Channel n.8 Current vs Voltage I(V) characteristic. 

The characteristic is symmetric reversing the 
voltage polarity and shows an Ohmic trend. In the 
explored voltage range, the resistance of probed 
volume corresponds to about 0.5 TΩ. The I(V) 
characteristics of other channels show the same 
features. This result evidences as none modification 
of force lines distribution takes place increasing the 
applied voltage. In other words, changing the 
applied voltage the electric field distribution 
remains constant at different depth in the bulk 
diamond. Indeed, at lower voltages, the conduction 
takes place mainly on the diamond surface between 
the graphitic strips connecting the pillars, 150 μm 
apart. Inside the bulk diamond, due to the body 
centered structure, two pillars biased at different 
voltage experience a higher electric field also if their 
relative distance is √2 times the distance between 
surface strips. As the voltage increases, the electric 
field force lines penetrate deeply into the bulk 
diamond contributing to the charge collection 
process. The electric field distribution is strongly 
asymmetric inside the bulk diamond and around a 

pillar as demonstrates figure 4 where a zoom of a 
deep region between biased and grounded pillars is 
shown. The simulation has been carried out using 
FlexPDE 5.0.4, a finite element software package, 
on a structure reproducing the real fabricated device 
with proper material conductivity, dielectric 
permittivity, graphite strips on the surface and 
pillars immersed in the bulk diamond.  

 

Fig. 4. Electric field 3D analysis of a buried graphite pillars 
detector. The picture shows a zoomed region deep inside 
the bulk diamond. Blue color indicates high electric field.  

3.2. Response to 90Sr,Y β-particles 
Initially, aimed to evaluate the eight channels 

collection features, the signal dependence on voltage 
was measured in self-triggering mode on all 
channels at parallel (vertical) incidence with respect 
to the pillars row showing their homogeneous 
response at constant voltage with the source aligned 
to the channel.  
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Fig. 5. Integral number of events measured by the eight 
channels, monitored two at a time with the source aligned 
as indicates the inset.  
With the source 1 cm apart the detector surface and 
aligned between Ch4 and Ch5, the integral number 
of events (green curve) acquired by each channel is 
reported in figure 5. The number of events follows a 
Gaussian distribution centered between Ch4 and 
Ch5. Two more dummy channels, having no counts, 
have been added. In the same figure it is also 
reported the integral number of events with an 
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impinging angle of 10° with respect the vertical 
direction (red curve). It is worth to note that, as the 
distribution changes, the maximum decreases in 
value and shifts to channel position 5.3 whereas the 
FWHM increases towards an equivalent value of 
three channels. This result addresses the possibility 
to use this detector for angle resolved 
measurements.  
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Fig. 6. Pulse height distribution of central Ch4 and Ch5 at 
80V with the orthogonal setup.  

The pulse height distributions at 80V of Ch4 and 
Ch5 are reported in figure 6. Measurements were 
taken using the internal digitizer self triggering 
configuration with a voltage threshold fixed to 0.3 
mV (12 ADC Channels). The signal monitored for 
one hour shows an asymmetric distribution with a 
long exponential decay tail. For the collected charge, 
the two curves show a most probable value (MPV) 
equal to 1.75±0.02 fC (about 11000 equivalent 
electrons), and a FWHM of the distribution of 
0.92±0.02 fC. 90Sr,Y radioactive source produces 
electrons having a continuous energy β- decay 
spectrum. 90Sr decays by β- emission to 90Y with an 
end-point energy 0.53 MeV, then new β- decay to 
90Zr is observed with an end-point kinetic energy of 
2.28 MeV. For electrons with 0.5 MeV of kinetic 
energy, the energy loss in a 500 μm diamond film is 
approximately ΔE~0.35 MeV. Thus, electrons with 
energy below 0.5 MeV are completely stopped 
whereas those with kinetic energy above 1.2 MeV 
could be able to traverse all the diamond slab (i.e. 3 
mm) behaving like MIPs (Minimum Ionizing 
Particles) and producing a mean of 36 e-h/μm [12]. 
We will use this number for a rough estimation of 
the equivalent produced electrons. The detector 
design with the graphite strips on the top side and 
the body centered pillars ending at about 100 μm 
from the bottom side produces the strong 
asymmetry in the electric field force lines, already 
addressed in figure 4, with wide regions of low 
electric field strength. Moreover, this particular 
pillars structure also produces a non-uniform 
electric field in the vertical direction, completely 
different from the situation of a “classical” 2D 
planar capacitor-like architecture: in other words, it 
is reasonable expected a poor charge collection 
efficiency. If we consider, for the sake of simplicity, 

a high charge collection distance in this single 
crystal diamond plate, we could consider to collect 
the charge along the 380 μm of average thickness 
and inside the whole volume among pillars, even if 
with unknown efficiency. The measured distribution 
MPV at 1.75±0.02  fC and the average collected 
charge value <Q>=1.85±0.02 fC indicate a 
promising result for the implemented detector 
geometry and demonstrate once again that graphite 
pillars buried in single-crystal diamond are suitable 
3D electrodes for detecting β-particles with high 
charge collection efficiency.  

Besides this study, the response at orthogonal 
incidence with the source 2 cm apart the pillars row 
was tested. Figure 7 shows the signal dependence on 
the collected charge for positive voltages of channel 
n.8, the nearest to the source and about 0.4 μm 
from the impinging face. The spectrum is mainly 
due to low-energy electrons penetrating no more 
than 0.5 μm. 
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Fig. 7. Channel n.8 signal dependence on positive voltage 
at orthogonal incidence. 

The signal increases with voltage and charge 
collection saturation is observed at 1.38±0.02 fC 
(8625e) around 80V while the integral number of 
events increases. The signal dependence on 
collected charge for negative applied bias is reported 
in figure 8. Before performing such measurements, 
the detector was biased at 0.0V for 24 hours in the 
dark. The digitizer configuration parameters, as 
voltage threshold, pole-zero cancellation and gain, 
were not changed with the exception of reversing 
the signal input. The distribution again saturates 
around -80V, with a collected charge of 1.40±0.02 
fC (8750e). More parameters of curves in figure 7 
and 8 are reported in Table 1 for comparison. If we 
assume the collection volume be defined by the 
effective distance between two biased pillar’s rows 
at 250 μm, we should expect a release of 9000 
equivalent electron charge (~1.44 fC). This 
estimation remains, also in this case, very rough 
because the body centered pillars organization does 
not give the possibility to exactly define the active 
collection volume also assuming the charge carriers 
diffusion.  
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Fig. 8. Channel n.8 signal dependence on negative voltage. 
The scheme illustrates the incidence geometry. 

The small number of total measured events in one 
hour of acquisition, mainly due to the small 
collimator aperture, determines a very low signal-
to-noise digital ratio; nevertheless, the average 
collected charge value of 1.39±0.02 fC changing the 
bias polarity compares very well to the proposed 
estimation of 1.44 fC and indicates once again a 
promising situation for this 3D detector and 
impinging particles geometry for tracking.  
       

Table 1. Relevant parameters of Figure 7-8. 

Voltage 
(V) 

MPV 
(fC) 

Peak  
Counts 

FWHM 
(fC) 

-80 1.40 70 1.00 
-60 1.39 50 0.90 
-40 1.35 33 0.83 
-20 1.32 14 0.80 
-10 1.25 4 0.65 
-5 1.12 2 - 
5 1.10 2 - 

10 1.18 7 0.64 
20 1.16 15 0.76 
40 1.20 34 0.83 
60 1.37 54 0.90 
80 1.38 78 1.00 

 
Before experiments at beam test facility and really 
evaluate the detector suitability to track a single 
particle impinging orthogonally the pillars row, we 
tried to use electrons with energy greater than 1.2 
MeV, emitted by the radioactive source, for a simple 
tracking test. The coincidence trigger signal output 
from a N6724A digitizer - in coincidence mode with 
10 ns of acquisition time window between Ch8 and 
Ch1 - was used to activate V1724 digitized and dump 
1000 points with 10 ns of resolution of the residual 
Ch2-7 channels traces. The normalized pulse 
amplitude distribution measured in coincidence 
mode by N6724A digitizer is reported in figure 9.  
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Fig. 9. Coincidence pulse height distribution of Ch8 and 
Ch1. 
 
An acquisition rate of 10 events/h has been 
evaluated on the two weeks of observation time. It 
has to be observed that the graphite pillars of Ch8 
and Ch1 are about 2.1 mm apart. Notwithstanding 
the wide coincidence window, for the sake of 
discussion, there is the possibility to believe the 
spectrum associated at the energy deposited by the 
same electron traversing the whole distance 
between Ch8 and Ch1. On the basis of this 
hypothesis, we have to find corresponding 
transitions on the other channels Ch2-7 channels for 
each coincidence event.   
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Fig. 10. V1724 traces corresponding at Channel n.2 trough 
7 acquired in coincidence with Channel n.1 and n.8. 

For instance, figure 10 reports one of such 
coincidence dump related to channels 2-7 connected 
to the V1724 digitizer. Each of the six measured 
channel has a different offset for better trace 
visibility. As it is apparent, a step around 1 μs is 
visible on each channel at the same time 
demonstrating the coincidence among the eight 
graphite pillars channels. The step amplitude has 
been evaluated at 0.73±0.06 mV (24±2 ADC 
channels) with acceptable S/N ratio. To understand 
the meaning of the showed step, it is worth noting 
that a 27.8 mV reference pulse sent to the charge 
sensitive amplifier (CTest=1pF) by the Agilent 
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33250A waveform generator produces a step 
420±10 ADC channel wide. Thus, showed pulse 
roughly corresponds to one event around 1.7 fC.  

3.3. Discussion 

The high efficiency of charge collection revealed 
in this study agrees with the results reported for 
other 3D diamond-based detectors fabricated by 
using femtosecond pulsed laser [6,7]. On the 
contrary, the detectors of similar geometry 
produced with nanosecond pulses [7,13] 
demonstrate significantly lower charge collection 
efficiency. The opposite tendency is found, however, 
for electrical conductivity of the graphitized wires: 
usage of nanosecond pulses provides higher 
conductivity by one order of magnitude comparing 
with femtosecond pulses (see, for instance, [14]). 
Raman spectroscopy is the only technique applied 
up to now to investigate composition and internal 
structure of the graphitized region in the diamond 
bulk. It reveals some important features like strong 
mechanical stresses (up to 10 GPa) in the 
surrounding diamond or intensive fluctuations of 
graphite concentration over the wire’s length and 
diameter [7,14], however, these findings don’t 
explain the mentioned trends in electronic 
properties. It is noted [15] that full diamond-
graphite transformation inside diamond bulk is 
impossible due to expected rise of the material 
compression over the limits, where such 
transformation is permitted by the 
thermodynamics. This means that the so-called 
“graphitized” region unambiguously contains both 
sp2 and sp3 carbon phases. However, we still have 
no information how the irradiation parameters 
influence relative concentration of both phases and 
their fracturing. The same relates also to the nature 
and generation mechanisms of electronic active 
defects. A further works is required to clarify those 
issues important for optimizing the detectors 
structures. 

4. CONCLUSIONS 

The tested diamond device has demonstrated to 
be sensitive to detect electrons impinging the 3D 
structure with different geometries. Effective charge 
collection has been found orthogonally the pillars 
rows at a 0.67 V/μm electric field strength. The 
information earned using the radioactive source 
must be considered preparatory to experiments with 
monochromatic high energy electrons.  
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Abstract. The realization and characterization of a compact 64-pixel detector based on CVD-diamond is here 
presented and discussed. Each pixel has been connected to a dedicated multichannel read-out electronics designed for 
acquisition, conditioning and elaboration of the pixel-signal, allowing a real-time beam profile reconstruction of the 
impinging radiation. The back-side semitransparent contact was used for diamond sensor biasing. Detector 
characterization was performed under a weak continuous UV light spot obtained at the output of a monochromator 
illuminated by a deuterium lamp. Sensor was also characterized by X-ray illumination evaluating both displacement 
and broadening of impinging spot. Finally, photodetector response was observed under pulsed UV laser light, 
demonstrating the feasibility of a real-time beam monitoring for such a kind of light source. 

Key words:  CVD Diamond, 2D sensor, beam  profile, UV and X-ray radiation, UV-excimer laser 

1. INTRODUCTION  

Due to the wide bandgap, high charge-carriers 
mobility, short carrier lifetime, and extremely compact 
lattice (1.76×1023 at/cm3), diamond is considered one 
of the most promising candidates for UV, X-ray, and 
particles detection also in the high speed regime for 
pulsed laser beam diagnostics and harsh environments 
[1-4]. Moreover, the very high thermal conductivity 
value (22 W/cm K) and superior mechanical and 
electronic features, which ensure power dissipation, 
temperature stability, and radiation hardness, make 
diamond suitable for monitoring of intense pulsed UV 
lasers, synchrotron radiation beams and hard X-ray 
facilities. 

Real-time X-ray beam monitors find application in 
radiotherapy and medical diagnostics, crystallography, 
microscopy and X-ray spectroscopy [5]. In addition, 
UV-beam profilers are finding more applications due 
to the increasing exploitation of such sources in a wide 
range of industrial applications, spanning from Very 
Large Scale Integration (VLSI) and Micro Electro-
Mechanical System (MEMS) technologies, to laser 
cutting for surgery and dermatological treatments [6-
7]. Commercially available detectors for UV and X-ray 
beam profile measurements are usually based on 
silicon devices which however show some intrinsic 
limitations due to the material itself: very-poor VIS-UV 
discrimination, and radiation damage induced by high-
power UV and hard X-ray beams [8]. Conversely, the 
wide bandgap of diamond (~5.5 eV) makes the 
material transparent to the visible-infrared radiation. 
Moreover, the extremely low dark conductivity (<10-15 
S/cm) largely simplifies the technology necessary for 

the fabrication of diamond-based photoconductive 
sensors. 

CVD-diamond based beam profile monitors have 
been proposed [9] and some solutions are also 
commercially available [10]. Usually, a four quadrant 
layout is adopted for a beam position monitor [11]. 
However, as indicated in [9], the profile information 
can be gained measuring the photocurrent of an array 
of metal contacts deposited on the diamond surface. 
Pixelated detectors can be effectively conditioned by a 
low-noise analog front-end electronics which 
transforms the weak current of each pixel into a large 
voltage, then converted by a single high performance 
analog-to-digital (AD) converter [12]. Anyway, most of 
the literature describes front-end electronics where 
pixels are routed towards a charge sensitive amplifier 
chip and conditioned signals are acquired by an 
external AD conversion and elaboration system. 
Multichannel readout electronics both for strip and 
pixelated detectors are based on analog pipeline chip 
(APC) where each input channel has its own charge 
sensitive amplifier followed by an analog event 
pipeline [9, 13]. The sequential pipelined readout of all 
channel signals can be converter by a single AD 
converter(s). 

In this work we propose a different solution for a 
compact CVD-diamond multi-pixel radiation detector 
characterized as beam profiler for UV, X-ray and 
pulsed excimer laser. Standard current-to-digital 
converter chips have been used to realize a 
multichannel front-end electronics useful for the 
complete conditioning and conversion of signals 
acquired by each pixel. Preliminary characterization 
has been carried out on the read-out electronics in 
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order to evaluate the main features of the acquisition 
and conditioning system. The feasibility of a real-time 
beam monitoring of laser light is also discussed. 

2. EXPERIMENTAL ISSUES 

2.1. CVD-diamond sensor 

Thick (500 μm) polycrystalline transparent (optical 
grade) diamond film was grown on silicon wafer by 
means of microwave plasma enhanced CVD technique.  
Silicon substrate was then chemically removed via wet 
etching in HF. Both the nucleation and the growth 
surfaces of diamond sample were mechanically 
polished, reducing the thickness by more than 100 μm. 
After the treatment the resulting surface roughness 
was between 2 and 8 nm. Moreover, by removing most 
of the nucleation material, the final specimen shows a 
well-defined columnar structure of grains having an 
average dimension on the growth surface around 100 
μm. Details of growing and structural characterization 
of film used in this work are reported elsewhere [14]. 
Compared to unpolished films, treated CVD-diamond 
samples show superior optoelectronic properties in 
term of UV-VIS selectivity when a sandwich contact 
structure is adopted. Moreover, very low leakage 
currents (down to fraction of pA) are observed [15, 16]. 
Pixel contacts (8×8 array, 0.5×0.5 mm2 each, 200 μm 
apart, i.e. pixel pitch equal to 700 μm) on one CVD-
diamond side have been realized by thermal 
evaporation of chromium (0.2 μm thick) and by means 
of standard photolithographic process. On the other 
side of the sample, a bottom contact was evaporated 
using the same metal but maintaining the thickness 
around 50 nm to ensure transparency to the incident 
light. As also reported elsewhere [17, 18], the current-
to-voltage characteristics of each pixel showed an 
ohmic nature and the estimated dark resistivity was 
around 1011 Ωcm.  

 

Fig. 1 Normalized quantum-yield of the CVD-diamond sample 
used in this work [19] 

Normalized quantum efficiency as a function of the 
impinging photon energy (Figure 1 [19]) shows a very 
high UV-to-VIS discrimination (comparable to that of a 
IIa-type natural diamond), confirming the feasibility of 

detectors useful for “solar blind” applications. In 
addition, the over-gap photoresponse indicates that 
polishing procedure is also able to reduce charge-
carriers recombination at the surface compared to the 
behavior of non-polished natural diamonds [19]. 

2.2. Image sensor architecture 

The block diagram of the sensor/front-end 
electronics is illustrated in Figure 2. Each pixel is 
connected to an integrator which performs the current-
to-voltage conversion of the photogenerated signal, 
followed by multiplexed Σ-Δ Analog-to-digital 
converters. The number of Σ-Δ ADC is limited to one 
every two pixels. It has to be stated that the signal of 
each pixel is converted by a dedicated double-
integrator so that the current-to-voltage conversion is 
performed continuously in time. Indeed, when the 
output of an integrator of one side is digitized, the 
other side integrator of the same pixel is in the 
integration mode.  

 

Fig. 2  Block diagram of the 64-pixels sensor/front-end and 
acquisition electronics. 

The results of two-pixels digitized integrations (per 
ADC) are stored in a serial-output shift register. With a 
10 MHz system clock, a single Σ-Δ conversion is 
completed in less than 250 μs, so that data can be 
acquired with a throughput of more than 2000 
samples per second.  

The equivalent gain of each integrator can be 
programmed by changing either or both the TINT 
integration time and the CF feedback capacitance 
values. The former can be chosen in the 50 μs – 1 s 
wide range, whereas the latter can be selected as 12.5 
× i pF (i=1..7) so that the full scale can range from 50 to 
350 pC. ΣΔ-AD converters show 20 bits of resolution 
without missing code. Such values would theoretically 
guarantee a discrimination on the photogenerated 
charge carriers signal just between 0.05 and 0.33 fC, at 
a full scale of 50 and 350 pC, respectively. The former 
would correspond to only 300 electrons, whereas the 
latter to less than 2100 electrons. Anyway, such 
extremely high-performances will be strongly affected 
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by the unavoidable superimposed noise amplitude due 
to circuitry layout input stray capacitance.  

 

Fig. 3 CVD-diamond detector glued on the PCB sample 
holder. Semitransparent back contact is used for sensor 
biasing. Pixels were wire bonded towards PCB contacts. 
 

As shown in Figure 3, on its semitransparent back 
contact, the CVD-diamond sensor was glued with silver 
paste on a single-side printed circuit board (PCB). The 
presence of a 8×8 mm2 hole on the PCB sample-holder 
allowed detector illumination, whereas the realized 
contact on the same side was used for detector biasing 
(see the SMA connector visible on Figure 4).  

 

Fig. 4 Front-end electronics, mounted on different PCBs, 
daisy-chain connected via a backplane circuit board also 
used for digital control signals distribution. The picture 
shows a half of the whole 64-channels electronics: the other 
4 boards are interlaced to those shown in the figure. 

 

Pixels were wire bonded with 25 μm Al/Si standard 
wires directly on PCB contact strips used as integrator-
inputs connections. The conditioning electronics, 
based on standard integrated circuits, has been divided 
into different PCBs mounted on a backplane circuit 
board used for daisy-chain connection of AD converter 
outputs and digital control signals distribution. As 
depicted in Figure 4, each board of the realized 
prototype integrates the conditioning electronics of 8 
channels. The total 8 boards, for the whole 64 
integrators and converters, are interlaced to reduce the 
assembly depth. The resulting detector layout is 

relatively compact (4×7×7 cm3) and the implemented 
architecture allows future engineering and 
miniaturization on a dedicated  single-chip circuitry 
directly bump-bonded on the diamond sensor pixel-
side as depicted in Figure 5.  

 
Fig. 5 Single-chip front-end electronics bump bonded to CVD-
diamond sensor pixels. Semitransparent contact allows 
detector biasing and pixel volumes irradiation. 

3. ELECTRICAL CHARACTERIZATION  

3.1. “Test-mode” measurements 

Conditioning electronics has been equipped with a 
test-mode integration capability. When test mode is 
performed, input channel are grounded and fixed 
packets of “internally-generated” charge carriers are 
transferred to the integration capacitors. At the end of 
each integration period, the voltage at the integrator 
outputs is digitized. The test mode has been used to 
evaluate both the linearity and the noise performances 
of the overall integration-AD conversion circuitry. 
Figure 6 shows the very good linearity the system 
shows in the 13 – 350 pC input range. According to 
data reported for integrators and ADC, the estimated 
differential non linearity error was around 60 ppm of 
readings. In addition, a really low offset value, 
equivalent to less than 1 pC has been typically 
estimated for all the channels.  

                    

 

Fig. 6 In the test mode operation the system shows a very 
good linearity with a really low equivalent input offset charge 
carrier. 

As illustrated in Figures 7 and 8, when a fixed 
charge carrier packet is injected into integrator 
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capacitor, a really low dispersion of output values is 
also observed at the ADC out. Figure 7 also shows the 
different response observed for the two integrators 
converted by the same ADC. The revealed difference, of 
about 70 counts (over the mean 88600 value) has to be 
attributed to tolerance on the values of the feedback 
capacitors of the two integrators. For data shown in 
Figure 8, the equivalent noise amplitude referred to 
integrator inputs can be evaluated as 

                                    (1) 

where full scale was 350 pC, whereas 20 represents the 
ADC resolution. Such a result indicates that a 15 bits 
“noise-free” resolution would be allowed by the 
implemented read-out electronics. 

 
 

Fig. 7 In the test mode operation the system shows very low 
dispersion of digitized output values. 
 

System noise is expected to be lowered, having a 
corresponding increase on the system resolution, by 
proper design electronics layout and especially if a 
single-chip solution will be adopted. 
 

 
Fig. 8 Histogram showing ADC output values distribution in a 
test mode acquisition of fixed packets. The low dispersion of 
digitized output values states a “noise-free” effective number 
of bits of 15 for the read-out electronics. 

        3.2. Read-out  electronics characterization 

The current-to-digital electronics has been 
preliminary characterized with a Keithley 6221 
precision current source. The typical system trans-
characteristics is reported in Figure 9 where ADC 
output is plotted as a function of the equivalent 

“externally-injected” input charge carriers packets. The 
integration time of integrators for measurements like 
that shown in the figure was 50 μs. A good linearity is 
observed over more than three orders of magnitude in 
the 0.3 – 350 pC range and a differential non linearity 
error lower than 100 ppm of readings was evaluated 
for an input charge higher than 1 pC.  

 
Fig. 9 Typical charge-to-digital conversion of front-end 
electronics where a precision Keithley 6221 represented the 
input-current source. 

 

The observed non-linearity below 0.2 pC has to be 
attributed to the integrator input bias current (100 fA 
typical at 25°C). In addition, very good linearity is also 
observed at different integration times demonstrating 
the feasibility of a programmable-gain current-to-
voltage converters. Mainly dues to tolerances in the 
integrators capacitor values, a ±0.5% of the full-scale 
range differences was observed between channels.  

 
Fig. 10 The histogram shows a relatively high value for ADC 
output dispersion mainly induced by the equivalent 
capacitance of the current source connection which strongly 
increases the input-referred system noise. 

 

Figure 10 shows the dispersion of output values 
when a fixed input current amplitude is concerned. If 
compared to results of Figure 8, the higher value of the 
equivalent noise referred to the input, estimated as 



 369

±0.1 pCrms, has to be attributed to the stray capacitance 
we have for the current source connection via a 
relatively long cable, even if some care has been 
adopted for cable shielding (triaxial connection). 
Anyway, also in such a condition a resolution better 
than 10 bit seems to be assured by the system. 

        4. BEAM PROFILE MEASUREMENTS 

      4.1. Continuous UV radiation 

To evaluate the detector capability to give 
information on the profile of an UV light source, a low 
brightness continuous deuterium light source coupled 
to a Jobin Yvon H10 monochromator with a grating 
blazed at 250 nm has been used. Output wavelength 
was regulated around the 235 nm value, and spot 
dimension was limited by means of a monochromator 
output slit of 0.5 mm. The measured integral light 
power (via an UV-enhanced Hamamatzu S1337 
calibrated silicon photodiode) was just around 4 μW.  

 
Fig. 11 “Rough” beam profiles, as directly obtained by read-out 
electronics, of a weak (4 μW) UV-spot light in (a) linear and 
(b) logarithmic gray-scale for intensity. Spatial dimension of 
the profile is 5.4´5.4 mm2. 

 

Plots of Figure 11 (TINT = 500 μs, detector Vbias = 10 V) 
show rough acquired data for the 64 pixels in the 
mentioned conditions both in a linear (a) and a log (b) 
fashion for the equivalent gray-scale intensity. Before 
measurements, due to the unavoidable difference in 
pixel responsivity (of the order of few percentages), it 
must be noted that a preliminary “calibration” 
procedure of the input channels has been performed 
following a procedure similar to that described in [20]. 
A sequence of acquisitions has been performed in 
order to evaluate the UV-light beam profile for 
different positions along the detector horizontal axis. 
Figure 12 shows the effect of the beam displacement 
(±0.8 mm) as detected by the CVD-diamond pixel 
sensor. It has to be observed that data shown in the 
Figure 12 have been interpolated in order to emulate 

the effect we would have for a 4-times higher spatial 
resolution sensor. 

 
Fig. 12 Effect of the displacement, in mm, of a weak (4 μW) 
UV-spot light with respect to diamond detector. X-Y numbers 
refer to pixel pitch. 

      4.2. Continuous X-ray source 

Intense continuous X-ray source, produced by a 
molybdenum target in a standard Coolidge tube (Kα 
and Kβ lines, at 17.5 and 19.6 keV, respectively), has 
been used for beam profiling measurements. Diamond 
detector positioned few centimeters apart from the 
tube collimator output slit was impinged by a circular 
spot having a diameter around 3 mm.  

Beam profile measurements have been performed 
following two different procedure. In the former, 
whose results are shown in Figure 13, the sensor was 
moved along its horizontal axis, to evaluate beam 
profile modifications induced by subsequent 
translation of the detector. Conversely, in the latter the 
X-ray tube output slit and the detector distance was 
increased. As shown in Figure 14, a slight decrease of 
the peak intensity and a corresponding broadening of 
the spot are evidenced by pixel-diamond signal 
acquisition. Both results are consistent with the X-ray 
beam divergence we have along the longitudinal 
direction. 

 
Fig. 13 Beam profiles of an X-ray spot (diameter of 3 mm) 
displaced along the horizontal directions by 0.8 mm. 

 
Fig. 14 Effect on the beam profile of the X-ray spot increasing 
the distance between the source and the detector. 

       4.3. Pulsed UV excimer laser irradition 

UV beam profile measurements have been 
performed also under high-intensity pulsed excimer 
laser (Neweks, PSX 100, filled with an ArF mixture, 
λ=193 nm, FWHM=5 ns, 2.5 mJ of pulse nominal 
energy). As reported in [21], polycrystalline CVD-
diamond sensors are able to follow the excitation in 
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such a time scale. The laser low-frequency pulse 
repetition rate (100 Hz) allowed beam measurements 
in continuous-integration mode, fixing TINT to 10 ms to 
drive the trigger signal for laser cavity. The beam 
profile shown in Figure 15 represents a single pulse 
recorded by the 64-pixel diamond sensor. It is 
noteworthy that neither radiation damage nor sensor 
performance decrease has been observed even after 
more than 1 million of laser pulses, demonstrating a 
significant lifetime improvements over CCD camera 
detectors [8]. 

 
 

Fig. 15 Beam profile of a single excimer laser pulse. 

        5. CONCLUDING REMARKS  

A complete CVD-diamond pixel sensor/read-out 
electronics prototype for 2-dimensional UV and X-ray 
beam profile measurements has been fabricated and 
tested. Radiation hardness, in conjunction to solar 
blindness and short charged carriers lifetime make the 
detector useful for real-time beam monitoring also 
under intense pulsed UV excimer laser irradiation 
without the need for attenuators or wavelength 
converters. In addition, the relatively high acquisition 
rate of the read-out electronics demonstrate the 
feasibility of beam monitor for a single-pulse 
diagnostics. To overcome the system low resolution, 
limited to the realized 8×8 pixels structure, data have 
been here presented interpolating the next-neighbor of 
each pixel, emulating the fashion of a 4-times higher 
resolution 2-D sensor. It is noteworthy that such a kind 
of post-elaboration was possible on the realized 
embedded electronics due to high-speed implemented 
ARM microprocessor at the highest 2 kSample/s 
acquisition rate. As future development of the work, 
miniaturized single-chip electronics can be designed 
and fabricated in order to reduce the bulk of the 
detector. In addition, the proposed single-chip 
conditioning electronics, directly bump bonded to 
CVD-diamond pixels detector, would enhance sensor 
performances especially in terms of a higher signal-to-
noise ratio value. 
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PENETRATION DEPTH OF X-RAYS IN CYLINDRICAL X-RAY COLLIMATORS 

Karl Bernhardi 

 Ruhr Universität Bochum, AEPT, Building ID, D-44780 Bochum, Germany 

Abstract. Compton-scattered radiation generated near the aperture of an X-ray collimator significantly distorts space- 
and energy- resolved X-ray bremsstrahlung measurements. A special shielding diaphragm added to a conventional 
collimator suppresses this kind of stray radiation. In “Shielding of an X-ray Collimator against interfering X-Radiation” 
contributed to this conference, the author gives a numerical estimation of the shielding efficiency achieved in this way. These 
calculations require the determination of the attenuation of X-rays by photo-absorption. For this purpose, the paper 
provides the necessary lower-bound estimations of distances along which X-rays travel within the solid parts of the 
shielding diaphragm.  
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1. INTRODUCTION  

This presentation is an accompanying paper to the 
paper “Shielding of an X-ray Collimator against 
interfering X-Radiation” [2] on the topic of collimator 
arrangements suitable for X-ray bremsstrahlung 
diagnostics of plasmas. In [1], a collimator 
arrangement used for bremsstrahlung measurements 
in the low-energy region is described and  an improved 
method for extending its measuring range to higher 
photon energies is given. In [2], a method to estimate 
the shielding efficiency of such a collimator 
arrangement is presented. Knowing the “penetration 
lengths” within the shielding diaphragm is necessary 
for determining the shielding efficiency of the 
collimator. However, many different X-ray propagation 
paths of the described kind are possible. Thus, 
calculating their individual lengths, albeit being a well-
defined exercise from the pure geometrical point of 
view, is a very complicated task. This difficult problem 
is prevented by determining that path covering the 
smallest possible distance within the shielding 
material. Using them, one obtains easy-to-calculate 
lower-estimates of the X-ray attenuation values.  They 
are needed for the main step in calculating the 
shielding efficiency. They  are given as a function of the 
position P of the Compton scattering center and not of 
the incidence angle of the primary radiation. As 
described in [2], this is necessary to obtain a lower-
estimate of the shielding efficiency that is  independent 
of the spatial distribution of the X-ray source. In the 
following chapters, the geometric reasoning for 
identifying such paths of minimal length are outlined. 
In the second section, the symbols labeling the X-rays 
entering and leaving the shielding diaphragm and their 
propagation directions are specified. In the third and 
the fourth section, the propagation of incoming and 

scattered rays within a longitudinal- symmetric plane 
is treated. In the fifth section, the 3-dimensional 
propagation case is considered. Cylindrical symmetry 
for the collimator and its parts is assumed. 

2. DEFINITION OF TERMS DESCRIBING THE RAYS  

The symbol ϒ  denotes the plane spanned by a 
particular scattering center P and the longitudinal axis 
of symmetry of the collimator (it is called  
“longitudinal-symmetric plane”). Fig.1 shows Compton 
scattering of rays in Bpl at a fixed scattering 
center ( )P , ,r z χ . It illustrates the special case that 
incident and scattered rays propagate within ϒ or 
eventually cross the collimator’s axis of symmetry.  

In this and the following two chapters the 
discussion is constrained on rays propagating 
within ϒ , i.e., within a plane including the collimator’s 
axis of symmetry. They are in this sense inherent to ϒ . 
Thus, in the following they are called “inherent rays”. 
Such incident rays entering the shielding diaphragm 
Bpl have several modes labeled with index 1,2,3,4μ = . 
The ray marked with 1 traverses the whole diameter of 
the diaphragm hole and enters Bpl just at the edge of its 
front opening. Ray 2 enters Bpl within the cross-
sectional area of its aperture without touching the 
edges of the openings. Thus, ray 2 traverses only a 
fraction of the diameter of the collimator hole. Rays 3, 
4 enter the solid part of Bpl at a side diametrical 
opposite to the scattering center P or at a position 
nearest to P respectively. The term “penetration 
length” specifies the distance that the incident or 
scattered rays covers only within the shielding medium 
of Bpl . This length is different from the total length that 
an incident or scattered ray covers within Bpl. The 
penetration length of a ray provides its experienced 
photo-absorption within Bpl. 
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FIG.1. X-rays propagating along various paths 1, 2, 3, 4 
within the longitudinal-symmetric cross section ϒ  of the 
shielding diaphragm Bpl.  The total penetration length ( )L μ  
of the incident and scattered ray μ  ( 1,2,3,4μ = ) is 
indicated by the total length of the solid part of the line μ .  P: 
Compton scattering center, rpl: diameter of inner borehole of 
Bpl, r: radial distance between the longitudinal axis of Bpl and 
the Compton scattering center P. Scattered rays leaving Bpl at 
the right are  displayed for completeness.  
 
 

( )L μ  indicates the sum of the penetration lengths of 
the incoming and scattered ray of type μ . The 
symbol ( )Λ μ , 1, 2, 3, 4,μ =  denotes the section of 

( )L μ  that belongs to the primary ray. In the 
following, propagation modes having the shortest 
penetration length are investigated. All lengths resp. 
distances discussed below are positive scalars. In 
chapter 5, oblique incidence of rays on ϒ , i.e. rays not 
inherent to ϒ are discussed. 

3. PENETRATION LENGTHS Λ OF RAYS OF TYPE 1, 2, AND 3 

PROPAGATING WITHIN A LONGITUDINAL-SYMMETRIC 

PLANE 

Without loss of generality, propagation of incident 
rays, i.e., ray propagation prior to scattering at P is 
considered. Clearly, incident rays of type 1μ =  travel a 
smaller distance within the shielding material than 
those of type 2, i.e. ( ) ( )1 2Λ ≤ Λ . In what follows it is 
shown that also ( ) ( )1 3Λ ≤ Λ . Fig.2 shows the situation 
for a ray of type 3 in detail. P has the longitudinal 
position z relative to the plasma-exposed entrance of 
the shielding diaphragm Bpl and the radial position r. 
The ray of type 3 enters Bpl at P3 and traverses the 
shielding. In doing so, it travels the length Λa   before 
entering the inner bore at Pa. Then it traverses the 
whole diameter of the inner bore. It enters the 
shielding at Pb again and travels the length Λp before 
finally arriving at the scattering center P. Λg denotes 
the total length covered by the incident ray within the 
shielding diaphragm, and Λb the path length between 
Pa and P. 
Fig.2 shows how the lengths Λa , Λg , Λb , Λp  vary 
with the position of the entry point P3. If P3 is located 
at the edge P1 of the borehole, then Λ =a 0 . If P3 moves 
to a position remote from the borehole, then 
obviously Λa , Λg  increase whereas Λp , Λb ,  decrease.  
The length ( )Λ = Λ + Λa p3 is the total length that an 
incident ray of type 3 traverses within the shielding 
medium. The following argument  shows that ( )3Λ  is 
shortest if a type-3 ray touches the edge of the 
borehole, i.e., if P3 is at the position P1. Further, it is 
found that, by moving P3, Λa changes more rapidly 

than Λp . To prove this, the ray intersection theorem is 
used in order to obtain two mutually independent 
geometric relationships. By observing that 
always Λ > −p plr r , we have 
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FIG.2. Ray 3 incident from the left (in orange color; 
identical with ray 3 in Fig.1) traverses the shielding 
diaphragm Bpl within the longitudinal-symmetric plane ϒ . P: 
Compton scattering center, rpl: radius of inner borehole of Bpl, 
r: radial distance between the longitudinal axis of Bpl and the 
Compton scattering center P. 1P : edge of the borehole being 
nearest to the entry point P3 of the ray. Denotations and 
meaning of ray segment lengths Λa , gΛ , bΛ , Λp and of the 
intersection points 1P , 3P , 4P , aP , bP  are explained in the 
text.  
 
Combining eq.(1) and eq. (2) yields Λa as a function of 

pΛ  with otherwise fixed parameters: 
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In Fig.2, the relation 
 

 ( )22
p plx r r= + Λ − −   (4) 

is used.  
By differentiating Λa with respect to pΛ (observe that 

pl, ,z r r have fixed values and p, ,z x Λ are positive 
scalars) one obtains: 
 

 
2

a pl pl

2 2 3/2
p plp pl

d ( ) 2
1 1

d { ( ) }

z r r r

r rr r

Λ −= − − − < −
Λ −Λ − −

 . (5) 

 



 373

This result confirms the graphical view, as expected.  
Λa increases when Λp decreases, and vice versa. 
Further, since Λ Λ < −a pd d 1 , Λa changes always by 
a larger amount than Λ p . That is, the quantity 

( )3Λ = Λ + Λa p
 

increases monotonically with rising 
distance between the entrance point P3 and the edge of 
the borehole P1. Thus, one obtains ( ) ( )1 2Λ ≤ Λ  
and ( ) ( )1 3Λ ≤ Λ , or ( ) ( )1 2L L≤  and ( ) ( )1 3L L≤  
respectively. By setting Λ = Λg b , eq. (3), one gets the 
minimal penetration length: 
 

 ( )2pl 2
p i,min pl

pl

r r
z r r

r r

−Λ = Λ = + +
+

  (6) 

4. PENETRATION LENGTHS OF RAYS OF TYPE 4 

In this section, the penetration length of an 
incident ray of type 4 is compared with that of a type-1 
ray.  

 

 
 

FIG.3. Limiting cases for ray 1 and ray 4 incident from the left 
and traversing the shielding diaphragm Bpl. Case  a: 

( ) ( )4 1Λ < Λ , case b: ( ) ( )4 1Λ = Λ , and case c: 
( ) ( )4 1Λ > Λ . Ray intersection points 1P , bP , 4P  , 

distances x and z, and ray intersection lengths ( )1Λ , 
( )4Λ are explained in text. The quantities x, z, rpl, and r are 

the arguments of the criterion eq. (7). The figure shows the 
longitudinal-symmetric plane ϒ  . 
  
The type-4 ray enters the front plane of Bpl at the 
intersection point P4. As noted above, P4 is that entry 
point nearest to P. Ray 4 may travel through the 
shielding medium to P along a distance ( )4Λ  smaller 
than the penetration length ( )1Λ  of ray 1. This is the 
case if 
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One recognizes it by again applying the ray intersection 
theorem. Fig.3 shows the cases a: ( ) ( )4 1Λ < Λ , b: 

( ) ( )4 1Λ = Λ , and c: ( ) ( )4 1Λ > Λ . Therefore, if 
condition (7) applies, ray type 4 has the smallest 
penetration length denoted with Λi,min , else does ray 
type 1. The limit case (b) appears if 
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The penetration lengths ( )Λout 1 , ( )Λout 4  of the 
scattered ray, and Λout,min , the smallest of them, are 
determined analogously. The lower estimates Λi,min , 

Λout,min  and condition eq. (7) are used to calculate 
the screening efficiency; see [2]. 

5. RAY PROPAGATION ALONG ARBITRARY DIRECTIONS 

In the recent chapters, the smallest penetration 
lengths of rays propagating within ϒ and interacting 
there with P are determined. The following  geometric 
arguments demonstrate that the same results are also 
valid for rays propagating along arbitrary directions 
towards P or from P.  
 

 
 
FIG.4. (a): Longitudinal-symmetric cross section of Bpl 
containing P and example ray of type 3.  View is identical with 
that of Fig. 1, Fig.2. (b): cross-section perpendicular to the 
plane ϒ  of (a) showing the cross section of the inner 
borehole as an ellipse. The rays γ in and

 
γout ,  interacting at P 

but not propagating within plane ϒ , are shown as thin dashed  
lines.  Front surface shown in Fig. 5 is on the left and is 
orthogonal to the view plane (a). 

5.1. Orthogonal projections   

Only rays entering Bpl via its front surface need to 
be considered. The front surface of Bpl is that plane 
exposed to the primary plasma radiation. For 
illustration, the following figures refer to a particular 
ray marked with the symbol γ . The propagation 
direction of γ  can be regarded as a central axis of a 
sheaf of planes. Special attention is given to the plane 
Γ perpendicular to the longitudinal-symmetric 
plane ϒ . The plane containing the incoming ray 
γin is marked  with Γin  and that plane containing 

the outgoing ray γout  with Γout .  
Fig.4 illustrates the intersecting planes Γ , ϒ  and the 
ray γ in 2-dimensional views. Fig.4b gives a top view 
on Γin  and a separate one on Γout . Note, that the 
lines of sight are directed to the respective planes at a 
right angle. Thus, they are not necessarily in the same 
way oriented to the cylindrical axis X. Moreover, both 
planes together are mapped to a single plane of view, 
even though they may actually intersect in P at oblique 
angles. Fig.4a displays the orthogonal projection of 
Γin , Γout , γin ,  γout  on ϒ and is thus identical with 
the view shown in Fig.1 or Fig.2.  
Fig.5 is a perpendicular view of the front surface of Bpl 
and its intersections with Γin , ϒ , and an incident ray 
γin .  They are denoted as ′Γ in , ,′ϒ and ′γ in  
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respectively. Γin , as stated above, and the front 
surface of Bpl are orthogonal to ϒ .  
 
 
 
 

 
 
FIG.5 View of the plasma-exposed front surface and aperture 
of the shielding diaphragm Bpl. P’: projection of the scatter 
center P on the plane of view. X : cylindrical axis of Bpl. X  
and the longitudinal-symmetric plane ϒ  are perpendicular to 
the plane of view. ′ϒ : intersection line of ϒ with the plane of 
view. ′Γ in :  intersection line of Γ  with the plane of view. 1P , 

3P : intersection points of incident rays propagating within 
the longitudinal-symmetric plane ϒ . Ray γ : incident ray with 
arbitrary propagation direction towards P. The figure shows 
the projection of the path of γ on the plane of view. γ inP  : 
entry point of ray inγ at the front surface of Bpl. 
 
Hence, the projection of Γ  onto ϒ   remains 
orthogonal, even if it is restricted to the plane of view 
of Fig.5. The same projection maps the one-
dimensional intersection ′Γ in  of Γin  and the zero-
dimensional intersection point γ inP of γin to P3 
on ′ϒ  (confer Fig.4). This is in analogy to the 
projective mapping of Γin and γin onto ϒ . 
 

5.2. Lower bound estimation of penetration 
lengths   

As Fig.4 and Fig.5 illustrate, the orthogonal projection 
maps any arbitrary ray γin  obliquely incident at P onto 
a ray inherent to ϒ . The latter is of one of the types 
discussed in the recent chapters. According to the 
aforementioned orthogonality, its total distance 
traversed within Bpl is shorter than that traversed 
by γin .  
This statement holds also for the respective 
penetration lengths. Fig.4 demonstrates this with an 
example. It shows the example ray γin , the associated 
plane Γin , and the line of intersection between Γin  
and ϒ  (i.e., the inherent ray of type 3). All of them are 
crossing the borehole of Bpl. Obviously, as it follows 
from the discussion above, the inherent ray and thus 
Γin  is tilted with respect to the collimator’s axis of 

symmetry. Hence, the cross section between the inner 
borehole and Γin  is not a circle, rather an ellipse. For 
symmetry reasons, the semi major axis of the ellipse 

coincides with the longitudinal-symmetric plane ϒ , as 
shown in Fig.4a. Hence, the aforementioned inherent 
ray path propagates along the semi major axis of the 
ellipse. Thus this ray, compared with all rays travelling 
within  Γin  obliquely towards ϒ and P, traverses the 
shortest distance through the shielding medium. The 
same reasoning holds for scattered rays γout  and their 
associated rays inherent to ϒ . The inherent rays are 
displayed as thick lines and the example rays 
γin , γout as thinner lines. Therefore, the conclusion 
made at end of chapter 4 holds also for arbitrary 
directions of ray paths.  
 

6. SUMMARY AND CONCLUSION 

The subject of this paper is the geometry of X-rays or 
γ -rays propagating within a cylindrical diaphragm 
and interacting there with a particular scattering 
center P. The location of ( )P , ,r zχ  is supposed to be 
arbitrary but fixed. As stated above, P is presumed to 
be located on a longitudinal plane of symmetry. Hence, 

0χ =  can be assumed without loss of generality. The 
analysis in chapter 3 and chapter 4 identifies those rays 
traveling the smallest possible penetration lengths 
within the solid parts of the shielding diaphragm Bpl. 
The shortest penetration length ( ){ }P , ,L r zχ   of rays 
interacting at P reveals to depend only on the position 
of P. Generally, there exist two alternatives for the 
shortest penetration lengths of rays. The condition  
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defines the first case. Here, the coordinate z  is the 
axial distance to its origin, i.e. the distance to the front 
of the diaphragm Bpl. Equations (8a, 8b) indicate that 
P is located in relative vicinity to the front or to the rear 
of Bpl. If the spatial coordinates of P fulfill one of these 
conditions, then 

 i,min zΛ =   (9a) 

or 
  

 out,min pld zΛ = −   (9b) 

 
respectively are the shortest possible penetration 
lengths of rays interacting at P.  If otherwise, in the 
second case, both equations (8a, 8b) are not fulfilled, 
then the quantity  
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is the shortest possible penetration length of rays 
interacting at P. As discussed in chapter 3, only rays 
propagating within the longitudinal-symmetric plane 
ϒ and touching the edge of the borehole at the front or 
at the rear of Bpl attain this length. 
The minimal penetration lengths given by eq. (9) or eq. 
(6a) respectively enable lower-bound estimations of 
the photo-absorption experienced by X- and γ -rays. 
The calculation of the shielding efficiency of the 
diaphragm Bpl performed in [2] utilizes these data.  
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SHIELDING OF AN X-RAY COLLIMATOR AGAINST INTERFERING X-RADIATION 

 Karl Bernhardi  

 Ruhr Universität Bochum, AEPT, Building ID, D-44780 Bochum, Germany  

Abstract. This article analyses the shielding capability of an advanced collimator system against interfering 
radiation. Emphasis is mainly on the plasma-exposed shielding diaphragm component of the collimator, the purpose 
of which is to shield the rear collimator parts and the detector against wide-angle high intensity wall bremsstrahlung. 
A numerical procedure determines the at least attainable shielding efficiency. The main geometric and photoelectric 
absorption parameters determining the shielding efficiency are identified. The analysis shows the needed minimum 
geometric sizes for the shielding diaphragm. These are a few cm for X-ray photon energies in the low 100 keV region 
to suppress the disturbing radiation by a factor ~10-4 or lower, 50 cm or more to suppress disturbing MeV radiation 
by a factor ~ 10-2.. 10-3. The method presented here may serve as a general design tool for X-ray bremsstrahlung 
detector and collimator systems. 

Key words: X-ray bremsstrahlung, stray X-radiation, collimator, photo-absorption, Compton scattering, shielding  

1. INTRODUCTION  

X-ray bremsstrahlung diagnostics is a means for 
studying plasmas containing hot electrons with 
energies up to the low MeV region [1], [2], [3]. This 
paper considers “volume bremsstrahlung”, i.e., X-
radiation produced by encounters of hot plasma 
electrons with neutral or ionized particles inside the 
plasma. The hot electron components of plasmas are 
spatially extended and thus behave like extended X-ray 
sources. Furthermore, the emitted photon energies are 
continuously distributed. The yielding volume-
bremsstrahlung contains information about the 
electron energy distribution function of the highest 
available quality. Above cited references describe 
detectors and collimators that are suitable for such 
diagnostics. However, volume bremsstrahlung is 
accompanied by disturbing stray radiation like high-
intense thick-target bremsstrahlung (“wall 
bremsstrahlung”) and radiation due to Compton-
scattering. Hot electrons produce them when hitting 
structural components of the plasma experiment. They 
are likewise spatially extended and their photon 
energies are continuously distributed as well. Thus, 
both plasma X-radiation and high-intense thick-target 
bremsstrahlung arrive at the collimator’s aperture 
under a wide range of angles of incidence. They are 
called “primary radiation” and their photon current 
density at the front of the collimator is denoted as ij . 
Eventually, they enter the viewing cone of the detector 
via single Compton scattering. For photon energies 

200 keV,K > such events deteriorate the collimating 
performance of the X-ray measuring system. Thus, 
measuring volume bremsstrahlung requires particular 
means for reducing these kinds of stray radiation.  

The collimator system described in [4] in detail is 
designed to meet this requirement also for photon 
energies 200keVK > . The subject of this paper is the 

collimator’s shielding efficiency, i.e., its ability to 
discriminate between the interfering radiation and the 
radiation to be measured. The next chapter 
summarizes the function principle of such a device. In 
the rest of the paper a method for estimating its 
shielding efficiency is described and some numerical 
results are presented.  

2. COLLIMATOR DESIGN  

A sketch of the collimator arrangement is shown in 
Fig.1b.  The rear part of the cylindrical collimator 
encloses a scintillation radiation detector (SCD). The 
aperture ( dB ) defines its geometric view-cone. A lead 
cylinder encloses both components and the ray path 
between them. 

 

FIG. 1a: Overview of the collimator system without shielding 
diaphragm plB . dB  : aperture defining the geometric view 
cone of the radiation detector SCD. dr : radius of the borehole 
of dB  . Small cone 1: geometric view- cone of the radiation 
detector. Wide cone 2 ( )iΩ : geometric view cone at the 
position of dB . scd : distance between the detector SCD and 

dB . HE: hot electron component of the plasma. Wall: 
Structural component enclosing the plasma. As illustrated, a 
small part of the wall located inside the view-cone of dB  is 
not hit by hot plasma electrons. Putting it far outside the 
range of the hot electrons is a method to keep wall 
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bremsstrahlung away from dB . Another method is 
appropriate confinement of hot electrons by magnetic fields. 

dd : axial width of dB . sdV : volume element located at the 
wall emitting high-intense wall bremsstrahlung (continuous 
arrows). pdV : volume element located within the plasma  
emitting low-intense volume  bremsstrahlung to be measured 
(dashed arrows). 

 

FIG.1b: Overview of the collimator system with shielding 
diaphragm plB . Bi: spacer inserted between plB   and dB . 

dz : distance between the fronts of plB   and dB  . pld : axial 
width of plB . dd : axial width of dB . scd : distance between 
the detector SCD and dB . plr : radius of the borehole of plB  

d pld d≈ . sc dd d� . iΩ : geometric view cone at the position 
of plB . Cone 1, 2, HE, Wall, sdV , pdV , dB , dr : see Fig.1a. 
Note: scd should be large compared with dz , so that the 
geometric view cone 1 of the detector doesn’t touch the lateral 
face of the bore-hole of plB .   Sizes of plr , dr , pld , dd , scd  
are adjustable and are a means for defining the detector’s 
viewing-cone. 

The basic concept of this design is to shield dB    and 
thus the detector’s geometric view-cone against 
radiation incident obliquely to the collimator’s 
cylindrical axis. This is done by inserting a shielding 
diaphragm plB   between the plasma and the view-cone 
delimiter dB  (Fig.1b). Without inserted plB , the view-
cone of dB would be as large as that of plB , see Fig.1a. 
The borehole diameter of plB is chosen slightly larger 
than that of the enclosed geometric viewing cone, so 
that its lateral face is not visible by the detector. A 
second design feature prevents hot electrons from 
hitting structural components of the plasma chamber 
within the view-cone of dB [4]. With these measures, 
thick-target bremsstrahlung cannot reach the front of 

dB on straight trajectories and thus cannot reach the 
radiation detector solely via single Compton scattering.  

 However, the mean free length for photo-
absorption surpasses that for Compton scattering at 
photon energies 200 keV.K >  For these energies, 
thick-target bremsstrahlung can reach the front of dB    
via Compton scattering occurring within plB . This 
“secondary radiation” (with current density outj ) still 
may disturb the measurement of plasma volume 
bremsstrahlung. Therefore, it is necessary to assess the 
achievable suppression of Compton scattered radiation 
generated within plB  .  

In [4], a rather conservative estimation of the 
secondary radiation was given. Its current density outj  
incident at the front of dB was compared    with the 
current density ij of primary photons incident at plB . 
Referring to that, it was concluded that, at least for X-
ray energies up to 226 KeV, the shielding diaphragm 
prevents the measuring errors mentioned above. In the 
following chapters, a significantly improved method 
for calculating outj and the shielding efficiency i outj j  
is presented.  

3. DETERMINATION OF THE SHIELDING EFFICIENCY  

3.1. Prerequisites to the x-ray source 

As in [4], radiation generated within the collimator 
by processes other than single Compton scattering is 
not taken into account. A group of monoenergetic 
photons, i.e. a fraction of the primary radiation 
consisting of photons with a definite energy 

1 MeVK ≤ , is considered. The shielding efficiency of 
plB   is estimated for a fraction of radiation emitted by 

an infinitesimal small part sdV of a spatially extended 
X-ray source. As it turns out, the presented method is 
also applicable to spatially extended sources as a 
whole. In addition, it is assumed: 

 

 
 
FIG.2. Geometry of scattering of an elementary primary X-ray 
emitted by an elementary volume sdV and Compton-scattered 
at the scattering center P (lines with propagation arrows). 
Red-colored area sΩ  : fraction of the primary rays emitted by 
the point-like source sdV  and incident at the “active” front 
area lS of plB . Its shape illustrates the spreading of the 
primary radiation. sr : radius of lS . , :ϑΘ  polar angles of the 
primary and scattered secondary ray. They indicate the 
respective propagation directions. , :z r  axial and radial 
coordinate of P. i out, :ΔΣ ΔΣ cross sectional areas 
perpendicular to the direction of incident and scattered rays 
respectively; i out, :S SΔ Δ cross sectional areas perpendicular 
to the collimator axis. plB  : shielding diaphragm. dB : front 
part of the collimator defining its optical view-cone. plr : 
radius of the borehole of plB . s :d  distance between X-ray 
source sdV  and plB . Note: due to s sd r�  (see text) the 
emitter sdV is located far outside the frame of this figure. 

dd z z= − : axial distance between P and dB . Spacer iB   
between plB and dB is not shown. 

 
1.) The length and diameter of each structural 

collimator component must be large compared with 
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the photo-electric absorption lengths ( )0l K of any 
incident X-rays.  

Special attention is paid to the plasma-exposed 
front-face of plB . It is divided in an inner disk lS  
located around the borehole of plB and in an adjacent 
outer ring. Let lS have a diameter s s2l r=  of a few 
photo-absorption lengths 0l , sl defining a threshold 
value of strong ray attenuation. A small fraction of the 
primary radiation incident at lS can then reach the 
front of dB via Compton scattering weakly attenuated. 
In contrast, radiation incident outside this area is 
strongly attenuated without exception and may 
therefore be neglected. In conclusion, only primary 
radiation incident at plB   within lS is regarded as 
radiation contributing significantly to the secondary 
current output outJ .  

2.) The distance sd between the radiation source 
and the front area of plB is required to be large 
compared with sl . According to this, the solid angle sΩ  
of ray bundles emitted by sdV and hitting the area 

lS is small compared with 4π . Generally, due to ray-
bundle spreading, the primary current density ij  
varies across lS  if lS is not at a right angle to the ray 
trajectory. However, if s sd l� , the “spreading- 
attenuation” across distances that are of order of the 
diameter sl of lS can be neglected. The same 
argument holds for the yielding variability of ij . 

3.) In addition to the influence of spreading, the 
influence of anisotropy of the X-radiation is also taken 
into account. If its solid-angular scale is large 
compared with sΩ , then also variations in X-ray 
current distributions on lS due to anisotropy can be 
neglected. Some X-ray sources like plasmas containing 
hot electrons behave in this manner. Therefore, a large 
scale of anisotropy is assumed as a basis for the 
estimation. 

4.) The solid angle iΩ  subtended by the radiation 
source from plB is the viewing cone at which the entire 
primary radiation appears at plB . iΩ must be smaller 
than 2π . This implies that its polar angle range Θ  
fulfills 

 max 90Θ ≤ Θ < ° .  (1) 

 
3.2. Basic Compton scattering relation 
 
The calculation method is based on the concept of 

Compton scattering. Its cross-sections relate the 
scattered secondary radiation current with the current 
density of the primary radiation. plB can be thought of 
as being subdivided in Compton scattering centers 
denoted with “P”. Each of them has a position r


 and a 

volume dV  with dn Z V⋅ ⋅  electrons taking part in 
Compton scattering. The quantity n  is the density of 
(lead-) atoms in the solid parts of plB . 

 
The ray bundle emitted by sdV propagates towards 

( )P r


 along the trajectory is given by the vector line 
equation:  
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cos tan cos tan cos

sin tan sin tan sin

0

r z z

r z z

z

χ − Θ Φ Θ Φ   
   ρ λ = χ − Θ Φ + λ Θ Φ   
   
   


. 
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Here, λ  is a scalar variable, and the angles ,Θ Φ  
determine the direction of propagation defined by the 
spatial positions of P and sdV . The position of P is 

given by the cylindrical coordinates , ,r r z= χ
, z   

being its axial coordinate. The aperture of plB   is at the 
axial position 0z = . The trajectory vector ρ  intersects 
P if 1λ = ; it intersects the front of plB at 0λ = . The 
photon current density at the position ρ  is marked 
as ( )ijΣ ρ .  

The density of the incident elementary 
current ijΣ relates always to a cross sectional area iΔΣ  
orthogonal to the direction of incidence. This is in 
accordance to the well-known general concept of 
scattering cross sections. However, estimating the 
shielding efficiency requires comparing the axial 
component ij of the primary photon current with that 
of outj . That is, ijΣ must be substituted by  

i i cosj jΣ= × Θ  (see Fig.2). The reference area iSΔ of 
the “apparent” current is oriented orthogonally to the 
longitudinal symmetry axis of the diaphragm plB .  

The total secondary current outJ linked to sdV  is 
the sum over all contributions ( )outˆ dJ r V


 emitted by 

Compton scattering centers.  
Only secondary radiation incident at a small area 
outSΔ   around the aperture of dB needs consideration. 

The diameter of outSΔ  can be estimated in the same 
way as lS . Radiation incident outside this area is 
strongly attenuated before reaching the radiation 
detector. That is, only radiation emitted by P within a 
small solid angle outΔΩ  around the direction 
( , )ϑ ϕ enters the geometric view-cone of the detector 
to a larger extent. The projection outΔΣ  of outSΔ on a 
plane perpendicular to the propagation direction of the 
scattered ray (see Fig.2) defines the value of outΔΩ .  

However, for the reason discussed above, the axial 
components of the secondary current densities must be 
used. Therefore, in the following calculation the area 

outSΔ  parallel to iSΔ  substitutes outΔΣ . With  

 out out cosSΔ Δ=Σ ϑ   (2a) 
and  

 ( ) ( )2 22 2 2
d d / coss r z z z z= + − = − ϑ  , (2b) 

 

 one gets a relationship between  out out, ,SΔΩ Δ d, ,z and 

:r


   

 

( ) ( )

2 2 2
out out out d

3
d

out out2 3
22d

d

/ cos / (( ) )

cos
.

s S z z r

z z
S S

z z r z z

ΔΩ ≈ ΔΣ = Δ ϑ − +

ϑ −= Δ = Δ
− + −

(2c)  

 
Here, dz  is the axial coordinate of the front of dB . 
Thus, the ratio out outSΔΩ Δ  as well as the emission 
directions ϑ  and ϕ  are strongly dependent on the 
coordinates r


 of P. Due to the smallness of outSΔ , the 

current density of the secondary radiation on outSΔ  is 
regarded constant. With these explanations, one gets 
the basic relation between the infinitesimal primary 
current element ( )ij rΣ


and the linked secondary 

current elements.  
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cos d
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j r V V

j r
nZ V K

K r
z z

r z z

=
Δ

σ= η
Θ Ω
′−α Λ ϑ  × −

+ −








 . (3a) 

Here, ( ), cosK K K′ η ≤ is the energy of the Compton-
scattered photons and η  is the angle of Compton 
scattering: 

 ( )cos sin sin cos cos cosη = Θ ϑ Φ − ϕ + Θ ϑ  . (3b) 

( )K ′α  is the linear photo absorption coefficient, and 
outΛ  is the distance along which the scattered photons 

travel  within the solid part of plB .  
Some additional remarks are noteworthy: 

Contributions to the secondary current outJ (or its 
density outj ) are measured at the entrance of dB . The 
primary current density ij  is measured at the position 
r


of the scattering center P. The argument r


of the 
secondary current outĴ (or its density outĵ ) is actually 
the position argument of P. Hence, r


does not directly 

stand for the spatial coordinates of the aperture of 
dB . Eq. (3) relates the secondary current density outĵ at 
dB to the primary current density ( )i , ,j r Θ Φ

 
expected at the position r


of P. However, determining 

the shielding efficiency i outj j  requires determining 
( )ij ρ

 
 at the aperture of plB , i.e., at ( )0ρ λ =

.  
 

3.2. Estimates of photon currents   
 

       Estimating ( )ij r


at P by ( ) ( )( )i i0 0j j= ρ λ =
at 

the aperture of plB requires taking into account the 
attenuation of the primary radiation. The attenuation 
of X-ray bundles is caused firstly by their geometric 
spreading and secondly by photo-electric absorption. 
Both effects are treated separately by writing the 
photon current density as a product of two factors: 
 

 ( ) ( ) ( )i i s iexpj jΣ Σρ = ρ × −αΛ ρ  
  

.  (6) 

 
The exponential factor specifies the ray attenuation 
along the ray trajectory due to photo-absorption. It 
depends on the distance ( )iΛ ρ travelled by the ray 
within the solid parts of plB . On the other hand, the 
factor ( )i sjΣ ρ  describes the pure geometric spreading 
of the ray bundle. The linear differential equation 
yielding the Lambert-Beer Law of photoelectric ray 
attenuation describes also the attenuation of the 
current density by spreading [6]. It yields just eq. (6), if 
it acts on the “effective attenuation coefficient” 

 eff sα = α + α   (6a) 

with the “spreading attenuation coefficient” sα  : 

 
( )
( )

i s
s

i s

j

j

Σ

Σ

′
α =  . (6b) 

The derivative of i sjΣ is taken with respect to λ  along 
the X-ray trajectory. Thus, eq. (6) is a reasonable 
approach for the current density of primary photons.  

Furthermore, eq. (6) enables estimating the different 
attenuation mechanisms by separate means.  
In the considered case, the X-rays are emitted by the 
point-like source sdV . Thus, according to the inverse-
square law, the photon current density decreases with 
increasing distance from sdV  : 

 ( ) ( )( )i s i s 0j r jΣ Σ≤ ρ
 . (6c) 

 
The shielding efficiency refers to the photon current 
density ( )( )i 0j ρ  at the front surface of plB (and not to 

ij  in close vicinity to the radiation source). Therefore, 
the photo-absorption along the trajectory between sdV  
and the aperture of plB is not taken into account. 
Thus  

 ( ) ( )i s i0 0j jΣ Σρ λ = == ρ λ =      
 

. (7a) 

Here is  

 ( )0ρ λ =
cos tan cos

sin tan sin

0

r z

r z

χ − Θ Φ 
 = χ − Θ Φ 
 
 

  (7b) 

the intersection of the front-face of plB  and the ray’s 
trajectory. The same holds for the current component 
parallel to the collimator axis: 

 ( ) ( )i s i0 0j jρ λ = = ρ λ =      
 

 . (7b) 

In order to estimate the attenuation of ray bundles due 
to photo-absorption, one needs the “penetration 
lengths” of the trajectories along which the photons 
travel within the solid parts of plB .  However, it is 
difficult to determine them exactly. Thus, it is 
impossible to express the result of the integration in an 
analytic form. This problem is circumvented by using 
easy-to-calculate lower estimates i,minΛ and out,minΛ  of 
the penetration lengths of primary and secondary rays 
respectively. They are presented in the accompanying 
paper [5]. In addition, the differential cross section 

( )d d ,Kσ Ω η is replaced by its maximal value 
2 26 28 10 cm srer −≈ ×  ( e :r  classical electron radius) at 

forward scattering.  The incident primary energy K 
replaces the energy K K′ ≤  of the scattered radiation. 
Likewise, the photo absorption coefficient 

( )Kα replaces the larger value ( )K ′α . With these 
measures, one single parameter, i.e., the total 
minimum penetration length min i,min out,minΛ = Λ + Λ , 
suffices to estimate the total photo-absorption of the 
incident and scattered ray.  
According to the requirements of chapter 2.1, ijΣ is 
assumed to be constant at the front of plB : 

 ( )( ) ( )i i0 0j jΣ Σρ λ = =
 . (8a) 

This holds also for the current component parallel to 
the collimator axis: 

 ( )( ) ( )i i i0 0j j jρ λ = = ≡
 . (8b) 

By introducing all estimates in eq. (3), one obtains the 
final expression relating a secondary current density 
element to a   primary current density element: 

( ) ( )
( )

( ) ( )

out

2
i d

min 3
2max 2

d

i

ˆ ( )d

0
d exp

cos

d 0

e

j r V

j nZr z z
V r

r z z

V j q r

−≤ −αΛ  Θ + −

≡







 .(9) 
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     This expression depends only on known functions 
of the position r


of the scattering center P. 

Expressions for ( )min rΛ 
 are taken from [5]. 

Therefore, the numerical integration of eq. (9) over the 
volume V  of plB can be performed without knowing 
details about the primary current distribution: 

( ) ( )

( )
( )

pl max

out out out

0 pl

2
mini

d3
22max

d

ˆ ˆ( )d 2 d d ( )

exp0
d

cos

d r

z r

e

j j r V z r r j r

rj nZr
V z z

r z z

=

= = π

−αΛ  ≤ −
Θ + −

  



 

  . (10) 

     This expression provides the required upper 
estimate of the shielding efficiency i oj j  . Its inverse 
fulfills 

( )

( )
( )

( )

2 minout
d3

2i max 2
d

exp
d

cos

d

e rj nZr
V z z

j
r z z

V q r

−αΛ  ≤ −
Θ + −

=









 (10a) 

    
for any emitting infinitesimal part sdV of the radiation 
source. The estimate turns out to be independent of the 
position of sdV and of the emitted radiation intensity. 
Therefore, the same eq. (10) yields also an estimate for 
spatially extended sources as a whole, provided the 
prerequisites in chapter 2.1 are met. Performing an 
additional integration of eq. (10) over the volume of 
the radiation source is therefore not necessary.  

4. RESULTS  

A FORTRAN program performs the integration of 
eq. 10 over the total volume of the shielding 
diaphragm plB .  It can be used for arbitrary sets of 
geometric collimator parameters and for any energy K 
of incident photons. Values of the photoelectric 
absorption coefficient ( )Kα  are obtainable from NIST 
[7]. Input parameters are the above defined geometric 
quantities pl ,r pl ,d d . The program calculates the 
required ratio i outj j . It generates also a contour plot, 
which displays the spatial distribution of the calculated 
contributions ( )q r


 (eq. (9)) in dependence on the 

coordinates z and r. They are normalized to the 
maximal value ( )( )max q r


 taken at the edge plr r= of 

the borehole of plB . The contours are shown in a dual 
logarithmic or decimal logarithmic scale. The contour 
labels show the dual or decimal exponent of the decline 
of the normalized ( )q r


with increasing r.  The 

logarithmic steps are filled with colors in a stepped 
gradient fashion. Examples of collimator assemblies 
for three different incident photon energies are given.  

Fig.3 shows the spatial profile of ( ) ( )( )maxq r q r
 

 
calculated for the incident photon energy 

226keVK =  respective 6.9 / cm.α =  Geometric 
parameters are pl 0.2cm,r =  maxΘ =  35 ,°  pl 6cm,d =  
and 20cmd = . With this parameter set, eq. (10) yields 

5out i 7.45 10j j −≤ × being about an order of magnitude 
smaller than the value of eq. (3) in [4]. This large 
difference shows the achieved improvement by using 
eq. (10) instead of eq. (2) of [4]. Fig.3 displays the 
labels in a decimal logarithmic scale, i.e., in terms of 
fractions 100, 10-1, 10-2, 10-3, etc., of the maximal 
contribution at plr r= .   

 
 

FIG.3. ( ) ( )( )max
 

q r q r for incident photon energy 
226keV=K .Note: labels are in a decimal logarithmic scale. 

 

 
FIG.4. ( ) ( )( )max

 
q r q r  for incident photon energy 

600keV=K . Note: labels are in a dual logarithmic scale. 

 

Fig.4 shows the spatial profile of ( ) ( )( )maxq r q r
 

 
calculated for the incident photon energy 

600keVK =  respective 0.631/ cm.α =  Geometric 
parameters are pl 1cm,r =  maxΘ =  35 ,°  pl 16cm,d =  
and 56cmd = . With this parameter set, eq. (10) yields 

3out i 3.83 10j j −≤ × . This Figure displays the labels in 
terms of fractions 20, 2-1, 2-2, 2-3, etc., of the maximal 
contribution at plr r= .   

 

 
 FIG.5. ( ) ( )( )max

 
q r q r for incident photon energy 

1MeVK = .  Note: labels are in a dual logarithmic scale. 

 

Fig.5 shows the spatial profile of ( ) ( )( )maxq r q r
 

 
calculated for the incident photon energy 1MeVK =  
yielding 0.2 / cm.α =  Geometric parameters are 

150cmd = , maxΘ = 35 ,°  pl 50cm,d =  pl 2cm.r =  
With this parameter set, eq. (15) yields out i 0.007j j ≤ . 
This figure also displays the labels in a dual 
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logarithmic scale. For fixed r, the contribution 
( ) ( )( )maxq r q r
 

 increases with increasing z, i.e., 
with decreasing distance between the scattering 
centers and dB    due to increasing od Ω . This effect is 
very pronounced in the example shown in Fig. 5 for 

1MeVK = for all r.  

5. CONCLUSIONS  

In this article, the minimum achievable shielding 
efficiency of an x-ray collimator against Compton stray 
radiation has been estimated. The collimator in 
combination with a scintillator detector is used to 
measure discrete and continuous X-ray spectra of hot-
electron plasmas and to filter out disturbing stray 
radiation. A scintillator counter provides count-rate 
spectra for energy-resolved pulse height analysis. The 
secondary radiation turns out to be emitted mainly by 
a thin cylindrical layer adjoining the inner borehole of 
the shielding diaphragm. Thus, the obtained results 
reveal a much more efficient shielding than originally 
expected. 

The outlined estimation method utilizes the 
photoelectric absorption properties of high-Z materials 
[7]. Insofar as the conditions stated in chapter 2.2 are 
met, the treatment does not depend on specific plasma 
properties. In particular, the resulting lower-estimated 
shielding efficiency does not depend on the way in 
which the hot electrons are spatially and energetically 
distributed. It provides a generally usable means for 
the x-ray collimator design for plasma diagnostics of 
hot electron energy distributions. It shows, in what 
follows, also its limits of applicability. An important 
constraint that one should pay attention to is that 
bremsstrahlung photons emitted by high energetic 
plasma electrons are not monoenergetic. Instead, they 
are continuously distributed over a broad energy 
interval. Photoelectric absorption is strongest at 
photon energies comparable to the binding energy of 
the k-shell electrons or lower. Thus, its strength and 
the shielding efficiency decrease strongly with 
increasing incident photon energy. This behavior 
implies that the specified conditions for applicability 
are met the less the higher the incident photon energy 
is. This is demonstrated with the examples shown 
above. Shielding of 1 MeV primary radiation requires 
much larger geometric sizes of the collimator than 
shielding of radiation in the low 100 keV region. This 
limits the applicability of x-ray collimators in the MeV 
region. For the same reason, the innermost layer of plB  
contributing significantly to the secondary radiation at 

dB  increases in size with photon energy K. 
Consequently, the higher K , the less the specified 
conditions can be achieved.  Furthermore, the intensity 
of measured x-ray spectra decreases exponentially or 
like a power-law function with photon energy K (see 

e.g. Ref [1], [2], [3]). Thus, the measured count-rates 
may extend over several orders of magnitude if the 
same collimator configuration is used for the whole 
photon energy range. In order to improve the resulting 
bad statistics, the measurements must be carried out 
separately in several adjacent energy sub-intervals.  
They are performed by using different collimator 
configurations with appropiate aperture sizes, as e.g. 
used in Fig. (3,  4, 5). However, collimators equipped 
with large aperture areas yield a wider geometric view 
cone of the detector and dB . As a consequence, the 
view cone of dB   receives a higher amount of primary 
thick-target bremsstrahlung radiation. Precautions 
necessary to suppress increased thick-target radiation 
levels are more difficult to perform.   
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3. RESULTS AND DISCUSSION 

3.1. Dose response and dose equation 

The TL low-dose responses were measured over the 
β dose range from 10 cGy up to 50 cGy and TL glow 
curves were recorded (see Fig.1). As seen from Fig.1, 
TL glow curve of TLD-500 shows an intense and well 
defined peak with the maximum on ~204oC and this 
TL peak is shifting towards to lower temperature with 
increasing dose level. This peak shifting is within the 
error limits. According to TL theory, the peak 
temperatures are expected to change only with heating 
rate for first order kinetics (b=1). Hence for a constant 
heating rate the peak maximum should not be affected 
by other experimental parameters and should thus be 
fairly constant within the limit of experimental errors 
[14]. Therefore, if the TL peak temperature shifts to the 
lower side with increasing dose levels the peak is not 
first order kinetics (b≠1), so this peak should be first 
(b=1) order kinetics.   
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Fig. 1 TL low-dose glow curves of TLD-500 obtained 
with a linear heating rate of 2 °C s−1. 

TL response and low-dose relationship of TLD-500 
is illustrated in Fig. 2. As seen in Fig. 2, TLD-500 has a 
linear dose range between 10 cGy and 50 cGy, and beta 
radiation dose can be calculated using this equation; 

(ݕܩܿ)	݁ݏܦ	ߚ  ≈ ݕݐ݅ݏ݊݁ݐ݊ܫ	ܮܶ − 10ସݔ10ହ6.69ݔ1.99  
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Fig. 2 Relationship between TL response and low-dose. 
 

3.2. Heating rate effect 

The heating rate effect on TL glow curves is a basic 
experimental variable in TL measurements [15]. The 
heating rate of the dosimetric materials influences the 
variation of their TL sensitivity and, hence, the trends 
of the dose curve [16]. In the application of TL 
dosimetry, TL glow peak (or curve) area and TL glow 
peak height are affected by changes in heating 
rate [17].  

In order to determine the effect of heating rate on 
the TL glow curve and to calculate kinetic parameters 
(section 3.4.3) of TLD-500 dosimeter, three chips were 
irradiated with ~10 cGy β dose and then TL glow 
curves were recorded from RT to 400oC by using 
various heating rates of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 
10oC/s. TL glow curves of the chips are presented in 
Fig. 3a. As seen in Fig. 3a, the peak temperature of the 
glow peak is shifting to the higher temperature side as 
the heating rate rises and also peak intensity is 
continuously diminishing as expected in the TL theory. 
Results from the large number of studies showed a 
decrease in TL glow peak height (or area) intensity 
with increasing heating rate. This phenomenon has 
been explained to be due to thermal quenching, whose 
efficiency increases as temperature increases [18-23]. 
The maximum TL intensities of the glow peaks were 
normalized to lower heating rate (1°C/s) and it can be 
seen that the maximum TL intensity of peak decreases 
by about 65% (in Fig. 3b).  
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Fig. 3 (a) The measured and (b) normalized TL glow 
curves after different heating rates (D≈10 cGy). 
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3.3. Reusability 

Reusability is one of the most important properties 
for any dosimetric material [24] and TL sensitivity of a 
good dosimeter should not change with repeated TL 
readout cycle.  In order to test reusability of TLD-500 
dosimeter without annealing, it was irradiated with 10 
cGy by β from 90Sr-90Y source and the TL glow curve 
was recorded. The cycle of irradiate-readout process 
was repeated ten times and TL measurement was 
carried out before irradiation to see that no TL signal 
was left after per readout. Normalized peak height 
intensities were obtained from maximum peak 
intensity. Fig. 4a shows the TL glow peaks of TLD-500 
dosimeter for per readout cycle and the TL sensitivity 
of the TLD-500 after the different cycles of usage are 
shown in Fig 4b. As seen in Fig. 4a and Fig. 4b, TL 
sensitivity is decreasing per readout from 1 to 10 cycle 
and this decreasing is about 11% at tenth TL readout. 
Therefore, the best combination of time and 
temperature for an optimum annealing procedure 
should be determined and applied to obtain the highest 
reproducibility for TL signals. In previous studies, this 
procedure is defined as 1 hour at 400oC and then 16 
hours at 80oC for TLD-500 [25].    
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 Fig. 4  (a) TL glow curves and (b) TL sensitivity change 
of TLD-500 at repeated β-irradiation.  

 

3.4. Kinetic parameters 

The shape of a TL glow peak takes an important 
role in basic research and TL applications. In TL 
research, it is the basis of important and suitable 
methods for calculating the trapping parameters of 
different energy levels within the crystal. The complete 
description of the TL characteristics of TL material 

requires the knowledge of these parameters. The TL 
glow curves are characterised by determining various 
factors like the activation energy (E), order of kinetics 
(b), and frequency factor (s) [26]. 

In this study, kinetic parameters of the main TL 
glow peaks of TLD-500 chips (i.e. order of kinetics (b), 
activation energies (E) and frequency factors (s)) were 
determined and evaluated by the method of 
computerized glow curve deconvolution (CGCD), peak 
shape (PS),  various heating rate (VHR) and three 
points (TP) using the glow curve data. Furthermore, 
using Mathematica software, all TL glow curves of 
TLD-500 were decomposed in order to compare with 
the results of other methods. 

 

3.4.1. Computerized Glow Curve Deconvolution 
(CGCD) Method  

 CGCD analysis has become very popular during 
the last two decades with the development of 
sophisticated glow curve deconvolution (GCD) 
techniques [27, 28]. The glow curves of dosimetric 
materials are in most cases complex curves consisting 
of many overlapping glow peaks. Hence, the 
deconvolution of complex glow curves into their 
individual components is widely applied for dosimetric 
purposes and for evaluating the kinetic parameters 
using curve fitting methods [28]. In addition, CGCD 
method is very important to decide correctly how many 
glow peaks there are in the complex glow curve and 
which of them have first, second or general order 
kinetics to obtain correct results [14].  

There are many CGCD programs used by 
researchers, one of these programs have been TL Glow 
Curve Analyzer (TLanal) [29, 30]. TLanal is written in 
C# of the Visual Studio .Net and has been tested in the 
Microsoft Windows-based operating systems. It is 
possible to convert this program to an ActiveX control 
which can run in a web browser. In this program, a 
new method based on the general one-trap TL 
equation was adopted to analyze the TL glow curve 
with the traditional first-order, second-order and 
general-order kinetics model. The method described 
here, general approximation, generates TL glow peaks 
and interpolates the relevant TL parameters from the 
glow data [29, 30]. The accuracy of decomposing was 
tested with calculating the value of figure of merit 
(FOM) for all of the TL glow peaks. 

In this study, the TL glow curve of TLD-500 
dosimeter for the selected 50 cGy beta radiation dose 
was decomposed with TLanal software. Fig. 5 shows 
the analyzed TL glow curve of dosimeter. The analyzed 
TL glow curve as shown in the figure consist of two 
glow peaks at around 195 and 213oC (Fig. 5). The 
accuracy of these presented values is supportable with 
figure of merit (FOM) values. FOM values are 1.35% 
for TLD-500 dosimeter. Therefore, the TL kinetic 
parameters (E (eV), s (s-1) and b) associated with the 
glow peaks were obtained by CGCD method. The 
obtained kinetic parameters and peak temperatures at 
the maximum (Tm) were given in Table 1. As seen in 
Table 1, all of the samples have general order kinetic 
(b=1.30 for P1 and b=1.44 for P2 by calculated CGCD 
method). 
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Fig. 5 Decomposed TL glow curves of TLD-500 (with 
TLanal software). 

 

The TL glow curve of TLD-500 dosimeter was also 
decomposed for each heating rate values from 1 oC/s to 
10 oC using TLanal software and different heating rate 
values versus activation energies were plotted for all 
peaks (Fig. 6). As seen in Fig. 6, average activation 
energy is 1.26±0.02 eV for peak 1 and 1.44±0.05 eV for 
peak 2. These results show that the obtained activation 
energies using CGCD and Mathematica software are 
compatible within the limit of experimental errors. The 
accuracy of these presented values is supportable with 
figure of merit (FOM) values. Many studies have 
shown that if the FOM value is between 0.0% and 
2.5%, the fit is good [31-33]. In this study, average 
FOM values were calculated as 1.45% for TLD-500 
dosimeter.  
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Fig. 6 Graphs of different heating rate values versus 
activation energies (a) for peak 1 and (b) for peak 2. 

 

3.4.2. Peak Shape (PS) Method   

 One way of analyzing a TL glow peak, obtained 
using a linear heating rate, is by considering its 
geometrical properties with peak shape method. PS 
method is generally called as Chen’s (1969) [34] 
method, which is used to determine the kinetic 
parameters of the main glow peak of the TL materials. 
This method is mainly based on the analysis of the 
glow-curve shape by using temperatures (Tm, T1 and 
T2). The second-order peaks are characterized by a 
symmetrical shape whereas the first-order peaks are 
asymmetrical in this method [35].  

Geometrical shape parameters of TLD-500 were 
firstly determined with the help of TL glow curves 
readings for the selected 50 cGy beta radiation dose. 
Then PS method was applied to the main TL glow 
peaks at around 204oC. E, s and b (µg = 0.42) values 
were calculated (See Table 1). The kinetic parameters 
were calculated by using following expressions: 

ܧ  = 1.51݇  ܶ ଵܶܶ − ଵܶ൨ ݏ = ݇ܧߚ ܶଶ ݔ݁ ൬ ݇ܧ ܶ൰ 

ߤ = ߜ߱ = ଶܶ − ܶଶܶ − ଵܶ  

  
 

3.4.3. Various Heating Rate (VHR) Method 

This method essentially makes use of change in 
glow peak temperature Tm with respect to heating rate. 
When the heating rate changes the maximum 
temperature (Tm) of the TL glow peak also changes: at 
faster heating rates corresponds a shift temperature 
towards higher values of Tm. (see Fig. 3a) [35]. The 
kinetic parameters of dosimeters can be calculated by 
the following expressions for different sets of heating 
rates and their corresponding Tm, E and s [26]: 

ܧ  =  ݇ ܶଵ ܶଶܶଵ − ܶଶ൨ ቈ݈݊ ቆߚଵߚଶ ൬ ܶଶܶଵ൰ଶቇ 
ݏ = )ଵ݇ߚܧ ܶଵ)ଶ ቈቆߚଵߚଶ ൬ ܶଶܶଵ൰ଶቇ ்మ( ்భି ்మ) 

 
 
In this study, E and s were calculated by using 

above equations. The values of Tm1 and Tm2 are selected 
227oC and 264oC and the values of β1 and β2 are 4oC/s 
and 10oC/s, respectively. The calculated values are 
mentioned in Table 1.   

 

3.4.4. Three Points (TP) Method 

 The trapping parameters of TLD-500 chip were 
calculated by the Rasheedy's [36] three points method 
(TPM) by using TL Parameters Calculator (TLPC) (Fig. 
7) software that it is written in C# of the Visual Studio 
.Net [37]. The average values of the trapping 
parameters are given by E= 1.41±0.07 eV, s= 9.72x1013 
s−1 and b= 1.03 (See Table 1). 
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Ivan Shvetsov-Shilovskiy 1,2, Anatoly Smolin 1,2, Pavel Nekrasov 1,2,  
Anastasia Ulanova 1,2, Alexander Nikiforov 1,2 

1 Specialized Electronic Systems (SPELS), Moscow, Russia 
2 National Research Nuclear University (NRNU) MEPhI, Moscow, Russia 

Abstract. The research is focused on the differences in radiation behavior for transistors of different geometry, body 
tie contact types, device layer thickness and biasing. 

Key words: CMOS SOI, TID Hardness, automated measurement system, body tie. 

1. INTRODUCTION 

Silicon on Insulator (SOI) process grants several 
benefits as compared to bulk silicon substrate. Active 
devices are formed in the silicon layer placed on buried 
SiO2 insulator layer. Fully isolated transistors have 
lower leakage current, less parasitic capacitance and 
therefore lower power consumption and higher 
switching speed. 

SOI transistors can be fully and partially depleted. 
If the depletion region reaches buried oxide, the 
transistor is fully depleted, otherwise it is called 
partially depleted. Fully depleted transistors can 
control the channel more efficiently; however, they 
require precise thin silicon films, good process 
reproducibility and thus are more difficult to produce. 

SOI process is successfully used in radiation 
hardness applications since the insulator layer reduces 
photocurrents and eliminates latch-up as a result of 
transient radiation effects (TRE) and single event 
effects (SEE). 

At the same time SOI devices are relatively more 
vulnerable to total ionized dose (TID) effects because 
the buried oxide works like the gate oxide of the 
additional “bottom” transistor – parasitic structure 
specific to SOI process. Radiation induced threshold 
voltage shift of this structure leads to leakage current 
increase and can cause parametrical failure of the 
complex device due to increased current supply. 
Radiation hardness research of separate transistors 
can offer opportunity to evaluate complex devices’ 
hardness [1-11] or serve as the basis for the 
fundamental modeling of the separate 
transistor [12-18].  

On the other side, one can use body ties that 
increase device’s TID hardness mitigating parasitic 
bipolar effect [19]. Some benefits can be gained by 
careful transistor type and process parameters 

selection and suitable substrate biasing [20]. Prior 
theoretical conclusions on radiation hardness of SOI 
devices are difficult to draw, thus experiment needs to 
be carried out. Special set-up is needed to 
automatically measure single transistor parameters. 

 2. TEST HARDWARE AND SOFTWARE 

The devices under test (DUT) were test chips 
containing mesa-isolated transistor structures of 
different gate length and width, body tie contacts and 
device layer thickness. The topologies of transistors are 
presented in figure 1. 

 

LW

DrainSource

Body tie

Body tie

 
        a)       b) 

 
c) 

Fig. 1 The topologies of transistors: a) H-type transistor: 
Body ties are located on the each side of transistor; b) L-type 
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transistor: body is tied to source; c) T-type transistor: both external 
body contacts and body-tied-to-source blocks are presented. 

Gate oxide has a thickness of 12 nm and the buried 
oxide is 0.4 μm thick. Device cross section is presented 
in figure 2. 

 

Fig. 2 Cross section of NMOS transistor. 

 

Test structures were irradiated under different bias 
conditions presented in table 1. 

Table 1 Transistor’s bias conditions under irradiation  

Mode Source Drain 
Main 
gate 

Body 
Bottom 

gate 
ON 0 0 5 0 0 
OFF 0 5 0 0 0 
TG_0 5 5 0 0 0 
TG_-2 5 5 0 0 -2 

Measurement set-up was based on National 
Instruments equipment that gives us possibility to 
acquire sets of transistor I-V curves during irradiation. 
Drain current was measured by NI PXI-4071 digital 
multimeter which has a resolution down to 1 pA. 
Measurements were automatized by means of program 
developed in LabVIEW 2010. Hardware was controlled 
by program designed in LabVIEW 2010 development 
environment. TID test were carried out with 137Cs 
MEPHI-SPELS facility and with “REIS-IE” X-ray 
tester [21]. The dose rate was 12 rad/sec. 

3. EXPERIMENTAL RESULTS 

The radiation-induced threshold voltage shift 
behavior of the main (top) and bottom transistor 
depends on channel type and dimensions, gate shape, 
device layer thickness and bias conditions. 

One should mention that parasitic bottom 
transistor I-V curves alteration under irradiation is 
noticeably higher than one of the main transistors. 
This experimental fact is illustrated by figures 3 and 4 
for the case of NMOS H-type transistor with 
dimensions L=0.6 μm and W=1.4 μm irradiated under 
TG_0 bias conditions. 

These figures correspond with the above mentioned 
fact that regards leakage current increase to parasitic 
bottom transistor radiation-induced threshold voltage 
shift. 

It was found that short channel transistors have 
higher threshold voltage shift than long channel ones. 
That dependence was caused by different field 
distribution in the buried oxide for short and long-
channel devices under the TG bias as was shown in 

[20]. For long gate, drain and source bias only enhance 
charge trapping in local areas around the source and 
drain, having little effect on the central area under the 
gate. Especially significant characteristic TID-
degradation occurs in structures that combine short 
gate length and large gate width. Width dependence 
presumably is due to more significant effect of device 
edges on charge trapping in buried oxide area under 
the gate in narrow devices. 
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 Fig. 3 Dependence of main transistor drain-source current on 
gate voltage at various total ionizing doses. 
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Fig. 4 Dependence of bottom transistor drain-source current 

on gate voltage at various total ionizing doses. 

Bottom transistor threshold voltage dependences 
on total ionizing dose for different transistor’s channel 
length and width values and TG_0 bias during 
irradiation are shown in figure 5. Threshold voltage is 
measured as the voltage that corresponds to the 
current of 1 μA. 

The same dependence evidently reveals itself on 
diagrams corresponding to L-type transistors of 
different channel dimensions presented in figure 6. 
These were irradiated in OFF mode. One should 
mention that L-type transistors are not able to work 
exactly in TG mode because of body-tied-to-source 
blocks. 

The influence of bias conditions is interrelated to 
the transistor type. The most TID-sensitive bias 
conditions correspond with the “TG” bias mode. This 
effect is strongly pronounced for H-type transistors 
that have independent contacts to the body region. The 
worst bias case during irradiation for L-type 
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transistors that include body-tied-to-source (BTS) 
blocks was “OFF”.  

Device layer thickness influences the main 
transistor threshold voltage shift more significantly 
than one of the bottom transistor. Transistor 
structures made on the wafer with the thickest device 
layer demonstrated higher characteristic’s degradation 
as compared to transistors with lower device layer 
thickness. 

The substrate was grounded in most cases. 
Negative offset voltage applied to the substrate reduces 
the threshold voltage shift.  

Threshold voltages’ shifts of the bottom NMOS 
transistors are summarized on figures 7-9 for 
structures with various channel widths and lengths 
that were irradiated in various bias conditions. 

T-type transistors combine features of H- and 
L-type transistors: they have both independent body 
contacts and body-tied to source blocks. Under ON and 
OFF bias conditions T-type transistors showed 
behavior similar to that of H- and L-type transistors of 
the same channel size. 
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Fig. 5 Dependence of bottom transistor drain-source current 
on total ionizing dose for different channel width and height. 
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Fig. 6 Dependence of bottom transistor drain-source current 
on total ionizing dose for different transistor channel width 

and height. 

 

 

 

Fig. 7 Threshold voltages’ shifts of the bottom NMOS transistors for structures with different channel width and length.  
Device layer thickness is 0.2 µm. 



 

Fig. 8 Threshold voltages’ shifts of the bottom NMOS transistors for structures with different channel width and length.  
Device layer thickness is 0.14 µm. 

 

Fig. 9 Threshold voltages’ shifts of the bottom NMOS transistors for structures with different channel width and length.  
Device layer thickness is 0.3 µm. 

4. CONCLUSION 

The purpose of this paper was to estimate the 
influence of the device geometry on the partially 
depleted SOI transistors TID hardness. It was 
experimentally found out that TID-induced threshold 
voltage shifts are relatively higher for shorted and 
wider channels of test transistors and occur on lower 
dose. Transmission gate with ground potential applied 
to the substrate should be considered as the worst bias 
case. 

The results can be used to determine the 
components of the complex IC that are most 
vulnerable to ionizing radiation based on analysis of 
used transistors’ geometry and their biasing. 
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Jozef Huran1, Ladislav Hrubčín1,2, Pavel Boháček1, Sergey B. Borzakov2,                          
Vladimir A. Skuratov2, Alexander P. Kobzev2, Angela Kleinová3, Vlasta Sasinková4 

1 Institute of Electrical Engineering, Slovak Academy of Sciences, Dúbravská cesta 9, 84104 Bratislava, Slovakia 
2 Joint Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Moscow Region, Russian Federation 

3 Polymer Institute, Slovak Academy of Sciences, Dúbravská cesta 9, 84541 Bratislava, Slovakia 
4 Institute of Chemistry, Slovak Academy of Sciences, Dúbravská cesta 9, 84538 Bratislava, Slovakia 

Abstract.  Silicon carbide (SiC) and nitrogen-doped silicon carbide (SiC(N)) films were deposited on p-type Si(100) 
substrates at various deposition conditions by means of plasma enhanced chemical vapor deposition (PECVD) 
technology using silane (SiH4) methane (CH4) and ammonium (NH3) gas precursors. The concentration of elements in 
films was determined by RBS and ERD analytical method simultaneously. Chemical compositions were analyzed by 
FT-IR and Raman spectroscopy. The current-voltage (I-V) characteristics of structures before and after Xe ion and 
neutron irradiation were measured. 

Key words: SiC film, PECVD, Xe ion and neutron irradiation, structural and electrical characterization  

1. INTRODUCTION 

Silicon carbide is a versatile material utilized in a 
wide variety of applications. Amorphous silicon carbide 
is an excellent alternative passivation layer material for 
silicon solar cells especially for work in hard and space 
environment. Higher band gap (1.8 – 2.3 eV) of 
amorphous SiC layers (compared to a-Si:H) lead to a 
lower parasitic light absorption [1]. There are efforts to 
replace traditional passivating layers, such as SiO2 and 
SiN, by a-SiC [2]. The aim is a more efficient 
production process involving lower deposition 
temperatures and high throughput. New dielectric 
materials such as hydrogenated amorphous silicon 
carbide (a-SiC:H) show great potential as both etch 
stop and hard mask layers to assist nanoelectronic 
patterning, and as low dielectric constant (i.e., low-k) 
interlayer dielectric, Cu diffusion barrier, and pore 
sealants. Electronic transport, particularly transport 
related to time-dependent dielectric breakdown and 
stress induced leakage current, is of keen interest due 
to the relatively low breakdown strength of these films. 
a-SiC:H films with dielectric constants significantly 
less than a-SiN:H are particularly interesting [3]. Using 
a-SiC:H as a case study material, the authors utilized 
nuclear reaction analysis, Rutherford backscattering, 
nuclear magnetic resonance and transmission Fourier 
transform infrared spectroscopy measurements to 
determine the average coordination (〈r〉) for these 
materials. The correlations of 〈r〉 to Young's modulus, 
hardness, thermal conductivity, resistivity, refractive 
index, intrinsic stress, mass density and porosity show 
that an extremely wide range in material properties (in 
some cases several orders of magnitude) can be 

achieved through reducing 〈r〉 via a controlled 
incorporation of terminal  Si-Hx and C-Hx groups [4]. 
a-SiC:H thin films deposited by PECVD as protective 
coatings for harsh environment applications were 
investigated [5]. The effect of substrate temperature on 
the rate of remote microwave hydrogen plasma 
chemical vapor deposition of a-SiC:H thin films using 
dimethylsilane and trimethylsilane was reported [6]. 
Using resistivity, Raman scattering, and infrared 
transmission spectroscopy, the authors investigated 
the neutrons irradiation effect on the structure and 
properties of a-SiC:H films prepared by reactive 
sputtering method [7]. The aggregates of carbon 
interstitials in SiC were investigated and it was found 
that the formation of the carbon aggregates was 
energetically favored and all carbon clusters are 
electrically active [8]. 

In this paper, the PECVD technology was used for 
deposition of SiC and SiC(N) films using silane, 
methane and ammonium as reactants. Elements’ 
concentrations in the films were investigated by RBS 
and ERD method. FT-IR and Raman spectroscopy were 
used for chemical composition analysis. The effect of 
Xe ion and neutron irradiation on the films‘ electrical 
properties was studied by the measurement of the I-V 
characteristics. 

2. EXPERIMENTS 

A plasma reactor with parallel plate electrodes was 
used for the PECVD technology for the films 
preparation. A P-type silicon wafer with the resistivity 
of 6-10 Ωcm and (100) orientation was used as a 
substrate for the growth of SiC layers. Technological 



 400

parameters for wafers were: the substrate temperature 
was 300oC and the gas mixture was (SiH4-7 sccm, CH4-
40 sccm) for wafer HR1 and (SiH4-7 sccm., CH4-40 
sccm, NH3-3 sccm) for wafer HR2, respectively. For 
wafers the RF power was 150 W and the pressure was 
100 Pa. The wafer HR1 was cut into seven samples 
marked as HR1O, HR1XeA, HR1XeB, HR1XeC, 
HR1NA, HR1NB, HR1NAc and HR1NBc. The wafer 
HR2 was cut into seven samples marked as HR2O, 
HR2XeA, HR2XeB, HR2XeC, HR2NA, HR2NB, 
HR2NAc and HR2NBc. Concentration of elements in 
the films were analyzed using RBS and ERD analytical 
method simultaneously [9]. Chemical compositions 
were analyzed by infrared spectroscopy using a FTIR 
Nicolet 8700 spectrometer in the absorption mode and 
the absorption spectra of the used substrate were 
subtracted from the film spectra. Raman 
measurements of the SiC films were performed using a 
Thermo Fisher Scientific DXR Raman microscope with 
a 532 nm laser. The thickness and refractive index were 
determined by spectroscopic ellipsometry. Structures 
of Au/SiC/Si/Al and Au/SiC(N)/Si/Al with films HR1 
and HR2 of thickness about 1000 nm were prepared 
for electrical characterization. Circular electrodes of Au 
contacts with the diameter of 1.2 mm were formed 
using metal masks on the side with SiC film on each 
sample. The other side of the samples was fully covered 
with Al ohmic contact. Irradiation of structures 
(marked HR1Xe, HR2Xe +A,B,C) with Xe ions to total 
fluencies A(1x1010 cm-2), B(1x1011 cm-2) and C(1x1012 
cm-2) was performed at room temperature in the IC100 
accelerator at JINR, Dubna and irradiation of 
structures (marked HR1N, HR2N +A,B,Ac,Bc) with 
neutrons to total fluencies A(3.3x1013 cm-2), B(1.5x1014 
cm-2) was performed at room temperature in the IREN 
facility at JINR, Dubna. The electrical properties of the 
structures were determined by the I-V measurement at 
295 K. An electrically shielded probe station was 
employed for the measurements of I-V characteristics 
of the samples using a computer controlled HP 4140B 
pA meter/DC voltage source. 

3. RESULTS AND DISCUSSION 

The measured and simulated RBS and ERD spectra 
for HR1 and HR2 samples are shown in Fig.1. The 
thickness of films for RBS and ERD analysis was about 
300 nm. In Fig. 1(a), the RBS spectra are shown with 
the leading edge at ~620 ch corresponding to the Si 
and the leading edges around 560 ch corresponding to 
the SiC/Si interface. The feature corresponding to C 
and N are observed on the profile of the bulk Si at 
around 320 and 370 ch, respectively. In Fig. 1(b), ERD 
spectra, appeared one intensity corresponding to 
hydrogen with the leading edge at approximately ~510 
ch. RBS and ERD analyses indicated that the films 
contained silicon, carbon, hydrogen, nitrogen and a 
small amount of oxygen. Concentrations of species 
were for the HR1 sample (silicon-33 at.%, carbon-32 
at.%, hydrogen-30 at.%, nitrogen-1 at.%, oxygen-4 
at.%) and for HR2 sample (32,29,28,8,3), respectively. 
We proposed that the small amount of oxygen in the 
films came from the walls of the reaction chamber as 
residual oxygen and from precursors. The thickness 
and refractive index were for the HR1 sample (310 nm,  
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Fig. 1 RBS a) and ERD b) spectra for HR1 and HR2 samples. 

 
2.51) and for the HR2 sample (300 nm, 2.21). Figure 3 
shows the FTIR spectra for HR1 and HR2 films. From 
the FTIR spectra we could determine the following 
vibration frequencies: the band at 2800 to 3000 cm-1 is 
attributed to stretching vibration of the CHn group in 
both the sp2 (2880 cm-1) and sp3 (2920 cm-1) 
configurations. The band at 2100 cm-1 appears due to 
SiHm stretching vibrations [10]. The band at 780 cm-1 

can be assigned to Si-C stretching vibration. The 
signals occur between 930 and 1200 cm-1 which are 
superposition of several C-H, Si-O and Si-N vibrations  
  

500 1000 1500 2000 2500 3000 3500 4000

C-HnSi-Hm

 

C-H
3

A
bs

or
ba

nc
e 

(a
.u

.)

Wavenumber (cm-1)

N-H

Si-O

Si-N

Si-CH2

Si-C

Si-H

FT-IR spectra
 HR1
 HR2

HR1

HR2

Si-C-N

  
Fig. 2 FT-IR spectra for HR1 and HR2 films. 
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[11,12]. The side shoulder peaking at around 1000 cm-1 
is attributed to the wagging vibration of CH2 bonded to 
silicon in Si-(CH2)n-Si groups. Furthermore, a small 
shoulder exists around 1100 cm-1 indicative of the 
existence of Si-O bond. The absorption band around 
3350 cm-1 can be attributed to N-H bonds. Figure 3 
shows Raman spectra for HR1 and HR2 films on 
silicon substrate. An essential part of these spectra 
originated from the silicon substrate, especially the 
intensity of the lattice vibration at 520 cm-1. The 
Raman band between 930 cm-1 and 990 cm-1 was 
created by the acoustical and optical phonon modes of 
cubic or one of the hexagonal polytypes of SiC. The 
peak broadening is related to the damping of phonon 
modes due to the short range ordering of SiC 
crystallites and the effects of surroundings having Si, as 
well as C-clusters [13]. The Raman band between 1300 
cm-1 and 1700 cm-1 is observed for the all samples and 
is assigned to diamond like carbon (DLC) [14]. It is also 
observed that both spectra present relatively weaker 
band at 830 cm-1, which is typical for the amorphous 
SiC structure [11]. From the Raman spectra results we 
can conclude that HR1 and HR2 films were practically 
fully amorphous with very small content of SiC 
nanocrystalline phase. 
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Fig. 3 Raman spectroscopy results for HR1 and HR2 samples. 

 

3.1. 167 MeV Xe ion irradiation 

Structures with HR1 and HR2 films were irradiated 
with 167 MeV Xe ions. Damage production rate of Xe 
ions in SiC films calculated using SRIM2008 code 
equals 4×10-17 dpa/particle×second [15]. As high 
energy ions penetrate into a solid, those ions can 
deposit kinetic energy in two processes: electronic 
excitation and ionization, and nuclear collision. Kinetic 
energy transfer between penetrating ions and target 
atoms takes place through collective processes of 
nuclear collisions in a displacement.  Figure 4 shows I-
V characteristics of structures with HR1 films before 
and after irradiation with Xe ions. The measured 
currents were greater (up to one order) after 
irradiation and slightly rose up with Xe ion fluencies.  
The same effect was shown in the case of structures 
with HR2 films, figure 5. I-V results showed no 
significance differences between I-V characteristics of 

HR1 and HR2 structures before and after Xe ions 
irradiation and I-V characteristic shapes are similar. 
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Fig. 4 I-V characteristics of structures with HR1 films before 
and after Xe ions irradiation.  
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Fig. 5 I-V characteristics of structures with HR2 films before 

and after Xe ions irradiation.  
 

3.2. Neutron irradiation 

Structures with HR1 and HR2 films were irradiated 
with neutrons. In the case of IREN facility, the flux of 
neutrons can be divided for several energetic regions. 
Main two neutron flux energetic regions are 0.4-560 
keV (29%) and 0.56-1.4 MeV (29%). Cross-section 
(barns) at neutron incident energy 0.5 MeV are: 28Si-
6,2; 12C-3,0; 1H-5,1; 14N-3,1; 16O-3,2. Cross-section 
(barns) at neutron incident energy 1.0 MeV are: 28Si-
5,0; 12C-2,0; 1H-4,1; 14N-1,6; 16O-1,2 [16]. The value of 
the cross section allocated to the specific energy is for 
the individual elements slightly different, resulting in, 
the process of interaction of neutrons with a single 
element in the films is almost the same. Damage 
production rate of neutrons is about 8×10-22 
dpa/particle×second. Figure 6 shows I-V characteristics 
of structures with HR1 films before and after 
irradiation with neutrons a) and I-V characteristics of 
structures with HR1 films in Cd container before and 
after irradiation with neutrons b). Figure 7 shows I-V 
characteristics of structures with HR2 films before and 
after irradiation with neutrons a) and I-V 
characteristics of structures with HR2 films in Cd 
container before and after irradiation with neutrons b). 
Cd container stops thermal neutrons. I-V results 
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showed no significance effect of the Cd container on 
the electrical characteristics. 
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Fig. 6 I-V characteristics of structures with HR1 films before 
and after irradiation with neutrons a), in Cd container b). 
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Fig. 7 I-V characteristics of structures with HR2 films before 
and after irradiation with neutrons a), in Cd container b). 

 
The measured I-V characteristics of both sets of 
structures HR1 and HR2 are similar. I-V dependencies 
of all investigated structures before and after 
irradiation with Xe ions and neutrons have almost 
linear behavior for both polarity of the bias voltage 
ranging from 0.2 to 10 V. The structures HR1 and HR2 
don’t exhibit any rectification ratio. The measured 
current increases approximately 3 times after 
irradiation with Xe ions at fluence of 1x1012 cm-2 and 
measured current increases 5-6 times after irradiation 
with neutrons at fluence of 1.5×1014 cm−2 at bias 
voltage of 10 V in case of samples HR1. For investigated 
samples HR2 the measured current increases about 8 
times after irradiation with Xe ions at highest fluence 
and measured current increases 3-5 times after 
irradiation with neutrons at fluence of 1.5×1014 cm−2 at 
bias voltage of 10 V. Observable influence of the 
thermal neutron shielding at the irradiation of 
structures, using a Cd container is relatively small. The 
higher measured current after irradiation with Xe ions 
and neutrons might be due to breaking of the most 
slightly bonded Si-H, C-H and N-H bonds therefore 
creating more dangling bonds and so increasing 
number of defect centers in the films responsible for 
the higher conductivity [17]. It should be noted that 
difference in damage production rate for 167 MeV Xe 
ions and neutrons in SiC films is about 5×104. 

4. CONCLUSION 

We have investigated the structural properties of 
SiC and SiC(N) films prepared by plasma enhanced 
chemical vapour deposition. The RBS and ERD results 
showed main concentrations of Si, C and H in the SiC 
films. The concentration of hydrogen was about 30 
at.% and SiC(N) film contained 8 at.% nitrogen. The 
FT-IR results of the SiC films showed the presence of 
the Si-C, Si-H, C-H, Si-N, N-H and Si-O bonds. Raman 
spectroscopy results showed interesting band between 
930 cm-1 and 990 cm-1 which was created by the 
acoustical and optical phonon modes of cubic or one of 
the hexagonal polytypes of SiC and band between 1300 
cm-1 and 1700 cm-1 which was assigned to sp2 graphitic 
clusters that commonly exist in diamond like carbon 
films. Structures with metal contacts were irradiated 
with Xe ions and neutrons.  Electrical results showed 
no rectifying effect in the measured I-V characteristics 
before and after irradiation with Xe ions and neutrons. 
I-V dependencies of all investigated structures before 
and after irradiation with Xe ions and neutrons have 
almost linear behavior for both polarity of the bias 
voltage ranging from 0.2 to 10 V. The measured 
currents of structures after irradiation are greater than 
the current before irradiation and rose up with a higher 
fluence of Xe ions and neutron irradiation for both 
polarities of the bias voltage. Observable influence of 
the thermal neutron shielding using a Cd container is 
relatively small. The higher measured current after 
irradiation might be caused by breaking Si-H, C-H and 
N-H bonds and so increasing the number of defect 
centers in the films responsible for the higher 
conductivity of films. 
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Abstract. In this paper the results of modeling and simulation of radiation stress effects in p-channel power 
VDMOSFET transistor have been presented. Based on measured results, the threshold voltage shifts as a function of 
absorbed dose and gate voltage during radiation stress have been modeled and implemented in the PSPICE model of 
the IRF9520 transistor. The transfer characteristics of the transistor are simulated and compared to the experimental 
ones. Difference is in the range 0.16% to 23.35% which represents a good agreement. 

Key words: radiation stress effect, modeling, PSPICE simulation, VDMOS transistor 

1. INTRODUCTION 

Different analytical models are used for 
characterization and PSPICE simulations of electronic 
devices. The extraction of the model parameters from 
experimental results is the crucial step in that 
procedure. By adding specific elements to basic circuit 
model, such as parametrically controlled voltage 
sources [1], external stress influence to operation of the 
device can be modeled. 

The power vertical double-diffused MOSFETs 
(VDMOSFET) are suitable for use in electronics, which 
may operate in radiation environments, due to their 
high switching speed, simplified input drive 
requirements, low noise, etc. Power VDMOSFETs are 
attractive devices for high-frequency switching power 
supplies in communication satellites because of their 
high radiation tolerance during the years of 
communication satellite missions. This is the reason 
why many scientists nowadays express interest to the 
investigation of radiation stress effects in VDMOS 
transistors [2-4]. It should be noted that there is 
interest in analytical modeling of device characteristics 
under radiation, with the aim to predict the device 
behavior in real radiation environment. [5]  

In this paper the procedure for PSPICE modeling of 
radiation stress effects in p-channel power VDMOS 
transistor IRF9520 is presented. In these devices, 
radiation stress effects occur when they are exposed to 
radiation sources. The proposed model can be used for 
simulation cases when devices are exposed to relatively 
small doses (0 – 75 Gy), for gate voltages during stress 
in the range from -10 V to +10 V. Influences of 
degradation effects on the threshold voltage values are 
considered here. 

2. RADIATION STRESS EFFECTS ON THRESHOLD VOLTAGE 

SHIFTS 

2.1. Theoretical overview 

When VDMOSFET is exposed to ionizing radiation, 
electrons and holes are created in the device as a result 
of ionization. Most of the free electrons eventually 
recombine and they do not contribute to the threshold 
voltage shift. The charge carriers providing the 
threshold voltage shift are the holes trapped in the gate 
oxide [6]. A certain number of induced holes also 
recombine immediately after generation. However, 
radiation-induced holes which do not recombine will 
be drifted by the influence of the electric field, and 
trapped on oxide defects leading to the creation of 
positive charge in the gate oxide. The hole traps exist 
as an intrinsic part of the gate oxide because of 
structural defects. Also, holes get trapped at the 
Si/SiO2 interface states precursors created positive 
interface charge. Both the positive charge generated in 
the SiO2 layer and the interface states increase the 
absolute value of the threshold voltage in p-channel 
VDMOSFETs. 

The traps induced in the gate oxide are referred to 
as oxide or fixed traps, while the traps created near and 
at the oxide/substrate (SiO2/Si) interface are known as 
interface or switching traps. The interface traps created 
in the oxide, near the SiO2/Si interface, are called the 
slow switching traps and the interface traps created at 
this interface are called the fast switching traps. The 
fixed traps represent traps in the gate oxide that do not 
capture the carriers from the channel, while the 
switching traps represent the traps that do capture the 
carriers from the channel. 
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2.2. Experimental results 

Experimental I-V characteristics in the saturation 
regime of IRF9520 transistor are used for PSPICE 
model setup. Obtained experimental transfer 
characteristics are set as reference for fitting 
procedures and comparison of simulation results. 
Radiation of devices was performed in Vinča Institute 
for Nuclear Sciences using Co60 gamma radiation 
source at gate voltages of VGATE={+10 V, -10 V, 0 V}. 
The dose rate was 8.33 mGy/s. The transistors were 
read-out before stressing, after 20, 40, 70, 110 and 150 
minutes, corresponding to total absorbed doses 10, 20, 
35, 55 and 75 Gy, respectively. For example, Fig. 1 
illustrates typical experimental transfer characteristics 
of transistor during gamma radiation stressing at 
VGATE=+10 V, obtained at some specific dose levels. As 
can be seen, the characteristics are shifted along the 
VGS axis which indicate that there is a change in the 
threshold voltage with changing of radiation dose. The 
system used for measurement of the transfer 
characteristics during gamma radiation, is presented in 
details in [7]. 
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Fig. 1 Experimental transfer I-V characteristics of p-channel 
power VDMOS transistor IRF9520 during gamma radiation 

stressing at VGS=+10 V  

2.3. Modeling of the threshold voltage shifts 

VDMOS transistor IRF9520 is modeled in PSPICE 
as a subcircuit whose main part is PMOS transistor 
(level 3) [8]. During the model setup, threshold voltage 
is defined as the main electrical parameter of MOS 
transistor. The threshold voltage of commercial p-
channel IRF9520 transistors is in the range from -2 V 
to -4 V [9], making difficulties to generate an universal 
PSPICE model of this transistor. First, the threshold 
voltage VT is estimated from the transfer 
characteristics in saturation, as the intersection of 
extrapolated linear region of √ID with VGS axis [10]. 
Based on the experimental results, for the threshold 
voltage values before radiation stressing (VT0) the 
values of -3.5178 V (for samples radiated when 
VGATE=+10 V), -3.5994 V (VGATE=-10 V) and -3.5873 V 
(VGATE=0 V) were used. 

The dependence between the threshold voltage 
shift (ΔVT), and the absorbed dose (D) can be 
approximated as: 

n
T DaV ⋅=Δ  (1) 

where ΔVT = VT - VT0, VT is the threshold voltage after 
radiation, VT0 before radiation, a is a constant, and n is 
the degree of linearity. The parameter n depends on 
oxide thickness, electric field and total absorbed dose; 
and n can be in the range of 0.6 to 0.98 [11]. In our 
case, n=1 because proposed model is for small dose of 
radiation. Several studies have shown that expression 
(1) does not represent realistically the response of 
VDMOSFET at very high doses because ΔVT saturates 
in practice [11, 12]. In terms of physics, the induced 
positive charge increases with the increase of absorbed 
dose, and therefore the threshold voltage shift is 
proportional to the absorbed dose as defined by the (1). 

During radiation, VDMOSFET can be in zero-bias 
or biased mode. In zero-bias mode all terminals (gate, 
drain, source/bulk) are grounded. It should be noted 
that VDMOSFETs are three terminal devices with the 
bulk region internally connected to source. In biased 
mode, gate is biased with positive or negative voltage 
(usually ±5V or ±10V) while other terminals are 
grounded. A number of studies have confirmed that 
the sensitivity increases linearly with the applied gate 
bias voltage, whereby the sensitivity is higher for 
positive bias than for negative bias [12]. Namely, 
positive gate bias applied to the gate of PMOS 
transistors causes majority carrier accumulation in n-
bulk under gate oxide, while negative gate bias causes 
strong inversion. Surface potential in accumulation is 
significantly lower than in strong inversion and electric 
field in the oxide is stronger in case of positive gate 
bias. Moreover, radiation created positive oxide charge 
shifts flat band voltage to negative direction, which 
additionally enhances electric field in the oxide in the 
case of positive gate bias, and therefore radiation 
effects are more pronounced. Generally, for both 
positive and negative gate bias, the sensitivity 
increases with the increase of the absolute value of 
voltage bias applied on the gate terminal. However, the 
practical value of the applied biasing voltage is limited 
by the power supply voltage used in a specific 
application. The dependence between the parameter a 
from (1) and gate voltage VGATE during radiation can be 
expressed in the form: 

2
GATEGATE CVBVAa ++=  (2) 

where A, B and C are fitting parameters obtained 
from experimental results. The expression (2) is 
applicable only for samples with the same gate oxide 
thickness, because for different oxide thicknesses the 
sensitivity to radiation will differ. 

2.4. PSPICE simulation of the threshold voltage 
shifts 

The electrical schematic implemented in PSPICE is 
shown in Fig. 2. The effect of radiation stressing is 
included in PSPICE by adding two auxiliary voltage 
generators (DOSE and VGATE) in the model of IRF9520 
transistor. The value of generator DOSE is amount of 
absorbed dose, and value of generator VGATE is gate 
bias voltage during radiation. Transistor is configured 
to operate in the saturation region for simulation of the 
ID=f(VGS) characteristics. Value of the voltage VDD in 
simulation was in the range of 0 to -5 V. 

The .PARAM function allows easy entering of 
necessary model parameters, such as DOSE, VGATE, 
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A, B and C parameters. By using PSPICE command 
.FUNC, whose parameters are dose and gate voltage 
during stress, the threshold voltage shift is determined 
according to expressions (1) and (2). Obtained value of 
the threshold voltage shift is used as input parameter 
in PSPICE netlist for generation of the transfer 
characteristics. Since irradiation seriously affects 
channel carrier mobility, it was necessary to include 
this effect. The slope of the transfer characteristic is 
determined by transconductance parameter (KP) 
value, and by tuning of this parameter the simulated 
and experimental characteristics are matched. 

VDMOSFET

IRF9520

GND

VDD

GND

DOSE VGATE

GND GND

VGATEDOSE

 
Fig. 2 Electrical schematics of VDMOS transistor IRF9520 

with auxiliary voltage generators DOSE and VGATE for 
simulation of the transfer characteristics. 

3. RESULTS AND DISCUSSION 

Extensive simulations have been performed in 
order to test the proposed model characteristics. The 
model has passed all performed tests and can be used 
to analyze various complex circuits with VDMOS 
transistor IRF9520 to simulate influence of radiation 
stress. The simulation results are compared with the 
measured ones for this transistor. 

Based on the measured results, variation of 
threshold voltage shift with absorbed dose for various 
gate bias levels during radiation was obtained and it is 
shown in Fig. 3. As can be seen, dependence is linear 
so that by applying linear fitting, slope coefficients of 
lines are determined. The values of coefficients are: 
a=0.01031 V/Gy (for transistors biased with +10 V at 
gate during the radiation), a=0.00894 V/Gy (VGATE=-
10 V) and a=0.00279 V/Gy (VGATE=0 V). In all cases, 
intercept value in equation of line is equal to 0. 
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Fig. 3 Variation of threshold voltage shift with absorbed dose 

for various gate bias levels. 

Fig. 4 shows experimentally determined parameter 
a as a function of gate bias voltage during radiation 
stress (VGATE). Dependence of parameter a on VGATE is 
approximated with the so called parabola function 
given by the expression (2). Obtained fitting 
parameters are: A=0.00279 V/Gy, B=6.9185·10-5 V-1 
and C=6.835·10-5 V-2. By using these parameters (A, B 
and C) and assigning an arbitrary gate voltage during 
radiation (VGATE), for a given dose of radiation (DOSE), 
threshold voltage shift will be completely determined. 
Values of threshold voltage before and during radiation 
obtained by experiment and simulation are given in 
Table 1. It is obvious that there is a small disagreement 
between threshold voltages, ranging from 0.03% to 
0.38%. The calculated relative error of the simulated 
threshold voltages shift compared to experimental 
values vs. dose is in the range of 0.47 % to 16.13%. 
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Fig. 4 Parameter a as a function of VGATE. 

Table 1 Threshold voltage before and during radiation 
(experiment and simulation) 

VGATE 

[V] 
0 +10 -10 

DOSE 
[Gy] 

Meas. Sim. Meas. Sim. Meas. Sim. 

0 3.587 3.587 3.518 3.518 3.599 3.599 
10 3.602 3.615 3.617 3.621 3.686 3.689 
20 3.652 3.643 3.715 3.724 3.779 3.778 
35 3.692 3.685 3.881 3.879 3.915 3.912 
55 3.742 3.741 4.078 4.085 4.103 4.091 
75 3.792 3.797 4.297 4.291 4.26 4.269 

 

For example, measured and simulated transfer 
characteristics of transistor IRF9520 for three different 
gate bias voltages during radiation stress (0 V, +10 V 
and -10 V) and doses (20 Gy, 35 Gy and 55 Gy), 
respectively, are shown in Fig. 5. Good matching of 
these characteristics is achieved by adjusting 
transconductance parameter KP directly in PSPICE 
model. Values of KP are in range from 1.78·10-5 to 
2.34·10-5. Similar results are obtained for other 
combinations of the gate voltage and dose. 

Fig. 6 presents relative errors of the simulated 
drain current comparing to the experimental values as 
a function of the gate-source voltage (Fig. 5). For all 
investigated devices, the relative error is in the range 
(0.16 – 23.35) % for gate-source voltages above the 
threshold. It is evident that, there is a good agreement 
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between simulated and experimental characteristics in 
the region above the threshold voltage, but for the 
subthreshold region this is not the case. The proposed 
model should be extended for simulation of radiation 
stress effects in the subthreshold region. However, if 
we consider using of here extended PSPICE model of 
power VDMOSFET in simulation of electronic systems 
where these devices could be used, disagreement in the 
subthreshold region is of much lower interest, 
excluding importance of device leakage current.  
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Fig. 5 Experimental and simulated transfer characteristics of 

transistor IRF9520 for different doses and gate voltages 
during radiation. 
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Fig. 6 Relative error of the simulated drain current compared 

to experimental values vs. gate voltage VGS. 

4. CONCLUSION 

Results of the modeling and PSPICE simulation of 
radiation stress effects in p-channel power 
VDMOSFET transistors IRF9520 are presented. Based 
on the experimental data, threshold voltage shifts due 
to radiation stressing (parameters a and DOSE) are 
implemented into PSPICE model of the transistor. 
Appropriate analytical approximation of parameter a 
in function of gate voltage during radiation is 
proposed. Threshold voltage shift is modeled by two 
auxiliary parametrically controlled voltage generators. 
By iterative fitting of the simulated characteristics to 
the experimental ones, the value of transconductance 

parameter KP is determined. The proposed model 
gives transfer characteristics which are close to the 
measured ones. These characteristics are within 
(0.16 % to 23.35 %) limits in respect to the experiment 
in the region above the threshold. The main drawback 
of this model is inability to model the subtreshold 
characteristics. Developing of model for subthreshold 
region and establishing the overall model of p-channel 
VDMOSFET power transistors with radiation stress 
effects are our future tasks. 
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IDENTIFICATION OF IC CHIPS BY  IONIZATION RESPONSE COMPARISON  
ON THE EXAMPLE OF OP1177 

Alexandra Demidova 1, Alexander Pechenkin 2, Alexey Borisov 1, Leonid Kessarinskiy 1, 
Dmitry Boychenko 1, Andrey Yanenko 2 

1 National Research Nuclear University MEPhI (Moscow Engineering Physics Institute) ), Moscow, Russia 
2 Specialized Electronic Systems (SPELS), Moscow, Russia  

Abstract. Radiation hardness of different samples of the same ICs can vary greatly from lot to lot, 
depending on the year or the country of production. However, it is assumed that radiation hardness of 
the samples from the same lot is the same too. The new chip uniformity test method based on ionization 
response comparison is offered.  
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1. INTRODUCTION  

The radiation test results for different lots of the 
same IC types, that were obtained for the last 25 years, 
show notable TID hardness dispersion from lot to lot. 
The main reason is that chips from the same COTS lot 
can be made at different foundries and have different 
topologies. The chips’ uniformity identification is the 
main way to decrease the number of radiation tests 
and confirm TID hardness without radiation 
experiments. 

2. ANALYSIS 

Comparing the external characteristics of chips is 
the simplest way of analysis. This is the identification 
by the sample's number and the casing type. X-ray 
photos are used for deeper checks. 

For our example (OP1177ARZ), two parts are 
visually identical and have the SOIC-8 type of case. But 
these two samples differ in TID radiation hardness 
levels. X-ray photos of the samples don’t reveal 
internal distinctions in size or placement of the 
crystals.  

Samples were decapsulated for crystal markings 
comparison (Fig. 1). 

 

Fig. 1 Decapsulated chip of op-amp OP1177ARZ 

2.1. Chips’ uniformity identification by surface 
photos  

The first serious identification method is based on 
visual comparison of the chips’ high-resolution photos. 
The crystal analysis was carried out for all samples 
separately. Crystals are photographed in high 
resolution (Fig. 2). 

After that, all technological marks are compared. 

  

Fig. 2 Photo of OP1177ARZ crystal  

For most of the different lots, distinctions are 
visible directly. In the case of op-amp OP1177ARZ, it 
isn't so simple. Marks are identical, but small 
distinctions (Fig. 3,4) still exist. 
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In this case, surface photos should be compared 
with specialized software. This way, some areas of 
mismatch were discovered. 

Fig. 3 Distinction area, 
Sample 1 

Fig. 4 Distinction area, 
Sample 2 

2.2. Method based on radiation response maps 
comparison 

The second major method is based on comparison 
of radiation response maps that are obtained with a 
picosecond focused laser beam scanning of the whole 
chip’s surface. 

The main idea is to make a photodiode from the 
device under test (DUT) and measure its ionization 
response under laser irradiation. Photodiode mode is 
implemented for a particular IC by connecting all its 
input pins to either ground or power pin. Ground pin 
and power pin are to be the cathode and the anode 
respectively. 

The IC in photodiode mode is connected to an 
oscilloscope in parallel with a current collecting 
resistor R (Fig. 5).  

 

 
Fig. 6 Photo of a PICO-4 

Ionization response fixed by Single Event Effects 
Evaluation and Testing laser Facility PICO-4 (Fig. 6). 
PICO-4 includes picosecond diode-pumped solid state 
(DPSS) laser + optical parametric generator (OPG) 
source, high precision computer controlled XYZ 
translation stage and specialized industrial high-
resolution microscope. It can produce a train of laser 
pulses at a max. 1000 Hz repetition rate or operate in a 
single-shot mode. Laser pulses are focused through a 
microscope onto the device under test (DUT). Various 
Mitutoyo® high resolution microobjectives with large 
working distance (having magnifications between 5× 
and 100×) can be used, and the spot size of the 
incident laser beam on DUT surface can be varied 
between approximately 2 and 200 microns. Main 
parameters of the PICO-4 laser facility are presented in 
Table 1. 

Several identification methods based on radiation 
ionization maps are investigated in this study on 
OP1177ARZ samples with the same crystal marks 
(Fig. 7,8). 

 

Table 1. Main characteristics of the laser facility 
Laser facility  PICO-4(SPELS, Moscow) 

Wavelength, μm 0.700…1.0/1.150…2.200 
Pulse duration, ps 25 
Pulse energy (max), µJ 10 
Energy attenuation 
coefficient 

1…5·104 

Focused spot diameter, μm 2.5 
Optical resolution of the 
microscope 

0.5 µm 

Camera type Color CCD 

Device 
positioning 
system: 

 

travel 
range, µm 

horizontal – 100 
vertical - 25 

Minimum 
step, µm; 

horizontal - 0.13  
vertical - 0.16 

 
Fig. 7 The laser aim for the ionization pulse 

5 mV/div, 100 ns/div,  
T=142 ns, Sample 1 

2 mV/div, 200 ns/div, 
 T=238 ns, Sample 2 

Fig. 8 The ionization response pulse after the RC-circuit  

 

 
Fig. 5 The circuit for the IC’s ionization response pulse 
measurement is the capacitance of the DUT, R is the 

current-collecting resistor. 
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In case of OP1177 TID we found notable difference 
in radiation hardness levels for the chips from the 
same production lot. On the map provided in figure 9, 
brighter color corresponds to the increase in amplitude 
ionization response. The area noted earlier visually 
differs ten times (red area of a map of Sample 1). Slight 
surface difference was verified by visual comparison on 
decapsulated ICs. After that, lot unity was verified by 
picoseconds focused laser PICO-4 scan and comprising 
of ionization response maps. 

 
x,y μm, Sample 1 

 
x,y μm, Sample 2 

Fig. 9 Map ionization response OP1177ARZ 

3. RESULTS  

Visual comparison of topologies and a full match of 
surface marks do not mean that ICs are really from 
same lot. Ionization response map method should be 
employed for lot unity confirmation. 

Different effective capacitance of chips indicates 
actual topology divergence, which could be the reason 

for the notable difference in TID radiation hardness 
levels for the chips from same production lot. 

REFERENCES  
 

[1] E. W. Enlow, R. L. Pease, W. E. Combs, R. D. Schrimpf, 
R. N. Nowlin, “Response of Advanced Bipolar Processes 
to Ionizing Radiation,” IEEE Trans. Nucl. Sci. vol. 38, 
pp.1342-1351, 1991. 

[2] R. N. Nowlin, E. N. Enlow, R. D. Schrimpf, W. E. Combs, 
“Trends in the total-dose response of modern bipolar 
transistors,” IEEE Trans. Nucl. Sci., vol.39, pp. 2026-
2035, 1992. 

[3] Roche N.J.-H., Dusseau, L. ; Mekki, J. ; Perez, S. ; Vaille, 
J.-R. ; Gonzalez Velo, Y. ; Boch, J. ; Saigne, F. ; Marec, R. 
; Calvel, P. ; Bezerra, F. ; Auriel, G. ; Azais, B. ; Buchner, 
S.P., “Impact of Switched Dose-Rate Irradiation on the 
Response of the LM124 Operational Amplifier to Pulsed 
X-Rays”, IEEE Trans. on Nucl. Sci., vol. 58, no. 3, pp. 
960-968, 2011. 

[4] Roig, F., Dusseau, L. ; Ribeiro, P. ; Auriel, G. ; Roche, 
N.J.-H. ; Privat, A. ; Vaillé, J.-R. ; Boch, J. ; Saigné, F. ; 
Marec, R. ; Calvel, P. ; Bezerra, F. ; Ecoffet, R. ; Azais, B., 
“Study and Modeling of the Impact of TID on the ATREE 
Response in LM124 Operational Amplifier”, IEEE Trans. 
on Nucl. Sci., vol. 61, no. 4, pp. 1603-1610, 2014. 

[5] Pintelon, R., Rolain, Y. ; Vandersteen, G. ; Schoukens, 
Johan, “Experimental characterization of operational 
amplifiers: a system identification approach-part II: 
calibration and measurements”, IEEE Trans. on Nucl. 
Sci., vol. 53, no. 3, pp. 863-876, 2004. 

[6] Boulghassoul, Y.; Massengill, L.W. ; Turflinger, T.L. ; 
Holman, W.T., “Frequency domain analysis of analog 
single-event transients in linear circuits”, IEEE Trans. on 
Nucl. Sci., vol. 49, no. 6, pp. 3142-3147, 2002. 

[7] Andrey N. Egorov, Alexander I. Chumakov, Oleg B. 
Mavritskiy, Alexander A. Pechenkin, Dmitriy O. Koltsov, 
Andrey V. Yanenko, “PICO-4 single event effects 
evaluation and testing facility based on wavelength 
tunable picosecond laser”, 2012 IEEE Radiation Effects 
Data Workshop, REDW 2012, pp. 69-72  

[8] Alexander. I. Chumakov, Alexander A. Pechenkin, 
Dmitry V. Savchenkov, Alexander S. Tararaksin, Alexey 
L. Vasil’ev and Andrey V. Yanenko, “Local Laser 
Irradiation Technique for SEE Testing of ICs”, 
Proceedings of 2011 12th European Conference on 
Radiation and Its Effects on Components and Systems. 
(RADECS 2011), pp. 449 – 453. 

[9] Boychenko D., Kalashnikov O., Nikiforov A., Ulanova A., 
Bobrovsky D., Nekrasov P. “Total ionizing dose effects 
and radiation testing of complex multifunctional VLSI 
devices”, Facta Universitatis Series: Electronics and 
Energetics, Vol. 28, No. 1, 2015, pp. 153-164. 

[10] Sogoyan A.V.,  Artamonov A.S., Nikiforov A.Y., 
Boychenko D.V. “Method for integrated circuits total 
ionizing dose hardness testing based on combined 
gamma- and x-ray irradiation facilities”, Facta 
Universitatis Series: Electronics and Energetics, Vol. 27, 
No. 3, 2014, pp. 329-338. 

[11] P. K. Skorobogatov, “Laser simulation of volume 
ionization effects in submicron VLSI circuits,” Russian 
Microelectronics, vol. 42, no. 7, pp. 420-423, 2013. 

[12] O. A. Kalashnikov, “Statistical variations of integrated 
circuits radiation hardness,” in Proc. 12th European 
Conf. on Radiation and its Effects on Components and 
Systems, RADECS-2011, Sevilla; Spain; Sept. 19 -23, 
2011, pp. 661-664. 

 



 
 



 

 

Abst
The 
poss
irrad

Key

1. I

In
(tran
encod
the 
LVDS
exten
trans
conve
repea
etc. 
appli
the a
influe
cosm

Th
behav
CAN,
time 
tests 
manu

In
block

  -
  -
  -

LVDS
CMO

  -
  -
  -

types
Th

result

RADIA

Davydov G

tract. The com
most sensitive 

sible to identify
diation. 

y words: transc

INTRODUCTION

ntegrated circ
sceivers) 
ding / decod
industrial s
S, CAN, etc.
nded data lin
sceiver ICs 
erters, code 
aters, signal 

Using the
cations assu
absence of 
ence of io

mic. 
his work in
vior features
, RS-232 tran
period from
of more than

ufactured in 
n the commo
ks on the tran
 Receiver (on
 Transmitter
 Voltage leve

S, TTL / CM
OS <-> RS-23

 The control 
 Galvanic iso
 Data form

s). 
he comparat
ts allowed us

ATION BEHA

G.G., Koloso

Natio

mparative analy
blocks of transc

y the productio

ceiver IC, radia

N 

cuits of recei
are wide

ing data sig
standards (R
), as well as

nes. The nom
includes 

converters, g
amplifiers, 

e transceiv
umes high 

faults and
onizing radi

ncludes the 
s of the RS
nsceivers und

m 2010 to 20
n 60 types of
Russia and o
n case, there

nsceiver's chi
ne or more);
r (one or mor
el converter (

MOS <-> RS
32, etc.); 

unit (for the
olation (for th
at converter

tive analysis
s to solve the

AVIOR FEAT

ova A.S., Ya

onal Research

ysis of radiation
ceiver ICs whic

on technology o

tion effects, sen

ivers-transm
ely used 
nals accordi
RS-485, RS
s for matchi
menclature o
a voltage 

galvanic isola
buffer elem

vers in sp
requirement

failures at
iation, inclu

analysis o
-485/422, L
der irradiatio
14 we carrie
f the transce

overseas. 
e are the follo
ip: 

re); 
(TTL / CMO

S-485/422, T

e certain type
he certain ty
r (for the ce

s of the obt
e following ta

TURES OF T

anenko A.V

h Nuclear Univ

n behavior for m
ch cause the rad
of the transceiv

nsitive block of I

mitters 
for 

ing to 
S-232, 
ing of 
of the 

level 
ation, 

ments, 
pecial 
ts for 
t the 
uding 

of the 
LVDS, 
on. In 
ed out 
eivers, 

owing 

OS <-> 
TTL / 

es); 
ypes); 
ertain 

tained 
asks: 

THE MODER

V., Boychen

versity (NRNU

more than 60 ty
diation failures 
ver IC on the b

IC 

 - to rev
which caus
IC with Hi
Dose (TID)

 - to id
technology
behavior u

2. THE S

EQUIPM

NRNU 
sources of 
of high dos
with the 
“RADON-8
electron ac
the exposu
was invest
"RIC" seri
panorama 
as well a
U31 / 33 in
single even
out using t
U400M (R
as the facil
3 and Pico
136Xe, 207Bi

The sys
control of 
implement
Instrumen
the follow
supply), N
PPMU) NI

RN TRANSC

nko D.V., P

U) MEPhI 

ypes of the tran
were identified

base of analysi

veal the mo
se the failure
igh Dose Rat
), Single Eve

dentify the t
y on the b
nder irradiat

SOURCES OF R

ENT 

MEPhI faci
ionizing exp

se rate (HDR
use of lase

8” [1], as w
ccelerator AR
ure. Total ion
igated using 
es [3], the i
MEPhI" bas

as the linea
n X-ray mod
nt effects (S
the heavy ion

Roscosmos, J
lities of focu
-4 [7]. In mo
i ions were us
stem for par
the device-u

ted on 
tsTMPXI(e) 
wing modu

NI-6556 (dig
I-7841R (DA

CEIVER ICs 

Pechenkin A

nsceiver ICs is p
d. It was shown
is of its behavi

ost sensitive 
es and faults 
te (HDR), To

ent (SEE) effe
transceiver's

basis of ana
tion. 

RADIATION AN

ilities were 
posure. The i
R) effects wa
er sources “

well as the p
RSA [2] for c
nizing dose (

g the  X-ray s
isotopic sour
sed on Co60 a
ar electron 
de [5]. Local
SEE) tests w
n accelerator
JINR, Dubna
used laser rad
ost cases 20N

used. 
rametric an
under-test (

the 
platform an

ules: NI-41
gital input/o

AC and ADC 

A.A. 

presented. 
n that it is 
ior under 

components
of the whole
otal Ionizing
ects; 
s production
alysis of its

ND TEST 

used as the
investigation
s carried out
“RADON-5”,

pulsed linear
calibration of
(TID) effects
sources from
rce "Gamma
and Cs137 [4]

accelerator
l effects and
were carried
s U-400 and

a) [6], as well
diation Pico-
e, 40Ar, 86Kr,

d functional
DUT) [8] is

National
nd includes
110 (power
output with
processing),

 

s 
e 
g 

n 
s 

e 
n 
t 
, 
r 
f 
s 

m 
a 
] 
r 
d 
d 
d 
l 
-
, 

l 
s 
l 
s 
r 
h 
, 



 414

NI-5105 (oscilloscope), NI-4071 (multimeter), 
NI-2529 (relay switch). The control of modules 
and devices, as well as the transfer of data is 
carried out with a personal computer. 
Specialized software developed in the 
programming environment NI LabVIEW 2012 
with NI LabVIEW Real-Time and NI LabVIEW 
FPGA add-ons [9]. 

The DUT board does not contain any active 
elements, so it was possible to place the whole 
DUT board to exposure volume. DUT board is 
connected with control equipment by 2m 
multiwire shielded cable; this length in most 
cases is enough to organize protection of the 
equipment from ionizing radiation.  

3. DEFINITION OF TRANSCEIVER IC'S BLOCKS  
THAT DETERMINE ITS RADIATION HARDNESS  
AT HDR EXPOSURE 

Data format converter 

The rarest are transceiver ICs with 
integrated converter of data format (for 
example, parallel-to-serial conversion). 
Analysis of tests results allows assuming that 
the conversion block is the most critical when 
assessing the level of radiation hardness to 
HDR exposure. It may be justified by the 
following: 

1. Table 1 shows the levels of radiation 
hardness (in rel. units.) of several parameters 
for the SN65LVDS152functional analog. The 
radiation hardness on individual criterion is 
the maximum level of ionizing radiation at 
which this criterion is within the limits 
specified in datasheet. The lowest level (by the 
data loss criterion) has the block of data format 
conversion with output data FIFO. 

Table 1.The levels of radiation hardness 
at HDR exposure of SN65LVDS152 functional 

analog. 

Parameter Radiation hardness 
at HDR, rad[Si]/s 

Data loss in FIFO ~ 107 
Output voltage levels ~108 
Latch-up, irreversible 

failure 
>~1011 

 
2. The time of efficiency loss (the "dead" 

time) tD of this IC depends on the frequency of 
the input data finin accordance with the 
equation: 

ݐ  ≤ 2,0 × 10ିହ + ଵ ,  (1) 

 
 

where the first term is the “dead” time of 
the receiver's output buffers, and the second 
term is the frequency-depended data loss in 
FIFO.  

 
Therefore, the "dead" time is determined 

mainly by the errors in block of data format 
conversion if the input data frequency is 
reduced down to 1 MHz. 

Galvanic isolation 

Integrated galvanic isolation on the 
transceiver chip is usually realized by an 
optocouplers or optical relays. According to 
results of early studies, the level of radiation 
hardness of discrete optocoupler (optical relay) 
is determined by the internal photodetector. 
Radiation hardness of packaged optocouplers 
is usually ~107...~109rad[Si]/s and depends on 
the manufacturing process, as well as the 
maximum loading power. 

The typical relaxation time of LED and 
photodiode (phototransistor) in discrete 
optocoupler is within the range of several μs 
after HDR exposure [10]. This value is 
comparable to the typical "dead" time duration 
for CMOS circuits [11]. Nevertheless, some 
studies indicate a relaxation time up to 2 ms 
for discrete optocouplers. 

Thus, the presence of the galvanic isolation 
in the transceiver may lead to the increase of 
the "dead" time up to a few milliseconds. 
However, during the radiation tests of isolated 
transceivers, this effect was not detected. 

Control unit 

In most cases, the main function of the 
control unit is the connection / disconnection 
of the outputs of receiver and (or) transmitter 
from the data lines. It may be concluded that 
the role of this block in behavior of the whole 
IC at HDR exposure is relatively small. 

 
Thus, the obtained results of the HDR tests 

of more than 20 transceivers types, that were 
carried out from 2010 to 2014, allows us to 
make the following conclusions. 

- at HDR exposure, radiation hardness of 
transmitter block is up to ~ 3 times less for RS-
485/422 and LVDS transceivers than one of 
receiver block (Fig. 1); 

- "dead" time duration for the studied 
receivers and transmitters differs within 2 ... 3 
times, except RS-232 transceivers, where 
"dead" time of the transmitter up to 10...100 
times exceeds one for the receiver. 
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Fig. 1. HDR hardness ranges of the transmitter and 
receiver blocks into investigated transceiver ICs 

4. DEFINITION OF TRANSCEIVER IC'S BLOCKS  
THAT DETERMINE ITS RADIATION HARDNESS  
AT TID EXPOSURE 

There are several effects of TID exposure 
(including cosmic) which are usually observed 
in transceivers ICs: 

1. Supply current degradation. In most 
cases supply current is the most critical 
parameter characterizing the radiation 
behavior of the IC. However, one can often see 
a supply current decrease; which is typical for 
BiCMOS and bipolar technologies [12]. 

2. Degradation of output voltage levels. All 
investigated ICs have one or more of the 
following effects: 

 - For RS-232 transmitters a decrease in 
absolute value of the output levels amplitude 
was observed; 

 - For LVDS transmitters a degradation of 
the output voltage offset relative to the GND 
was observed; 

 - For LVDS receivers a degradation of the 
switch thresholds was observed. 

Degradation of output voltages is less than 
10% for receivers with TTL/CMOS outputs. In 
some cases the degradation of output levels 
was observed at TID levels significantly 
superior than any radiation hardness 
requirements for given type of transceiver. 

The relative change of leakage currents and 
dynamic parameters during TID tests usually 
does not exceed 20% of the initial value for the 
studied ICs and has a little effect on the overall 
level of the TID hardness. 

Thus, the obtained results of the TID tests 
of more than 40 transceivers types allow 
making the following conclusions. 

- Radiation hardness of transceivers 
fabricated on CMOS/BiCMOS/SOI 

technologies is determined primarily by the 
supply current; if the control inputs are 
presented, a critical parameter is the supply 
current in stand-by mode. 

- The highest level of TID hardness was 
obtained for LVDS transceivers (Fig. 2). This 
may be due to the relatively small process 
technology of the investigated LVDS ICs. 

- Functional errors of the RS-232 
transceivers are associated with voltage 
multiplier failure. 

- Functional failures in ICs with the 
additional blocks (control or/and data format 
conversion) usually occur due to failure of 
mentioned blocks. 

- Optical galvanic isolation is not the most 
critical block in the case of TID hardness 
estimation for transceiver ICs. 

- The level of TID hardness of the 
transmitter is up to 2 times less than that of 
the receiver (see Fig. 3). 

Fig. 2. The ranges of the parametric failure  
of the transceivers ICs at TID exposure 

Fig. 3. TID hardness ranges of the transmitter  
and receiver blocks into investigated transceiver ICs 
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Abstract. Pulsed laser sources are widely used for high dose rate effects modeling in modern ICs. In this research, a 
significant effect of optical beam polarization orientation on ionization response of ICs with design rules of less than 
the laser wavelength was demonstrated. This approach suggests taking into account the influence of a laser 
parameters on IC’s dose rate response. 
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1. INTRODUCTION 

Pulsed laser radiation (LR) is widely used for 
modeling of both dose rate [1-14] and single 
event [15-18] ionization effects in semiconductor 
devices and integrated circuits (ICs). 

Process development and deep-submicron 
design rules may require taking into account the 
nano-optic effects such as optical beam 
polarization [19] while modelling LR penetration 
and absorption within a complex IC structure 
with multilayer metallization. In particular, the 
dependence of a submicron IC ionization 
response on the direction of polarization of local 
LR was demonstrated in [20]. It was found out 
that the difference in the amplitude of ionization 
response of ICs local area can increase to 3...4 
times, depending on LR polarization direction. 

Therefore, it is necessary to analyze the 
influence of LR polarization direction on the IC 
transient radiation effect response in order to 
improve laser simulation tests adequacy and 
stability. 

The main objectives of the paper are to: 
 - measure the actual unfocused LR 

polarization of typical laser sources used in IC’s 
dose rate tests; 

 - analyze the impact of the unfocused LR 
polarization direction on IC electrical and 
functional transient failures, such as power 
supply and output responses, as well as 
functional failures and latch-up thresholds. 

2. ACTUAL LR POLARIZATION OF RADON LASER 

SOURCES  

Laser sources of "Radon" series are widely 
used in ICs dose rate tests [21-23]. Laser test 
adequacy is assured by calibration-by-effect 
comparative experimental procedure using the 
reference pulsed radiation sources (such as flash 
X-ray machine). 

Theoretically, LR polarization can affect the 
calibration accuracy in the case of sub-micron 
ICs. The angular dependence of LR intensity was 
measured to identify the polarization degree. This 
experiment was performed by "RADON-5E" 
[21,22] laser source using Ophir Vega (measuring 
head PE10-S). Glan prism was used as 
polarization analyzer. 

Fig. 1(a) shows the obtained results. The red 
curve is the calculated angular dependence for 
100% linearly polarized LR. 

The measured LR polarization reaches 99.8%; 
the 0.2% depolarization may be due to the rotary 
mirror of a laser source. 

The similar measurements were carried out 
for "RADON-8" laser source [23]. 99.99% 
degrees of polarization were found, and minor 
depolarization was introduced by the integrated 
smooth attenuator on the basis of Glan prisms. 

In order to reduce LR non-uniformity on the 
irradiated area, the "RADON-5E" laser source 
contains built-in 1-side matted glass diffuser-
homogenizer, which also reduces the degree of 
LR polarization. The measurement results 
indicate a significant reduction in LR polarization 
degree after homogenizer down to 69.4% (Fig. 
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1(b)). Thus, usage of a homogenizer reduces the 
angular influence of the LR polarization direction 
on the radiation test results and calibration. 
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Fig. 1. The calculated and measured angular dependence  
of LR intensity without and with homogenizer 

3. EXPERIMENT DETAILS 

As a main criterion, the ionization response of 
the supply chain and the output chain of DUT 
was monitored. The latch-up effect (i.e. rapid 
increase of supply (or input) current), was 
registered by NI PXI-4071 digital multimeter. 
The testing equipment on the basis of modular 
PXI system (National Instruments®) allows 
parrying the latch-up (rapidly turn the power off 
and then on with simultaneous reset of all input 
signals) in less than 10 ms.  

At each experimental point the measurement 
results were averaged over 4…108 LR pulses with 
the same intensity. 

The ICs with the following features may be 
chosen as the device under test (DUT): 

 - the IC fabrication process must be less than 
1 μm; 

 - IC must to be encapsulated (mechanically of 
chemically) for unimpeded LR penetration to the 
crystal surface; the functionality must be fully 
maintained. 

The IC's functional purpose does not matter; 
it should be taken into account only in studies of 
specific types of faults or failures. 

4. THE ESTIMATION OF LR POLARIZATION 

INFLUENCE ON IONIZING CURRENTS AND 

FUNCTIONAL FAILURES 

IC's supply transient response magnitude is 
the sum of many p-n junction local responses 
within IC chip. As soon as various p-n junction 
sensitive areas have different orientations 
relative to the plane of polarization, one should 
expect a practically similar IC’s transient 
response while changing the angle of LR 
polarization. 

The RS-485 0.25 μm CMOS transmitter was 
used as the (DUT). The supply transient response 
was measured as a function of LR intensity at 2 
orthogonal polarization angles (fig. 2(a)). The 
maximum difference in magnitude of DUT 
transient response was found not to exceed 12%. 

The same tests were performed for the 0.25 
μm CMOS RS-485 receiver IC, manufactured in 
the same process as the transmitter above. The 
difference was found to be less than 20%, the 
maximum difference was observed in the same 
range of intensity (Fig. 2(b)). 
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Fig. 2. Transient response of supply chain vs LR intensity at  

two orthogonal polarization angles for CMOS 0.25 μm  
RS-485 transmitter and receiver ICs 

The similar dependence for the data output 
circuits in the receiver was observed. The 
maximum difference of this parameter does not 
exceed 13%. 

The next experiment was carried out to 
determine the level of functional failure at 
different LR polarization angles. The BiCMOS 
1.0 μm RS-485 transceiver IC was used as the 
DUT. The level of the functional failure (i.e., 
reversible changes of logical state of IC's 
outputs), as well as the amplitude of the 
ionization current, are weakly dependent on the 
LR polarization direction (see fig. 3). 

Thus, the difference of power supply and 
output chains transient responses at two 
orthogonal LR polarization angles is less than 15 - 
20% even in the case of using the fully linear-
polarized LR. This difference is lower than the 
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typical dosimetry error of LR equivalent absorbed 
dose in IC chip. 

Therefore, it seems that it is not necessary to 
take LR depolarization into account in laser dose 
rate tests dosimetry. Nevertheless, it may be 
useful to check this conclusion in some more 
laser tests to make sure. 

Fig. 3. Transient response of BiCMOS 1.0 mm RS-485 
transceiver IC’s supply chain as the function of LR intensity  

at 2 orthogonal polarization angles. The waveforms of supply 
chain (lower wave) and output voltage response (upper wave) 

are additionally shown to illustrate the output logical state 
changes (failure). The areas of normal functioning (left) and 

failure (right) are presented. 

5. THE ESTIMATION OF LR POLARIZATION 

INFLUENCE ON LATCH-UP EFFECT 

BiCMOS 0.22μm frequency divider IC was 
chosen as the DUT for latch-up effect testing. The 
"RADON-8" laser source was used in 
experimental research. LR depolarization was 
achieved by using an additional frosted glass 
homogenizer. The latch-up threshold was 
determined in analysis of DUT responses in a 
series of 16 ... 18 pulses. 

Fig. 4(a) shows the angular dependence of 
latch-up threshold - the LR intensity at which 
latch-up appears [24,25]. The latch-up threshold 
was changed up to 4.8 times when polarization 
plane was rotated 90° in case of additional 
homogenizer absence. The insert of homogenizer 
between the DUT and the laser source reduces 
this difference down to 1.4 times. 

Some reduction of this difference with 
increase of design rules may be expected. The 
similar experiment was carried out for 0.6 μm 
CMOS RS-485 transceiver IC. The latch-up 
threshold difference for different polarization 
directions was found not to exceed 30% (Fig. 
4(b)). With a homogenizer usage this difference 
was reduced to 1.5%, which is significantly lower 
than dosimetry error. 

No significant difference in latch-up threshold 
was observed for ICs with design rules 1 μm and 
higher. Thus, it is possible to conclude the 
following: 

- the angular dependence of latch-up 
threshold can be approximated by cos2φ, which is 
consistent with the measurement data and the 
model representations for linear polarized LR; 

 - usage of a homogenizer can significantly 
reduce the influence of LR polarization direction 
on IC transient radiation response taking into 
account that homogenizer significantly 
attenuates LR intensity (see fig. 4); 

 - the angular dependence of latch-up 
threshold increases with the decrease of IC 
design rules and may be valid below 1 μm.  

Fig. 5 demonstrates general difference value 
of latch-up threshold at orthogonal polarization 
angles as a function of IC design rules. 
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Fig. 4. The angular dependence of latch-up threshold  

for BiCMOS 0.22 μm IC (a) and CMOS 0.6 μm IC (b) without 
and with homogenizer. 
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CONCLUSION 

The influence of laser radiation polarization 
direction on transient radiation response was 
experimentally evaluated in laser simulation tests 
of various ICs. 

It was found that the difference of the 
responses in supply and output chains for the 
different LR polarization directions is less than 
20% for ICs with design rules down to 0.3 μm, 
that is in range of dosimetry error. 

The angular dependence of the latch-up 
threshold was more pronounced in the deep-
submicron processes. With the increase of design 
rule, the influence reduces and completely 
disappears for ICs with design rules of more than 
1 micron. 

It is strictly recommended to use a 
homogenizer at LR dose rate tests for less than 
0.5 μm ICs and check the affect of the LR 
polarization direction on IC's ionization 
response. 
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Abstract. Experimental results of single event transients in FPGA under ion and focused laser beam irradiation are 
presented. Abnormal time duration of single event transients in FPGA under ion beam was observed. 
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1. INTRODUCTION 

The paper presents new results about single event 
transients (SET) investigation in modern FPGA. FPGA was 
irradiated with focused laser and heavy ion beam. It’s 
necessary to investigate single event effects (SEE) in 
complex ICs to predict its behavior in a space environment 
using ground test results. As a rule, SEE sensitivity 
parameters are obtained from test procedure when the 
device under test (DUT) is irradiated by heavy ion 
accelerator or focused laser beam. The main goal of the test 
is to determine SEE cross section varying linear transfer 
energy (LET) of the incident ion [1]. 

Ordinary SEE test procedure is carried out on an ion 
accelerator. Heavy ion test results give a generalized data 
for all SEE in DUT, but it’s impossible to find the exact ion 
hit location in IC chip area. 

Heavy ion accelerators can be used to calibrate focused 
laser data and additionally focused laser sources allow 
engineers to localize IC chip’s sensitive areas [2], [3]. 
Focused laser sources and ion accelerator test results are 
effective techniques to investigate SEE in VLSI and to 
develop effective methods to predict IC SEE rate in space 
environment. 

In this paper we discuss abnormal SETs time duration 
in the FPGA test structures. Test structures were designed 
according to 180 nm CMOS FPGAs Antifuse-RAM process 
with two modes of configuration loading. FPGA 
configuration was stored in RAM for the first mode. This 
mode allowed multiple configurations rebooting which 
provided verification and debugging of the project. Antifuse 
cells were used for configuration storage in the second 
mode. Storing configuration information in the test 
structure FPGA operating in Antifuse mode was achieved 
by metal jumpers scraping and RAM power-down. SETs 
investigation in DUTs was carried out in Antifuse mode. 

2. EXPERIMENTAL TECHNIQUE 

2.1. Heavy ion irradiation 

Heavy ion irradiations were performed using the 
U400M cyclotron at the Joint Institute for Nuclear 
Research (JINR, Dubna, Russia). Characteristics of the 
heavy ions are presented in Table 1 [4]. The 
experimental data were obtained using normally 
incident radiation. Ion flux dosimetry is obtained by 
polycarbonate terephthalate track detectors [5]. 

Table 1 Ions summary 

Ion Energy of 
ions, MeV 

LET, 
MeV·cm2/mg 

Range 
(in Si), μm 

20Ne 81 ≈ 6 45 
40Ar 146 ≈ 15 38 
84Kr 269 ≈ 40 35 
136X

e 
435 ≈ 69 37 

 

Due to the short ion range, IC metal lid was 
removed before the experiments. Ion beam irradiation 
of the DUTs was carried out to the top side (IC element 
side). 

2.2. Laser technique 

Laser SET tests were performed using picosecond 
PICO-3 facility (Table 2). Laser facility consisted of the 
following major parts: laser source, variable 
attenuator, focusing unit (microscope) with 
illuminator, CCD camera, DUT positioning system 
(XYZ-stage) and control equipment. 

The laser source PICO-3 is based on a diode-
pumped solid state laser. PICO-3 generates focused 
laser pulses with 70 ps duration. Focused laser 
wavelengths are 532 nm and 1064 nm [6].  



 

Laser tests of the FPGA structures were carried out using 
1064 nm mode. Devices under test were scanned by 
focused laser beam from the IC top side. The following 
parameters of the laser beam were used: laser pulse energy 
was about 300 nJ, the scanning step was equal to 50 um 
and the spot diameter was equal to 75 um [10]. The spot 
diameter was selected so that the irradiation areas were 
overlapped. Laser facility structure is shown in the block 
(see Fig. 1) [7], [8]. 

Table 2 Main characteristics of the focused laser facility 

Laser facility type PICO-3 
Wavelength, nm 532 and 1064 

Pulse duration, ps 70 
Pulse energy (max), µJ 8(532 nm)/15(1064 nm) 

Energy attenuation 
coefficient 

1…5·105 

Focused spot 
diameter(minimum) 

2,5 µm 

Optical resolution of the 
microscope 

0,5 µm 

Camera type Color CCD 

Device 
positionin
g system: 

 

Travel 
range, µm 

horizontal - 100 
vertical - 25 

Minimum 
step, µm; 

horizontal – 0,13 
vertical – 0,16 

 

 

Fig. 1 Block scheme of the “PICO-3” focused laser facility 

3. CONFIGURATION OF THE DUT 

Figure 2 shows a block diagram of the FPGA test 
configuration which was used for investigation of SETs in 
DUTs. A long chain of CMOS inverters was the basic test 
circuit. The maximum number of inverters was 1000 logic 
elements. Logic elements of the chain were distributed on 
the chip area. Static logic elements of the inverter chain 
were determined by the signal line «data». This line was 
connected to the external pin of the chip. The output signal 
«data_out» of the inverter chain was directly connected to 
the external pin of the chip. In addition, the output line of 
the chain of inverters was connected to the block of triple 
modular redundancy (TMR). 

Output pin connected with inverter chain was used for 
registration of SETs which extend beyond internal logic 
blocks of the chip. The registration of SETs was carried out 

automatically by means of a digital storage 
oscilloscope. Control unit automatically created the 
text file containing the amplitude-time characteristics 
of SET. 

 

Fig. 2 Block scheme of configuration of test structures 

 
Three inputs of TMR element connected the 

outputs of three d-flip-flops. In the event of SET, in 
one of the logical elements included in the chain of 
inverters, synchronous changes happen in three 
outputs d-flip-flops. Changing state of TMR element is 
synchronous with the changing states of three outputs 
of flip-flops. Separating flip-flops on the chip area 
allows excluding false triggering of the TMR because of 
SEU events in neighboring, closely spaced flip-flops. 
Changing output state of TMR is automatically 
recorded in research process. After the registration 
SET, the recovery of initial state flip-flops was carried 
out. 

4. EXPERIMENTAL RESULT 

4.1. Ion test results 

SET duration in 180 nm CMOS FPGA varies from 
hundreds of picoseconds to tens of nanoseconds [8], 
[9]. In our experiment, we observed SETs duration 
from hundreds of nanoseconds to a few microseconds. 
The amplitude of observed SETs varied from hundreds 
of mV up to IC supply voltage. The obtained results are 
not typical for this type of digital VLSI. The cross-
section results of SETs under ion beam are presented 
in table 3. All registered SETs are divided into four 
groups according to their time duration. Figure 3 
illustrates cross-sections of SETs for these groups. 
Figures 4-7 shows waveforms of typical SETs in 
groups. 

 
Table 3 Summary of the heavy ions cross-section 

SETs results 

ION 

Group 1 Group 2 Group 3 Group 4 

T =  
0..100, 

ns 

T = 
100..300, 

ns 

T = 
300..1000, 

ns 

T = 
>1000, 

ns 
Ϭ, 

cm2/IC 
Ϭ, 

cm2/IC 
Ϭ, 

cm2/IC 
Ϭ, 

cm2/IC 
20Ne 4,42E-08 4,42E-08 8,86E-08 8,85E-08 

40Ar 1,76E-06 1,87E-06 1,18E-06 1,22E-06 

84Kr 8,56E-07 3,96E-06 3,64E-06 1,71E-06 
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Fig. 3 SET cross-section curve for test structures of FPGA 
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Fig. 4 Typical form of SET for group with duration 
 in 0-100 ns range 
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Fig. 5 Typical form of SET for group with duration 
 in 100-300 ns range 

Time, ns

1000 1200 1400 1600 1800 2000

A
m

pl
itu

de
, V

0

1

2

3

4

 

Fig. 6 Typical form of SET for group with duration 
 in 300-1000 ns range 
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Fig. 7 Typical form of SET for group with duration 
 more than 1000 ns 

4.2. Laser test results 

An investigation of FPGA test structure on focused 
laser facility was performed to localize areas 
responsible for SETs. Laser irradiation of FPGA test 
structure was carried out from the top side (IC element 
side). Scanning of all ICs surfaces was carried out 
sequentially. During scanning, all registered SETs were 
logged. The coordinates of each SET was recorded in 
the log file. SET area coordinates make it possible to 
estimate IC structures responsible for transient 
generation. 

Focused laser beam results could identify two 
places when the same SETs occurred under ion beam. 
Oscillogram of SET under laser irradiation is shown in 
figure 8. Figure 9 shows the localization of SET 
sensitive areas under focused laser beam. Places with 
SETs are marked on fig. 9 as crosshair with two circles. 
Unfortunately, we cannot observe all types of SETs 
induced ion beam. In our opinion, these sensitive areas 
are located under metallization layers and laser beam 
cannot induce SET in these areas. 
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Fig. 8 Laser and ion facilities SETs comparison 

 

Fig. 9 Localization of places with SETs events 

5. CONCLUSION 

The investigation of SETs in test structures of FPGA IC 
under ion and focused laser beams was carried out. Four 
types of different SETs were registered under ion beam. 
Laser tests discovered two SET sensitive areas. Figure 8 
illustrates good SETs waveforms correlation between heavy 
ion and laser irradiation.  

After heavy ion and laser facilities data analyzing we 
can conclude that focused laser facilities are suitable not 
only for researching SEU effects [11], but also for SET 
investigations. Laser facilities allow us to define chip areas 
sensitive to SET and to investigate the process of the SET 
formation. Our experiment on the laser facility identified 
only one type of SETs observed on heavy ion facility. The 
difference is due to dense FPGA metallization. In some chip 

areas laser irradiation doesn’t penetrate trough the 
metallization. Other types of SETs observed on heavy 
ion facility can be determined using laser irradiation 
from the chip’s back side. We are going to do this 
experiment, but it’s necessary to remove a part of the 
ICs’ package from the bottom side. SETs areas 
observed on laser facility correspond to FPGA I/O 
structures. 

Abnormal duration of SETs is associated with 
discharging of the HCP’s induced charge through large 
resistance. The explanation is based on test structures’ 
schematic design. Large resistance is associated with 
the configuration of RAM’s cells. In antifuse mode, 
cells are disabled. 
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1. INTRODUCTION 

The subject of our interest presented within this 
article is oriented towards determining of the degree of 
the nuclear fuel burn-up, for some simple cases, by 
using the Special trans functions theory (STFT). 
Namely, the modified Lambert nonlinear functional 
equation, which describes the degree of the nuclear 
fuel burn-up, is solved analytically in closed form (as a 

special tran function,  ( )t,λ,λ,α,Ntran 21NF  

or, ( )d,Dtran NF ). Also, the Lambert equation is 

solved by using an advanced iterative procedure, 
within the STF theory. Let us note that, for instance, 
this theoretical problem is defined in [1 -5]. Among 
firstly published methods available in literature, 
attention was focused on measuring the neutron 
radiation. In references, [1, 2], in some detail, the 
problem is described, as follows: The degree of the 
nuclear fuel burn-up is necessary parameter for the 
analysis of the following problems in nuclear energetic: 

 
 The optimal arrangement of spent fuel 

structures in laying down and keeping basins; 
 Insuring of the nuclear safety and control 

while the nuclear fuel reprocessing, 
 The Irradiation risk prognosis; 
 Examining of the Irradiation behavior of the 

material; 
 The fulfillment of the agreement of the 

nuclear weapons nonexttinslon, especially 
connected with the export of nuclear power 
plants; 

 Making possible the maximal generating of 
energy. 

 

 
The advantage of this way of control (the method 

based on the measurement of the neutron radiation) is 
reflected in high sensitivity, simplicity and reliability of 
the technical equipment, operability.  In addition, the 
degree of the nuclear fuel burn-up is a parameter of 

vital importance in the description of the irradiation 
behavior of the material. 

 
        In contrast to the gamma-spectrometry method, 
the neutron measurements can be performed, 
practically, immediately after the drawing of fuel 
structures out of the reactor, as it is enough to enable 
only the necessary irradiation stability of the detector 
on γ radiation. In spent fuel structures, as a source of 
neutrons, long living nuclides prevail over what 
permits the burn-up control at any laying down time 
which represents the practical interest. This also 
contributes to the role of the history of radiation on the 
interpretation of results, to be decreased. 
 
      The dependence of the specific total neutron output 
on the burn-up degree in the diapason ω>15 MWd/kg 
is defined by the spontaneous fission of the curium 
nuclides Cm242  and Cm244  where the contribution 

Cm242  is irrelevantly small at the laying down time t>3 
years due to the short half - life (0.45 years). The 
contribution of the (α, n) reaction is essential only at 
small burn-up degrees (ω<10Mwd/kg), and if, at the 
same time, the laying down time is great (t>10 years). 
It becomes predominant due to Am241  formation. 
 
      The dependence of the total neutron output on the 
burn-up degree is a very nonlinear function, what 
complicates the measurement of the mean burn-up 
degree according to the quantity of spent fuel 
structures in the neutron measurement order. Namely, 
the computer program processing of results of discrete 
or continual measurements of the neutron flux is 
necessary for the burn-up profile measurement. The 
processing algorithm is essentially simplified under the 
condition when spent fuel structures are laid down for 
more than three years (t>3 years), and when burn-up 
degree values are ω>15MWd/kg. In that case the 
counting speed of the detector is connected with the 
burn-up degree by the following relation 

       ( )tλexp
ω

ω
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n

0
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where oN  and oω  are standardized constants; λ is 

the decay constant Cm244 ; n = 4.1 – 4.3; t is the laying 
down time counted from the moment of the three 
years period of laying down. However, in a general 
case it is necessary to solve the transcendental 
equation of the type 
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where the first term presents the contribution 

Cm244 244 in the neutron radiation counting speed. 
The second term presents the contribution Cm242 . 
 

1.1. Concerning the degree of the nuclear 
fuel burn-up transcendental equation  

  

  The subject of the theoretical analysis presented 
within this subsection is analytical in closed form 
solving of the Eq.(1), where N is  the neutron radiation 
counting speed, ω denotes the burn-up degree, α is the 

initial  fuel enrichment in U235 , and t is the laying 
down time after taking fuel elements and structures 
out of the reactor (i.e. after finishing of irradiation). 

Exponents 21 n,n  are: 75.1n,1.4n 21 == , while 

the decay constants are 0382.0λ1 =  and 55.1λ 2 = , 

per year, respectively.  

 

 In addition, the empiric coefficients 3.266 and 
0.272 take care of different specific neutron outputs for 
these nuclides as well as of the unit’s proportion and 
standardization. 

 

After structural modification Eq. (1) takes the form 

1ωBωA 21 nn =+                                       (2) 

where 
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Or, for given numeric parameters, we have 
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Analogically, from Eq. (2) after simple 
modifications, we have 

1ψDψ d =+                                                     (3) 

where 
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Consequently, from Eq. (4), formula for burn-up 
degree takes the form: 
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     The modified Lambert nonlinear functional 
equation of transcendental type (Eq. (3)) is solvable 
using the Special Tran Function Theory [6-23]. Let us 
note that Perovich’s Special Tran Functions Theory 
(STFT), has been proved to be a very powerful theory 
for solving transcendental equations, some integral 
and integro-differential equations, and, obtaining exact 
analytical closed-form solutions. Examples of STFT 
application are shown in articles concerning the  
closed-form solution genesis in: the theory of neutron 
slowing down [[6],[7],[16]], the nonlinear circuit 
theory [[8],[16],[22]], the linear transport theory 
[[9],[16],[20]], the Hopfield neuron analysis [11], some 
families of transcendental equations analysis 
[[12],[16],[17]], the solar cell theoretical analysis 
[[13],[18],[22]], the Plutonium temperature estimation 
[14], the ambient temperature estimation [[15], [16]], 
the Lambert transcendental equations analysis 
[[16],[17],[23]], as well as in the problem in the 
engineering materials [19], [21],[22]], etc. 
 
    Let us note that in more general cases Eq. (1) takes 
the form  
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where M is number of nuclides. Determining analytical 
closed form solution to the above transcendental equation 
will be the subject of our further research. 
 
2. OBTAINING AN ANALYTICAL CLOSED FORM 

SOLUTION TO THE MODIFIED LAMBERT 

TRANSCENDENTAL EQUATION (3) 
 
         This section contains an analytical closed form 
solution to the Eq. (3), obtained by using the STFT. 
Namely, in several references [[16], [17], [23] et al], the 
modified Lambert transcendental Eq. (3) is solved by 
direct application of the STFT. Consequently, we have 
 

 ( )d,Dtranψ NF=              
                                            

where ( )d,Dtran NF  is a new special function defined 

as 
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where functional series Φ(x, D, d) takes the form 
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where [x] denotes the greatest integer less than or 
equal to x. Now, more explicitly, from equations (5), 
(6) and (7) we have 
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     For practical analysis and numerical calculations 
by Mathematica program application the formula (6) 
takes the form 
                                

             
( )

( ) P
P 1d,D,xΦD

1d,D,1xΦD
ψ

+
+−=         (9) 

where 
P

ψ denotes the numerical value of the 

transcendental number ψ given with P accurate digits, 

where P is defined as 
                             

 ( )( )[ ]Gabslog1P −=                      (10) 

and, Error function G is defined as 

   1ψψ −+= dDG . 

More explicitly the formula (9) takes the form 
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                                                                          (11) 
      Note that computational complexity for 

determining numerical value
P

ψ , from equation (11), 

depends of nuclides parameters D and d. For some real 
values of parameters D and d, computational 
complexity is not easy. Note that some numerical 
results for W (formally - mathematical identical 
physical phenomenon forψ), based on equation (11), 
are given in Table I in [23]. It is more than clear that 
STFT works! Unfortunately, for some real parameters 

D and d, the sumlimit in the formulae (11), within 
Mathematica program, is not small. Consequently, an 
advanced STFT iterative procedure is presented in next 
section. 
 
      Note, that sections 2 and 3, in this article, are 
identical with sections II and III in [23], in formally-
mathematical sense. Let us note that between physical 
phenomenon of the nuclear fuel burn-up and physical 
phenomenon of current in the RC diode circuit there is 
absolutely no correlation. 

 

3. STFT ADVANCED ITERATIVE PROCEDURE 
FOR SOLVING TRANSCENDENTAL EQUATION (3) 

 
     The subject of the theoretical analysis presented 
here is obtaining a solution to the modified Lambert 
transcendental equation (3) with arbitrary number of 
accurate digits in the numerical structure, by using the 
advanced STFT iterative procedure.  
 
   The outline of the iteration process begins with the 
certain value ofψ. After that, the second value of ψ is 

obtained from Eq. (3) in the form ( ) ( )( )d
D ψ1ψ 12 −=  If 

( )ψ2  does not satisfy the error criterion ( ) ( ) εψψ 12 <− , 

where ε  is an arbitrary small real number, then a new 

value of ψ is found from equation (3) using ( )ψ2  and 

the whole procedure is repeated. Let us note that 
general scheme of the advanced STFT iterative 
procedure takes the form 

                      ( ) ( )( )d1nn ψD1ψ −−= .       (12)                          

where n is number of iteration. For instance, if number 
of iteration is 10 then the advanced STFT iterative 
formula takes the form 
( )
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Or, for N iteration we have 
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      Let us note that from Eq. (5) value of the nuclear 
burn-up degree is estimated with arbitrary number of 
accurate digits in the numerical structure. Namely, 
expression to the degree of nuclear fuel burn-up takes 
the form  
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4. NUMERICAL RESULTS 

 
      In this section, for the practical numerical analysis 
of Eq. (14), we have used the following nuclides 

parameters: 75.1n,1.4n 21 == , while the decay 

constants are 0382.0λ1 =   and 55.1λ 2 = , per year, 

respectively. 
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Fig. 1 The degree of nuclear fuel burn-up as a function of the 

initial fuel enrichment in U235 , for various values of t 

Let us note that obtained numerical results obtained by 
using the Mathematica program and its graphical 
results are given in Table 1, and in Figs. 1,2 and 3. 
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Fig. 2.  Graphical 3D presentation of the function 

( )tf ,αω =  
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Fig. 3.  Graphical 3D presentation of the function 

( )tf ,αω = for various values of N 

Table 1. Numerical values to the degree of the nuclear fuel 
burn-up and its precision P, obtained for various values of t, α 

and N 

t 
year 

N α ω P 

0.5 3700 

0.018 3.757569… 16 
0.022 4.108552… 17 
0.026 4.425617… 17 
0.030 4.716607… 16 
0.034 4.986764… 16 

1.5 45000 

0.018 7.530785… 18 
0.022 8.234213… 16 
0.026 8.869663… 17 
0.030 9.452854… 17 
0.034 9.994294… 16 

2.5 225000 

0.018 11.29761… 16 
0.022 12.35289… 16 
0.026 13.30619… 17 
0.030 14.18109… 17 
0.034 14.99335… 16 

3.5 700000 

0.018 15.04496… 17 
0.022 16.45027… 18 
0.026 17.71977… 16 
0.030 18.88486… 16 
0.034 19.96655… 16 

4.5 1.7·106 

0.018 18.85560… 16 
0.022 20.61685… 18 
0.026 22.20789… 17 
0.030 23.66808… 17 
0.034 25.02374… 17 

5.5 3.5·106 

0.018 22.69766… 18 
0.022 24.81778… 16 
0.026 26.73302… 18 
0.030 28.49075… 16 
0.034 30.12264… 17 

6.5 6.2·106 

0.018 26.33871… 17 
0.022 28.79893… 17 
0.026 31.02140… 16 
0.030 33.06109… 16 
0.034 34.95476… 16 

7.5 1.0·107 

0.018 29.87288… 17 
0.022 32.66321… 16 
0.026 35.18390… 16 
0.030 37.49728… 17 
0.034 39.64505… 17 

8.5 1.6·107 

0.018 33.81496… 16 
0.022 36.97351… 16 
0.026 39.82683163… 17 
0.030 42.44549245… 16 
0.034 44.87668168… 17 

       

  5. CONCLUSIONS 

From the previous sections it is obvious that the 
Special Tran Functions Theory is a consistent approach 
to solving transcendental equations in the degree of 
nuclear fuel burn-up domain for defined case. This 
means that we can obtain a new special 

function ( )d,Dtran NF . New formulae within nuclear 

fuel burn-up theory, Eqs. (11) and (14) being derived in 
the paper, using the STFT, is valid in the numerical 
sense (See Table 1). Thus, obtained analytical solutions 
apart from theoretical value have practical application. 

 
The theoretical accuracy of the STFT ([6-23] is 

unlimited, and, in physical sense optimal precision is 
attainable with this approach (See Table 1). 
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     Also, a new, original STFT advanced iterative 
procedure for determination of the degree of the 
nuclear fuel burn-up with optimal level of precision is 
applied in the paper Eq. (14). Advantage of this STFT 
iterative procedure is evident comparing to 
conventional numerical methods, because starting 
conditions are not needed. Actually, procedure can 
begin with the value of ψ=1. It has to be underlined 
that computation complexity is far better than in 
conventional methods. 
 
     Namely, advantage of STFT approaches is 
conceptual simplicity, absent of boundary conditions 
and easy numerical implementation.  
 
        Let us note that formulae (8) and (11) are very 

significant for the gradient coefficient 
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ψ
 

genesis, for the theoretical analysis of degree of the 
nuclear fuel burn-up in nuclides parameters field. 
Note, in the STFT analysis, that implies all nuclides, 
appears problem in determining the sumlimts, since 
the Heaviside’s functions are so multidisciplinary. 
 
     Finally, we must declare that determining of the 
degree of the nuclear fuel burn-up, for unlimited 
number of nuclides (real number of nuclides), will be 
the subject of our next research. 
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Abstract. Nuclear analytical techniques have been applied on prevention, diagnosis and treatment of diseases. This 
paper is about a support that, in practice, is not usual: application of neutron activation analysis in galvanising 
industry. An assessment related to several elements was carried out in two galvanising factories analysing hair and 
toenail samples as biomonitors. The goal was to give support to the Worker’s Health Awareness Program of the 
Municipal Department of Health of Belo Horizonte, capital of the Brazilian State of Minas Gerais. Studies concerning 
galvanising industrial process have usually been developed broaching many aspects including chromium 
contamination consequences. These studies have not pointed out the detection and measurement of arsenic so far. 
Therefore, this paper focuses on the arsenic determination in the galvanisings studied. The higher concentration 
results in the workers compared to individuals of Comparison Group alerted the health surveillance professionals for 
the need of arsenic monitoring in order to assess the influence of a long-term exposure. The k0-Instrumental Neutron 
Activation method was applied on elemental concentration determination using the TRIGA MARK I IPR-R1 research 
reactor located at CDTN/CNEN, Belo Horizonte. The nuclear analytical technique confirmed to be a suitable method 
on determination of arsenic in biological matrixes. 

Key words: neutron activation analysis, k0-INAA, arsenic, biomonitor, galvinising industry 

1. INTRODUCTION 

In order to assess the exposure to several elements 
and consequently the contamination of workers hired 
by the galvanising industry in Belo Horizonte, a project 
[1-4] was developed. This project was giving analytical 
support to the Worker’s Health Awareness Program of 
the Secretaria Municipal de Saúde (Municipal 
Department of Health). The development of this 
project was approved by the Ethics Committee of the 
Federal University of Minas Gerais, COEP-UFMG. 

This paper focuses on the arsenic determination in 
the galvanisings studied. This project was the first 
action in order to assess the elemental concentration 
level in this kind of industry in Brazil determining 
several elements not considered essential for human 
being such as arsenic. Studies concerning this 
galvanising industrial process [5,6] have usually been 
developed broaching many aspects including 
chromium [7,8] contamination consequences, but so 
far none has pointed out the detection and 
measurement of arsenic. 

Numerous epidemiological studies have indicated a 
strong positive association between atmospheric levels 
of this element in copper smelters and the incidence of 
lung cancer due to prolonged and chronic arsenic 
exposure in industrial workplaces [9]. Skin cancer is 

also associated with long-term arsenic exposure by 
dermal contact and by oral intake. Arsenic in most 
chemical forms is readily absorbed by the human 
gastrointestinal tract. Once absorbed, arsenic 
undergoes substantial metabolism and the distribution 
of this element in the body has been studied in both 
humans and animals. The toxic effects of arsenic as 
described in humans vary in accordance with the dose 
and duration of intake. Under conditions of chronic 
intake, concerning excretion pathways, the highest 
concentrations are found in hair, nail and skin. These 
all have high sulfhydryl concentrations, suggesting that 
this property accounts for their high affinity for arsenic 
[9-11]. 

Galvanisation [5,6] is an electroplating process for 
depositing a coating in a desirable form by means of 
electrolysis, involving the following steps: polishing 
with abrasives, washing the items with acids and 
sodium hydroxide, and electrodeposition of Cr, Cu, Au, 
Ni or Zn. But the workers are continuously dealing 
with several elements from metal items during the 
polishing stage and with other elements during plating 
stage.  

The probability of arsenic presence among these 
elements is possible because during gold coating, 
arsenic or antimony salts are usually added aiming at 
improving gold deposition. Besides, the gold/arsenic 
bath is operated at 50°C and arsenic may volatize [6].  
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Exposure and contamination may also occur during 
the preparation of the items previously coated in gold, 
because the items are polished and the powder spreads 
in the air. 

In order to assess the level of contamination, the 
biomonitors - scalp hair and toenail clippings - were 
donated both by workers, the Workers’ Group, and by 
individuals not exposed to the galvanising 
environment, the Comparative Group. 

2. EXPERIMENTAL 

2.1. Factories Studied 

Two galvanisings working with the same 
procedure, i.e., “decorative chromium” - a kind of 
galvanisation whose main industrial process is to plate 
several metals over small items like taps, trays, 
decorative items - were chosen at random downtown 
according to the statistical planning [1-4]. Galvanising 
1, did not plate gold and silver, Galvanising 2, plates 
gold.  

2.2. Sampling Procedures: Biomonitors Hair and 
Toenail 

At first the physicians explained to the workers the 
aims of the project and how it would be performed, 
according to the sampling strategy [1-4]. The volunteer 
workers donated their hair samples and also toenail 
clippings. A professional hairdresser collected the hair 
samples according to IAEA instructions [12,13]. The 
hair samples were washed following the IAEA 
procedure [12,13], dried at 40ºC and weighed 
afterwards. The toenail samples were washed using the 
procedure according to the literature [14]. In both 
procedures, deionized pure water and reagents p.a. 
were used. After washed, the samples were air dried 
and weighed in the irradiation container. The same 
procedures were applied to the samples donated by the 
non-exposed subjects. Only one sampling was carried 
out according to the sampling strategy. The biological 
material samples were donated by 18 volunteer 
workers, the Worker Group.  

Another group, Comparative Group, was formed by 
22 subjects non-exposed to the same workplace 
environment. By the way, this was the only aspect 
considered. No other aspect such as diet and personal 
habit was controlled. Because of that, this group was 
named Comparative Group and not Reference Group 
as it is usually found in the literature. 

2.3. Applying Neutron Activation Analysis 

The arsenic elemental concentrations in all 
matrixes were determined applying the k0 
instrumental neutron activation analysis [4,15,16]. This 
standardization method utilizes a single comparator or 
neutron flux monitor/standard element, usually 198Au, 
to determine the concentration of each element within 
the sample. The method requires the characterization 
of certain reactor parameters. Among them, the 
deviation of the epithermal flux from the ideal 1/E 
relationship (α), and the relative neutron flux at each 
position (neutrons cm-2 s-1), which is needed to 
calculate the ratio of thermal neutrons to epithermal 

neutrons (f), for accurate determinations of element 
concentrations.  

The samples were irradiated simultaneously 
accompanied by neutron flux monitor/standard. The 
quality control was done using Human Hair Reference 
Certified Material, GBW 09101 [17] and replicates of 
samples, whenever possible.  

The irradiation was carried out in the carousel of 
the TRIGA MARK I IPR-R1 research reactor located at 
CDTN/CNEN (Nuclear Technology Development 
Centre/Brazilian Commission for Nuclear Energy), 
Belo Horizonte, at 100 kW, under average thermal 
neutron flux 6.3 x 1011 neutrons cm-2 s-1. 

Arsenic was determined via its corresponding half-
life radionuclide, 76As (T1/2 = 26.24 h). After suitable 
cooling time, the activity of the induced radionuclide 
was measured on an HPGe detector, 25% of efficiency, 
resolution of 1.85 keV for the 1332 keV peak of 60Co. 
The HyperLab program was used for peak area 
evaluation and for arsenic concentration calculations, 
the software package called KAYZERO/SOLCOI® was 
applied. 

3. RESULTS AND DISCUSSIONS 

Table 1 presents the elemental concentration 
determined in hair - Certified Reference Material [17]. 
For the non-exposed subjects, the Comparative Group, 
arsenic was not detected in both biomonitors. 
Galvanising G1 also did not present As in the samples 
either. All G2 workers presented As in their hair 
samples and the Platers and Polishers presented it also 
in toenail samples. The Platers were just the workers in 
charge of gold plating. Two Polishers sometimes also 
worked as platers dealing with gold. These workers 
were exactly the ones who presented arsenic in their 
hair and toenail samples. It is an interesting result 
because it suggests the influence of long-term exposure 
to arsenic during electroplating stage. The 
determination of As in the hair samples of the trainee 
and the owner points out the presence of the arsenic 
pollution everywhere in the industry. 

4. CONCLUSIONS 

The workers of Galvanising 1 did not present 
arsenic in their samples. It is relevant to mention that 
this factory does not plate gold. 

Comparing the results of arsenic in the samples of 
workers of Galvanising 2 to the values for Comparative 
Group, it is possible to say that the workers may be 
contaminated, therefore, this galvanising offers more 
arsenic exposure and contamination risk due to the 
plating process per se combined with unsuitable 
distribution of processes inside the workplace [1-3]. 
Then, the results of As in biomonitors reflect the 
worker exposure and suggest endogenous 
contamination, once arsenic was not detected in the 
non-exposed individual samples.  

This first assessment alerts for the need of 
assessing the influence of long-term exposure to 
arsenic in galvinisings that plate gold.  
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This assessment has been supporting the 
establishment of guidelines and data basis for the next 
occupational program for this specific workplace.  

The results of As for hair and toenail samples point 
out both matrixes suitable biomonitors for arsenic. 

The neutron activation analysis – k0-method – 
confirmed its characteristic as a versatile technique 
when applied to different types of matrixes. 

Table 1 Arsenic concentration in biomonitors 

 Biomonitor As (μg.g-1) 

Certified Reference 
Material 

Hair [18] 
(GBW 0901) 

Experimental Values 
0.62 ± 0.04 

Certified Values 
0.59 ± 0.07 

Comparative Group 
(22 individuals) 

Hair and 
Toenail 

< 0.05 

Worker Group 
G1 

(9 workers) 

 
Hair and 
Toenail 

 
< 0.05 

G2 
(9 workers) 

 Trainee 
(1 worker) 

Owner 
(1 worker) 

Platers 
(3 workers) 

n Polishers 
(4 workers) 

n

Hair 0.13 ± 0.01 0.11 ± 0.02 0.20 ± 0.01 3 (0.10±0.02 to 0.6±0.2)* 4
Toenail < 0.05 < 0.05 0.20 ± 0.01 3 0.25 ± 0.05 2

n, number of individuals that presented the element in theirs samples; *, range of concentration 
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Abstract. Scaling properties of personal solar ultraviolet radiation exposure (pUVR) recordings are investigated 
using the Wavelet Transform (WT) spectral analysis. Personal UVR recordings are collected by UVR monitors 
designed to measure erythemal UVR. Sun exposure recordings of a school child, farmer, marathon runner and outdoor 
worker in South Africa are analyzed. A scaling behavior in all analyzed pUVR datasets is found. The scaling behavior 
changes from uncorrelated to long-range correlated as duration of a person’s solar exposure increases. The slopes of 
calculated WT power vary from 0, in the uncorrelated case for persons with erratic activities in reference to their UVR 
exposure, to close to 1 in the case of long-range correlated pUVR data, for persons spending longer periods in the sun. 
Peaks in the WT power spectra are also found, pointing to the existence of characteristic times in sun exposure 
behavior. Characteristic peaks at approximately 15 minutes, half an hour and an hour are present in all pUVR data, 
while persons with longer sun exposure have additional peaks at longer periods.  

Key words: personal UVR exposure, wavelet transform analysis, scaling, characteristic exposure times 

1. INTRODUCTION 

A wavelet-based analysis of data time series from a 
complex system gives information on statistical 
properties of the data – the average value, distribution 
and effect of fluctuations around the average value at 
different times (scales), as well as an existence of 
periodicities or trends of other kind, and a probability 
to reach extreme values over a period of interest. 
Hence, this kind of data dynamics analysis is an 
efficient additional tool to conventional methods [1, 2].  

The methods used in this type of analysis have been 
developed in the field of statistical physics and later 
adjusted for use in real-life, at first mostly biological, 
complex systems [3, 4]. The method adjustments took 
into account the non-stationary and nonlinear 
characteristics of the data, which are important for 
understanding system dynamics. Over the years, out of 
various new techniques, the Wavelet Transform (WT) 
method, which was first proposed three decades ago 
[5], has become a widely used tool. It has been utilized 
on various complex systems that now form a field of 
modern physics. Further, it is very sensitive to 
detection of spurious results obtained by the 
conventional methods. For these reasons, WT is now 
considered a standard analytical tool for time series 

analysis. It has had numerous variations developed 
over the time. 

The traditional WT analysis allows quantification 
of the essential statistical features – correlations, 
scaling (long-time memory), and nonlinearity – in time 
series from a complex systems, and thus provides an 
understanding of the underlying dynamical processes 
in the system. The quantitative measure it provides – a 
scaling exponent β – describes a very important 
property of the system, its temporal memory. Unlike 
conventional measures, this exponent does not 
monitor the coincidence of values at each time step. 
Rather, it deduces, assesses and describes the typical 
behavior, or a long-range character of the analyzed 
data.  

The scaling properties (behavior described by the 
scaling exponent) are present in the climate and 
atmospheric data [6, 7], and they can be regarded as a 
mark of the existence of memory in the system. A 
change in the system memory at a given time or time 
scale is reflected by a particular shape of the WT 
function, values of scaling exponents β at different 
time scales, and positions of crossovers in scaling. 
These functions, therefore, offer information on the 
existence of cycles, characteristic times, or trends in 
investigated datasets. 
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In this paper, recordings of personal solar 
ultraviolet radiation exposure (pUVR) are examined 
using the Wavelet Transform spectral analysis. The 
scaling properties are then applied in quantification of 
the dynamical behavior of the exposure records. 

2. MATERIALS AND METHODS 

2.1. Measurements and datasets 

The datasets were collected using personal UVR 
dosimeter badges. The UVR dosimeter badges were 
developed to measure personal exposure to solar 
erythemal UVR (290-400 nm) and have been 
described in detail elsewhere [8, 9]. The UVR 
dosimeter badges are manufactured by the University 
of Canterbury Department of Electrical and Computer 
Engineering, Christchurch, New Zealand. The badges 
have been shown to be suitable instruments for use in 
large personal solar UVR exposure studies [10-13].  

The main component of the dosimeter badge is a 
miniature solid-state detector which measures 
erythemally-weighted UVR. The detector response is 
electronically converted into a digital count (on a scale 
from 1 to 1024) that is proportional to the incident 
erythemally-weighted UVR irradiance. The detector is 
encased in a weatherproof polytetrafluoroethylene 
enclosure which also acts as a diffuser to ensure that 
the angular response of the instrument is close to the 
cosine response of human skin [14]. The badge is 
powered by a small lithium coin cell battery (CR 1616, 
3 V) and has a diameter of 35 mm, thickness of 13 mm, 
and weighs approximately 20.7 g. The badges were set 
to record data every 60 seconds in day/night mode 
(programmed to record from 07h00 to 21h00) and 
they have enough on-board memory and battery 
capacity to store numerous days of data. 

Since the dosimeter badges are inconspicuous and 
easy to forget or ignore, they are less likely to alter a 
person’s usual activities and thus their UVR exposure. 
In our study, the UVR badges were worn by human 
participants in a variety of outdoor settings and 
activities. Participant groups included a primary school 
child (UVR badge was worn in October 2013), an 
outdoor worker (October 2013), a farm worker (June 
2014), and a marathon runner (February 2014). 
Research ethics clearance was granted by the Council 
for Scientific and Industrial Research of South Africa 
(Certificate number 64/2013). 

2.2. Wavelet Transform Spectral Analysis 

The wavelet transform was introduced in order to 
circumvent the non-linearity problems in classical 
signal analysis and to achieve good signal localization 
in both time and frequency that classical Fourier 
transform approach misses [5].  

Namely, in the WT analysis, the window of 
examination length is adjusted to the frequency 
currently being analyzed, i.e. slow events are examined 
within a long window, whilst a short window is used 
for fast events. In such a way, an adequate time 
resolution for high frequencies and a good frequency 
resolution for low frequencies are achieved in a single 
transform [14].  

The continuous wavelet transform of a discrete 
sequence U(k) is defined as the convolution of U(k) 
with wavelet functions )(, kbaψ in the following way: 
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with a and b being the scale and translation-in-time 
(coordinate) parameters, N the total length of the data 
series (in this study, pUVR), and the asterisk stands for 
complex conjugate. The wavelet functions )(, kbaψ  are 
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To examine the existence of scaling, trends and 
cycles in the pUVR data, the wavelet scalegrams (the 
mean wavelet power spectra) EW(a), defined by 

= dbbaWaE PW ),()( 2    (3) 

are used. The scalegram EW(a) can be related [9] to the 
corresponding Fourier power spectrum EF(ω) via the 
formula 

,)()()(
2

ωωψω daEaE
FW

∧

=   (4) 

where the caret symbol designates Fourier transforms. 
Equation (4) implies that if two spectra, EW(a) and 
EF(ω), exhibit power-law behavior, then they have the 
same power-law exponent β. If this is the case, the 
uncorrelated behavior is characterized by the values of 
exponent β close to 0, while the long-range 
correlations are characterized by 0 < β ≤ 1 (and, 
similarly, in anti-correlated case, 0 > β ≥ -1). 

The meaning of the wavelet scalegram is the same 
as in the case of classical spectrum - it gives the 
contribution to the signal energy at the specific scale 
(time) parameter a. It thus enables us to view and 
estimate the peaks of wavelet spectra in the same way 
as in the classical Fourier approach. 

In this paper, the standard set of Morlet wavelet 
functions is applied in the analysis. The Morlet wavelet 
[15] is proven to have the optimal joint time-frequency 
localization, and can therefore be used for detecting 
locations and spatial distribution of singularities in the 
signal [16]. 

The Morlet set is defined by 
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with the corresponding Fourier transform 
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where H(ω) is the Heaviside step function, ω the 
Fourier circular frequency, and ω0 is the characteristic 
nondimensional parameter (a real number).  

In our study, 40 =ω is used. 
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3. RESULTS 

A scaling behavior in all analyzed pUVR datasets 
was found. Further, with an increase in duration of a 
person’s solar exposure, the WT scaling behavior 
changed from uncorrelated to long-range correlated. 
The slopes of calculated WT power in the pUVR data 
thus varied from 0 to close to 1 (see Figs.1 and 2).  

The scaling exponent with a value close to 0 was 
obtained for the uncorrelated case, i.e. for persons with 
erratic activities in regards to their UVR exposure (in 
some of the farmer’s recordings and for the school 
child). In the case of long-range correlated pUVR data, 
for persons spending longer periods in the sun due 
to the nature of their job (the outdoor worker) or 
sports activity (the marathon runner), the calculated 
slope was close to 1.  

Peaks in the WT power spectra that may point to 
the existence of characteristic times in sun exposure 
behavior, were also found in our analysis. These peaks 
are already visible in Figs. 1 and 2, but are given in 
Figs. 3 and 4 for emphasis. Characteristic peaks at 
approximately 15 minutes, half an hour and an hour 
were present in all of the pUVR data. Additional peaks, 
at longer periods, were obtained for the persons with 
longer sun exposure (see Fig. 4). 
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Fig. 1 Examples of scaling in the pUVR records: the log-log 
plot of wavelet spectra for a farmer and a school child pUVR 

during their usual daily activities. The calculated slopes of 
wavelet spectra indicate uncorrelated (β≈0) or slightly 

correlated behavior, which suggests that in these two cases, 
the daily sun exposure was most likely random. 
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Fig. 2 Examples of scaling in the pUVR records: the log-log 

plot of wavelet spectra for an outdoor worker and a marathon 
runner during their daily activities. The calculated slopes of 
wavelet spectra indicate a highly correlated (β≈1) behavior, 

which suggests that in these cases, the daily sun exposure was 
not random and that the exposure was long-lasting. 

Personal UV dosimeters have often been used as an 
integral part in a number of studies looking into a link 
between personal solar UV radiation exposure and 
vitamin D status [17, 18]. Thus, the pUVR analyses of 
the data were mostly limited to the classical approach 
whereby the dynamical properties of the system were 
not investigated. In a study [19], a periodicity of a week 
in personal solar UVR data was noted, and it was 
suggested that the study participants spent more time 
outdoors in the weekend. Similarly, a study [18] 
showed that the participants wearing UV dosimeters 
received most of the cumulative UV dose during 
weekends and holidays. These results indicated the 
behavioral background of the one-week periodicity 
found in the pUVR data.  

The pUVR data in our analysis, however, did not 
cover sufficiently long recording periods for the WT 
method to detect a characteristic time of a week. 
Further research is needed to investigate the governing 
mechanisms behind the short periods in the personal 
sun exposure. 
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 Fig. 3 Vertical lines indicate characteristic times (or cycles) in 
the pUVR time series of a farmer and a school child. The 15 
minute, half an hour, and one hour cycles are emphasized. 
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the pUVR time series of an outdoor worker and a marathon 
runner. In addition to the 15 minute, half an hour, and one 

hour cycles that are emphasized here (also in Fig. 3), a three-
hour cycle appears in these two cases. 

 

4. CONCLUSIONS 

The wavelet-based spectral analysis was used to 
investigate and possibly quantify the dynamical 
behavior of the personal solar UVR exposure records, 
and thus contribute to a better understanding of the 
personal solar UVR exposure patterns.  

A scaling behavior in all the analyzed pUVR 
datasets was found. With an increase in duration of a 
person’s solar exposure, the behavior changed from 
uncorrelated to long-range correlated. The slopes of 
calculated WT power varied from 0, in the 
uncorrelated case for persons with erratic activities in 
regards to their UVR exposure, to close to 1, in the case 
of long-range correlated pUVR data, for persons 
spending longer periods in the sun. This result may 
indicate that the slopes of the WT power spectra could 
be used as indicators of sun exposure. 

Peaks in the WT power spectra were also found, 
pointing to the existence of characteristic times in the 
sun exposure behavior. Characteristic peaks at 
approximately 15 minutes, half an hour and an hour 
were present in all of the pUVR data. In the recordings 
of longer sun exposure, additional peaks at longer 
periods were detected. Thus, this behavior of the WT 
power spectra could be used to typify different 
personal behavioral patterns related to solar UVR 
exposure. 
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EVALUATION OF SMF EXPOSURE FIELD LEVELS AND GRADIENTS 
OBTAINABLE USING THE 2D MAGNETIC ARRAYS 
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Abstract. Two-dimensional magnetic arrays have been proven useful as exposure setups for biomedical experiments 
with static magnetic fields. Different static magnetic field levels as well as vertical field gradients can be attained from 
these exposure setups by means of varying the geometrical parameters of an array and the type of magnetic material 
employed. Evaluation of obtainable field and gradient values has been conducted by varying one by one parameter. 
Several relevant parameters were chosen to represent the effects of input parameter changes on the magnetic flux 
density above the array. Calculations were conducted using the exact analytical expression. 

Key words: non-ionizing radiation exposures, exposure setups, static magnetic field (SMF), two-dimensional 
magnetic arrays, parameter adjustment 

1. INTRODUCTION 

Effects of electromagnetic (EM) fields on biological 
systems can be either beneficial or adversarial. Static 
magnetic fields (SMF) of low and moderate intensity 
are shown to have mainly beneficial effects, based on 
empirical and collected experimental data. Observed 
therapeutic effects include those related to treating 
arthritis [1], healing bone fractures [2], and improving 
microcirculation [3]. Mechanisms of action of SMFs 
are not yet fully understood. 

Experimental magnetic fields are generated using 
various arrangements of current coils or permanent 
magnets. Certain types of two-dimensional (2D) 
magnetic arrays have been successfully employed as 
exposure setups for SMF generation as well [4], [5]. 
The type of the array described in [4], with the 
magnetic axes of individual magnets equally oriented 
and perpendicular to the array’s surface, produces the 
slowly decreasing magnetic field. In the considered 
case, individual magnets were distributed across a flat 
surface periodically at equal distances xd and yd in two 
orthogonal directions. The dominant field component 
is perpendicular to the surface of the array and an 
order of magnitude larger than other magnetic field 
components, provided that individual magnets are not 
too sparsely placed across the surface. Magnetic flux 
density variation in planes parallel to the array’s 
surface is significantly smaller than the field decrease 
with distance from the surface. This allows for the 
definition of the field gradient perpendicular to the 
array’s surface. This exposure setup therefore produces 
inhomogeneous magnetic field whose magnetic flux 
density as well as gradient vary predominantly in the 
direction perpendicular to the array’s surface, with 
very slight variations in planes parallel to the surface. 

This configuration enables studying the effects of both 
magnetic flux density and its gradient. 

Different SMF field levels as well as field gradients 
can be attained by means of varying the geometrical 
parameters of an array and the type of magnetic 
material employed. We investigate the effects to the 
magnetic flux density and its gradient of varying 
several parameters, with the aim to define the range of 
SMF exposure field levels and gradients available for 
conducting experiments. 

2. TWO-DIMENSIONAL MAGNETIC ARRAYS WITH EQUALLY 

ORIENTED MAGNETIC MOMENTS OF ARRAY ELEMENTS 

In the investigation of obtainable exposure field 
levels and gradients we assume an array of N-by-N 
identical square cross-section magnets, equally spaced 
on a flat horizontal surface and kept in place by a 
non-magnetic substrate. We assume equal and vertical 
orientation of magnetic moments of all magnets. Were 
the magnets mounted on a ferromagnetic plate instead, 
similar analysis would apply, with the height of the 
magnets doubled due to the image theorem. Vertical 
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Fig. 1 Two-dimensional magnetic array 
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axis is denoted as the z-axis and the whole array is 
assumed to be symmetrical with respect to the x- and 
y-direction, as shown in Fig. 1. Rows of magnets are 
parallel to the x-axis, with the magnet centers spaced 
by xd. Distance between the adjacent rows is yd = xd. 
Magnetic flux density distribution at the array’s surface 
varies periodically from negative to positive Bz, since 
the magnetic flux lines partially close between the 
adjacent elements. With the increase in height, z, 
above the array’s surface the majority of the magnetic 
flux lines add up together to form a resultant magnetic 
flux density Bz. Above a low-limit height for conducting 
experiments, z = z0, magnetic flux density is positive 
everywhere except for the stray field above the array 
edges. With the further increase in height, magnetic 
flux density variation in horizontal planes decreases. 
We define parameter z1% , as the height above the array 
above which field variation in the horizontal planes is 
less than 1%, and Bz, 1% as the corresponding mean 
magnetic flux density. Magnetic field vertical gradient 
decreases with height as well, with magnetic field 
decrease almost linear at larger heights. 

Basic properties of several magnetic materials most 
commonly used for permanent magnets [6], [7] are 
listed in Table 1. Material remanent magnetization, Br , 
and Curie temperature, TC, as well as the maximum 
energy product, (BH)m , must all be accounted for 
when choosing the right magnets for a particular 
application. Improved energy product is accompanied 
by the increased cost of permanent magnets, ranging 
from about 5 USD per kg for ferrites (BaFe12O19), to 
about 50 USD/kg for Alnico, and to about 120 USD/kg 
for samarium-cobalt and neodymium magnets [8]. 
High quality neodymium magnets are more expensive, 
up to about 200 USD/kg. Remanent magnetic flux 
density corresponds to bulk material, i.e., to a piece of 
material very long in the direction of magnetization. It 
is related to the magnetization per unit density, Mr , by 
the equation Br = μ0·ρ·Mr , where ρ represents the 
material density. Considering equivalent surface 
currents resulting from magnetization and real magnet 
dimensions, actual magnetic flux density is obtained 
analytically. For the magnetization in the z-direction, 
four vertical sides of each magnet can be replaced by 
the current sheets carrying the surface current density 
JmS = ρ·Mr . 

Vertical component of the magnetic flux density, 
Bz(x,y,z), is calculated as the sum of the contributions 
of all vertical sides of all the magnets comprising the 
array. For a single square cross-section magnet of side 
length a and height h magnetic flux density is given by: 

[ ] [ ]
[ ] [ ]

.

,

,

,)(niscra)()(

2/))sgn(1(,2/))1(1(,2/))1(1(

2))1(())1(())1((

))1((
)))1sgn(((

))1sgn((

2))1((2))1((

))1(())1((

1
4z1

2
5

s2
1

1

2
12

s2
12

s

2
12

s

1
12

s

12

1
12

(1

1212

4

1

1

0

1

0

)(
11

21

1)1(
2

1
2)1

2

12
1

22

mS0 1
μ

,,

−−=−+=−+=

⋅−++−−−−

⋅−+⋅
−−−

−−

−−+−−

−−⋅−−

π

−

−++

−+

= = =

++

=

=

   ⋅=

−++−

+

−

kmmm

htqzyaxa

htqz
ya

xa

k

yaxa

yaxa
tp
k

k tp tq

tqtptqtpJ

kk

mmmm

mm

mm

mtpkmtpk

mtpk
mtpk

kk

tqq

p

qpB zyx

 

In the above, x1 and y1 are the distances, measured in 
the direction of x-axis and y-axis, from the magnet 
center to the field point. Magnet side is denoted by k, 
numbers 1, 2, 3 and 4 corresponding to the negative 
x-axis, negative y-axis, positive x-axis and positive 
y-axis with respect to the magnet center. Square 
brackets stand for the integer division. Point of current 
entrance into the current sheet corresponds to tp = 0, 
and the point of current exit to tp = 1. Indices tq = 0 
and tq = 1 denote the bottom surface or the top surface 
of the magnet. Derivation of the above equation, as 
well as the expressions for x-component and 
y-component of the magnetic flux density, are given in 
[4]. It has been shown in [4] that the Bz field 
component is dominant. Therefore, this evaluation 
considers only the dominant field component. 

Table 1 Basic properties of typical commercial 
magnetic materials  

Material Br (T)
(BH)m 

(kJ/m3) 
TC (°C) 

Mr 

(Am2/kg) 
Jms 

(A/m)
BaFe12O19 0.40 34 450 65.0 318.3 
Alnico 1.25 43 860 142.1 994.7
SmCo5 0.88 150 720 85.4 700.3
Sm2Co17 1.08 220 820 102.3 859.4
Nd2Fe14B 1.28 300 400 135.8 1018.6

 

3. RESULTS AND DISCUSSION 

The surface current density, JmS , enters the 
magnetic flux density equation as the multiplicative 
factor to scale the expression depending exclusively on 
the geometrical parameters of an array. Therefore, for 
a fixed given geometry of an array, difference in the 
achieved field levels for different magnetic materials 
corresponds to the ratio of remanent magnetization of 
materials. This is illustrated by the example shown in 
Fig. 2, where moderately sized magnets (a = 8 mm, 
h = 5 mm) were arranged with the gap between every 
two magnets equal to the magnet length a (kd = 1). 
Please note that the parameter kd is introduced as the 
ratio of the gap size to the magnet size. Corresponding 
center-to-center magnet spacing equals xd = (kd+1)·a. 
Number of individual magnets in a row is taken equal 
to N = 15 in this as well as in the all other examples. 
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Fig. 2 Magnetic flux density along the magnet axis, along the 

magnet gap axis, and mean magnetic flux density in 
horizontal planes above the array, for magnetic materials 

listed in Table 1 (a = 8 mm, h = 5 mm, xd = 16 mm) 
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Fig. 3 Influence of the magnet side length, a, on several 

parameters describing the magnetic field above the array, with 
the relative spacing between the magnets kept fixed at half the 

side length (upper plot) and whole side length (lower plot) 

In Fig. 2, magnetic flux density at the vertical axes 
through the magnet centers is represented by the 
dashed lines, and the one between every four magnets 
(axes where the x-spacings and y-spacings cross) is 
shown by the dash-dot-dot lines. Mean magnetic flux 
density in horizontal planes above the array is well 
approximated as the average of the two (depicted by 
the solid lines). Up to some low-limit height magnetic 
flux density along the magnet gap axis is negative as 
the flux lines close between the magnets. At the same 
height, right above the magnets the field is strong, so 
that all in all next to the surface the field intensity is 
strong, direction of magnetic flux lines alternates, and 
field gradients are very pronounced. After the limiting 
height, z0, magnetic flux densities above the magnets 
and between the magnets start converging to fast reach 
the height where the field variation everywhere in the 
horizontal planes lies below 1% of the mean field level 
in that plane. For the considered example, magnetic 
flux density is positive everywhere above the plane 
z0 = 10.2 mm. The 1% threshold is z1% = 24.0 mm, and 
the Bz value for the strongest neodymium magnets at 

that height equals Bz, 1% = 5.5 mT. In this particular 
example, field further decreases almost linearly. 

Having in mind average mice height of about 
30 mm, experimental volume for in vivo experiments 
can be taken from the height of about 25 mm to 
55 mm. For in vitro experiments, a range of different 
field intensities is available by appropriate placement 
of specimens at different heights above the array. 
Mean magnetic flux density and its mean gradient in 
the experimental volume are determined by field 
averaging between the two limiting horizontal planes. 
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Fig. 4 Influence of the gap size, kd·a, between the two 
neighboring magnets on the parameters describing the 

magnetic field above the array 
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Fig. 5 Mean magnetic flux density and its mean gradient for 
the fixed center-to-center magnet spacing of xd = 12 mm, for 

different ratios a versus kd·a, for two magnet heights h 

Since the amount of data that could be depicted in 
Fig. 3 and Fig. 4 is limited, three heights, z = 30 mm, 
z = 40 mm, and z = 50 mm, were chosen to represent 
field variations resulting from the changes of input 
parameters. 

Provided that the height of the magnets is relatively 
small with respect to the size of an array in lateral 
directions, doubling the magnet height results in twice 
the magnetic flux density. Height of the magnets can 
therefore be used to adjust the field levels. If the more 
homogeneous magnetic flux density is desired for the 
experiment, one magnetic array is placed below the 
experimental volume, and the other one on top. 
Resultant magnetic flux density is fairly homogeneous. 
Height of the magnets in Fig. 3 and Fig. 4 is fixed at 
h = 5 mm and in Fig. 5 it is compared with h = 10 mm. 
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Data presented in Fig. 3 analyze what are the 
effects to the field of the changes in magnet side 
length, a. The ratio gap size versus magnet size is kept 
fixed at kd = 0.5 (upper plot) and kd = 1 (lower plot). 
Both the low-limit height z0 and the 1% threshold 
z1% show linear dependence on the lateral size of the 
magnets. Magnetic field is higher and the two limiting 
heights, z0 and z1%, are lower for the smaller magnets. 
Data shown in Fig. 3, Fig. 4 and Fig. 5 correspond to 
Nd2Fe14B magnets. For other types of magnetic 
materials, data need to be scaled by the relative ratio of 
remanent magnetizations. 

Parameters of interest are presented in Fig. 4 as a 
function of kd, with the fixed values of other input data. 
Size of the magnets is kept at moderate a = 8 mm. 
Similar conclusions are drawn as in the previous 
example – smaller magnet spacing results in the 
stronger and higher quality magnetic field (in terms of 
field homogeneity in horizontal planes). 

Figure 5 shows mean magnetic flux density and its 
mean gradient for the fixed center-to-center magnet 
spacing of xd = 12 mm, value of xd resulting in almost 
constant gradient about 40 to 48 mm height. Magnetic 
flux density decrease in that case shows the least 
variation from the linear one inside the experimental 
volume recommended for in vivo experiments (25 to 
55 mm height above the array). It is demonstrated that 
the increase in height of the magnets results in almost 
the same relative increase in field intensity. 

4. CONCLUSIONS 

Generic example of the symmetrical two-dimen-
sional magnetic array has been studied using the 
analytical expressions describing the magnetic flux 
density above the array. Evaluation of obtainable static 
magnetic field levels as well as vertical field gradients 
has been conducted by varying one by one parameter. 
Input parameters comprised magnet size and spacing 
(the geometrical parameters) and the type of magnetic 
material used. The collection of data and results 
presented can be used for preliminary design of 2D 
magnetic arrays. 
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Abstract. There are a few publications in scientific journals suggesting that persons who are regularly exposed to 
ELF-magnetic fields (occupational-, but also residential exposures) may be at risk for contracting Alzheimer’s disease. 
It should be noted that these reports are only pointing to a possible association but do not at present provide any proof 
of association. We have performed a number of preliminary in vitro laboratory investigations to explore the 
plausibility of such an association. Our investigations were based on similarities found in cells from Alzheimer disease 
patients and in cells exposed to extreme low frequency magnetic fields. We especially investigated genetic damage in 
C3A and SH-SY5Y cells exposed in vitro to 50 Hz magnetic fields (0-500 µT) using the cytome assay. We found an 
increased frequency of large micronuclei (suggesting a possible aneugenic effect) and increased frequency of nuclear 
buds (suggesting gene amplification). In this our results may show some similarities with observed micronuclei in 
blood and buccal cells of Alzheimer disease patients. The effects were found in both cell lines and were already 
observed for exposure levels as low as 10 µT. This is however in contrast with earlier results obtained in human 
lymphocytes where no induction of micronuclei was found using the same exposure unit. The results thus need to be 
confirmed and further analyses need to be done.  
Key words: Alzheimer’s disease, magnetic fields, C3A cells, SH-SY5T cells, Vitotox test, cytome assay 

 

 

1. INTRODUCTION 

Some reports have linked professional exposure 
to ELF-magnetic fields (MFs) with an increased risk 
of Alzheimer’s disease (AD)1-8. A Swiss study also 
found a relationship between residential magnetic 
field exposure from power lines and mortality from 
such neurodegenerative conditions9. Other studies 
followed but at present they are not conclusive yet 
and further research is needed10,11. Our objectives 
were to search for experimental evidence that may 
or may not support the alleged association between 
ELF-magnetic field exposure and AD.  

For this purpose we previously conducted a 
literature review11 which  revealed a number of 
similarities but also dissimilarities between AD and 
ELF exposed cells or organisms (table 1). We in 
particular focused on the genetic effects where it 
was shown that: 

-Alzheimer’s disease is characterized by a 
number of genetic events which may result in 
aneuploidy of particularly chromosomes 17 and 21. 

-ELF-MF’s may possibly directly or indirectly 
(e.g., as a co-mutagen) induce genetic events as 
those found in Alzheimer’s disease and therefore be 
responsible for an increased risk of this disease.  

The latter is rather speculative. Given the level of 
energy involved, a direct alteration of the ELF-
magnetic fields with genomic structures is difficult 
to consider. Therefore, there is a general consensus  

Table 1 Some comparisons between observations in 
Alzheimer’s disease patients and ELF-magnetic 

field exposed cells or organisms 

Alzheimer’s disease 
ELF-magnetic  field 

exposures 
 
 
Amyloid-β ↑    
 

 
↑12, 13  

 
Melatonin ↓    
 

 
?14 

 

acetylcholine deficit in 
brain tissues 

 
?  but rather the opposite 

according to some studies15-17 
 

DNA damage ↑ 
Micronuclei ↑ 
Aneuploïdy, trisomy ↑ 
Gene amplification ↑ 

Possibly co-mutagenic (also 
with respect to aneuploïdy)18,19
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that ELF-MF’s, especially at normal (moderate) 
exposure levels are not directly mutagenic19,20. Some 
papers yet suggest that ELF-MF’s may make 
naturally-occurring free radicals available to 
interact with DNA, and that electric fields within 
tissues can possibly disrupt cellular processes and 
cause DNA damage in an indirect way. It is 
theoretically also possible that these fields can 
influence the incidence of aneuploidy 
synergistically. Effects were for example  found 
when ELF’s were used as cofactors that modify 
cellular responses to other agents, e.g. static fields21, 
benzopyrene22, benzene,23, vinblastine24,25, and X-
rays25. According to these studies ELF-magnetic 
fields are thus able to enhance, but not to start a 
mutagenic (DNA damaging) effect. The latter three 
examples are on increased aneuploidy and therefore 
of particular interest for the present research. It 
seems obvious that ELF and aneuploidy should be 
further investigated so as to see whether AD-related 
aneuploidies/trisomies are also induced by 
electromagnetic fields. At least according to some of 
the above mentioned papers EMF exposure may be 
able to promote the occurrence of aneuploidy 
caused by an aneugen via a mechanism involving 
the neuroendocrine system. 

That the physiological state of the cells and cell 
type may be important in the occurrence or absence 
of ELF-effects was illustrated by Cadossi et al.26 and 
Scarfi et al.27. It was shown that cells from aged 
donors and leukemic patients do respond contrary 
to ‘other’ cells26  and that DNA damage was found in 
cells from Turner syndrome patients but not in 
healthy individuals27.  

DNA damage was also found in vivo in rat brain 
cells by Lai and Singh28,29, Svendenstål et al.30,31 and 
Verschaeve and Maes (unpublished) showing that 
brain cells can be a possible target for genetic 
changes. Yokus et al. 32 found increased oxidative 
DNA damage in the plasma of rats and Udroiu et 
al.33 increased aneuploidy in liver and blood cells of 
mice exposed to 50 Hz electromagnetic fields. 

These results show that ELF magnetic fields 
may, possibly in conjunction with (an)other 
agent(s), be associated with particular chromosome 
instabilities. Maybe they have the same nature as 
those found in cells of Alzheimer disease patients. 
Hence it is worthwhile being further investigated.  

 

We have performed a number of in vitro 
genotoxicity tests aimed at investigating whether 
ELF-MF’s do have co-mutagenic properties and may 
induce effects as seen in AD patients, i.e. aneuploidy 
(cell division disturbances) and gene amplification. 
It should yet be realized that such effects do not 
prove the relationship between ELF-MF exposure 
and the disease. They only show that there are some 
similarities that merit further attention. 

 

 

2. INVESTIGATIONS OF POTENTIAL DIRECT AND 

INDIRECT GENETIC EFFECTS IN CELLS EXPOSED TO 

ELF-MF’S  

 
2.1. Exposure unit 

 

Cells were exposed to the MF’s in a cylindrical 
exposure unit (380-turn coil, 42 cm long, 20 cm 
inner diameter). A detailed description of this 
exposure unit is given in Maes et al.34. Control 
measurements have revealed that the field is not 
perfectly sinusoidal and contains 50 Hz (100%) as 
well as harmonics (10% at 250 and 350 Hz and 5% 
at 550 and 650 Hz). The temperature within the coil 
remained unchanged during the entire exposure 
time (37°C ±0.5).  

 

2.2. Co-mutagenic effect of ELF-MF’s  

 

We previously reported on a co-exposure 
investigation using the bacterial Vitotox test35. This 
test uses two strains of engineered (TA104) 
Salmonella typhimurium bacteria. It is based on 
SOS-induction and light emission following DNA 
damage36. Bacteria were exposed for 1 and 2 h to 
magnetic fields of 100 and 500 µT in conjunction 
with the chemicals resorcinol, bleomycin, 4-
nitroquinoline-oxide (-S9) and benzo[α]pyrene 
(+S9). We did not find any indication of an ELF-
MF’s induced co-mutagenic effect.   

 

2.2. Genotoxic effect of ELF-MF’s investigated 
by  

        the cytome assay 

 

We also used the cytome assay in C3A (liver) and 
SH-SY5Y (neural) cells. In this assay we particularly 
paid attention to the presence of micronuclei 
(indicating structural or numerical chromosome 
aberrations), nuclear buds (gene amplification) and 
nucleoplasmic bridges (dicentric chromosomes). 
The Kastenbaum & Bowman tables37 were used for 
determining statistically significant deviations in 
aberration frequencies from exposed cells compared 
to (unexposed) control cells. This binomial test was 
found adequate for the purpose of this investigation. 
We found an increased frequency of especially large 
micronuclei (suggesting aneuploidy) and nuclear 
buds (gene amplification) in both cell lines which 
were statistically significant at all investigated field 
strengths (p<0.05 at 10 µT and p<0.001 at ≥ 50 µT). 
Figure 1 gives an example for micronuclei in C3A 
cells.   
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Fig. 1 Micronucleus frequencies in C3A cells following a 
24h exposure to ELF-MF’s (10-500 µT) 

 

3. DISCUSSION 

 

We did not find any co-mutagenic effect with the 
Vitotox test. This is somewhat in contradiction with 
some of the earlier reported data. It should however 
be realized that the Vitotox test is an indicator test 
which correlates well with the Ames assay (a 
bacterial gene mutation test) and that previously 
reported effects concern other cells and endpoints. 
In the Vitotox test the test organism is a bacterium 
which lacks, amongst others, a spindle apparatus. 
Therefore the Vitotox test is unable to evaluate 
potential aneugenic properties and hence previous 
studies reporting directly or indirectly ELF-MF’s-
induced aneuploidy are different but not in 
contradiction with the Vitotox data. 

On the contrary, the cytome assay provided 
findings that show similarities with observed 
micronuclei in blood and buccal cells of Alzheimer 
disease patients38,39. A replication study is not 
completely terminated but as far as we can tell at 
present the results appear to be largely identical. It 
should be realized yet that ELF-MF’s-induced 
micronuclei (possibly due to aneuploidy) were not 
found in one of our earlier studies24 as well as in 
some other investigations19. An explanation may be 
that cells that are not in optimal condition are more 
susceptible to ELF-MF-induced genetic alterations. 
This was already suggested above26,27. Our previous 
investigation where ELF-MF’s up to 800 µT did not 
increase the micronucleus frequency was on normal 
and ‘healthy’ human peripheral blood lymphocytes 
whereas the present investigation was on cell lines 
derived from human tumors which have an 
abnormal karyotype and behavior.  

So far this study does not prove anything but 
indicates yet that further and more in depth 
research on ELF-MF-induced cytogenetic damage 
(especially aneuploidy) is justified. Such studies may 
give more information on the possible relationship 
between ELF-MF exposure and neurodegenerative 
diseases.  
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Abstract. Welders represent a group of workers who are exposed to electromagnetic fields (EMF) from welding 
machines. In particular, workers performing welding tasks are exposed to magnetic fields from the welding processes. 
There are several types of welding processes but the most used are arc welding (MMA: Manual Metal Arc; MIG/MAG: 
Metal Inert Gas/Metal Active Gas and TIG: Tungsten Inert Gas, Plasma, SMAW: Shielded metal arc welding) and 
resistance welding. This study attempted to assess the exposure to electric, magnetic and electromagnetic fields, of a 
group of workers at different workplaces in industries using welding processes and compare the results with legal 
limits and/or guidelines. In addition, the results should clarify the need of introducing measures to prevent and/or to 
reduce the exposure, at the moment of the investment and over the lifetime of the technology used. A set of 
measurements were carried out regarding the exposure to electromagnetic fields in three national companies. The 
measurements were carried out at different distances from the welding machine and from the cables, at different 
welder’s positions, close to the welders head, chest, waist and hand/electrodes and also near to the welding cables and 
machine. The highest values was registered near the cables (1065 µT), for single sided spot welding, for arc welding 
(762 µT) and with resistance welding (647 µT). The results were above the action levels (ALs) of the European Directive 
2013/35/EU. 

Key words (bold): electromagnetic fields (EMF), arc welding, resistance welding, exposure, occupational exposure 

1. INTRODUCTION 

Electromagnetic fields (EMF) can be described as a 
combination of waves that oscillates at a particular 
frequency with a certain distance between one wave 
and the next – the wavelength. EMF have a very wide 
range of frequencies, extending from low-frequency 
electricity supply lines with wavelengths of some 
hundreds of meters, through the radio and visible light 
frequencies, to very high-frequency medical X-rays 
with wavelengths measured in trillionths of a meter [1].  

Many research studies carried out during the 
1990’s, focused mainly on extremely low frequency 
exposures stemming from conventional power sources, 
such as power lines, electrical substations, or home 
appliances. However, the publication of Wertheimer 
and Leeper (1979) [2] “Electrical wiring configurations 
and childhood cancer”, alleging that childhood 
leukemia was higher in households located near 
electric power lines, was the first study in the United 
Sates to raise serious concerns about a possible 
relationship between electric power distribution lines 
and childhood cancers. Since then, several studies have 
been carried out and in 2002 the International Agency 
for Research on Cancer (IARC) [3] classified the 
magnetic fields with extremely low frequency (ELF: 
1Hz – 3000Hz) as possibly carcinogenic to humans 
(Group 2B), the static fields (electric and magnetic) 

and the electric fields with frequency extremely low as 
not classifiable regarding its carcinogenicity to humans 
(Group 3). In 2011, IARC classified the electromagnetic 
fields in the range of radiofrequency (RF: 100 kHz - 
300 GHz) as possibly carcinogenic to humans (Group 
2B). 

Welding is commonly used in shipbuilding, 
construction, maintenance, automotive repair and 
manufacturing. Welders represent one group of 
electrical workers who are exposed to magnetic fields 
from the welding processes [4]. The body of the welder 
is exposed to magnetic fields generated by the welding 
current in the cables and inside the welding 
equipment. The main types of welding used in industry 
are commonly referred to as arc welding (MMA: 
Manual Metal Arc; MIG/MAG: Metal Inert Gas/Metal 
Active Gas; TIG: Tungsten Inert Gas; Plasma; SMAW: 
Shielded metal arc welding) and resistance welding [4].  
The frequency may range from 0 Hz to some hundreds 
of kHz depending on the specific process and 
technology used [5].  

The European legislation is based on the ICNIRP 
(International Commission on Non Ionizing Radiation 
Protection) [6, 7] guidelines for the exposure to 
electromagnetic fields. Also, in the European 
Community the responsibility for employers to assess 
EMF on workplaces was based on the Council Directive 
2004/40/EC, where manufacturers of electric welding 
equipment placed on the European Market have to 
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show compliance with the Low Voltage Directive 
73/23/EEC, which includes the protection from 
“radiation” for the mandatory CE marking. A review of 
the literature in this field [8] shows that the ICNIRP 
reference levels for magnetic fields may be exceeded in 
both arc and resistance welding, although for longer 
distances than the ones experienced in this work.  

In 2013 the new Directive (2013/35/EU) on the 
minimum health and safety requirements regarding 
the exposure of workers to risks arising from physical 
agents (electromagnetic fields) was published revoking 
the previous Directive (2004/40/EC).  

This study attempts to provide a satisfactory 
understanding of the magnetic fields generated in the 
immediate vicinity of some arc and resistance welding 
processes by measuring the occupational exposure to 
magnetic fields and comparing these values with the 
limits established in the EU Directive 2013/35/EU. 

2. METHODS 

In what concerns to the studied population the 
subjects were welders who have worked in the welding 
industry for at least 4 years. The welders who agreed to 
participate in the study were interviewed for basic 
information such as the duration of welding tasks 
performed per day and the number of years they have 
been working as welders. 

Three different companies from different sectors of 
activity were selected to be part of the study. The first 
one is a small metalworking company (A) working with 
two similar MIG welding machines (ESAB MIG C280) 
with two welders; one has been working as welder for 
24 years performing welding tasks with a duration of 4 
h/day and the other has been working as welder for 10 
years performing welding tasks with a duration of 1 
h/day.  

The second company (B) is a larger metalworking 
company, with 70 employees, of which 31 are welders 
working in three shifts of 8 h/day but performing 
welding tasks only for 6 h/day, with 11 similar MIG 
welding machines (ESAB MIG 5004i). Out of these 31 
welders, 20 have been working as welders for 10 years, 
3 started their professional work as welders 4 years ago 
and 4 were already welders when they joined this 
company.  

Finally, the third company (C) is from the sector of 
vehicle repair and maintenance and the duration of the 
welding tasks in this sector are usually performed for a 
short period of time. Previously, the welding processes 
performed in this company used to be by arc welding 
(MIG/MAG, SMAW, plasma and oxyfuel) and 
resistance welding but currently the most used is 
MIG/MAG and spot welding. However, some of the 
MFs’ measurements carried out in the resistance 
welding machine of this company were done using a 
single sided spot weld and a “C” clamp 
(Blackhawk/CompuSpot WEL 750). This company has 
8 welders performing welding tasks with duration of 1 
h/day as follows: 10 minutes for resistance spot 
welding, 10 minutes for MIG/MAG, 10 minutes for 
oxyfuel and 30 minutes for small spot welder [4]. 

The MF data was acquired using an isotropic and 
triaxis magnetic sensor (Aaronia NF5035), between 
June and September 2013. This instrument measures 

MFs between 0,1 nT and 2 mT, from 0 Hz to 30 MHz 
with an accuracy of 3% [4]. The EF’s were also 
measured. 

The measurements were carried out in all cases at 
temperature ranging between 20 and 25ºC and relative 
humidity air between 50 and 60%. The measurements 
were first performed close to the cables for static 
magnetic fields (position where magnetic fields are 
higher). Then the measurements were performed at 
several bandwidth within the equipment 
recommendations: RBW – bandwidth should be 10 
times higher than SPAN (FHIGH-FLOW); span < 20 RBW 
and SPAN > FLOW-0. 

The independent measurements were performed in 
each company during five 8-hours shift. All 
measurements were carried out in the same real 
working conditions and the measurements were made 
at the waist and chest levels, close to the welders head 
and close to the hands/electrodes and also near the 
welding cables and machine with a minimum period of 
1 minute. The duration of the measurement was 
variable according to the welder’s task but always more 
than 1 minute. The measurements were also carried 
out at distances of 20 cm, 50 cm, 1 m and 2 m from the 
welding cables and machine. The magnetic fields are 
generated by the current-flow at any location; however, 
the parts of the electric circuit closest to the welder are 
the predominating field sources.  

The welders were observed for an 8-hours shift 
without disturbing their jobs to analyze the welding 
process, the type of pieces welded and to check the 
periods in which the welding tasks were performed. 
[4]. A total of 28 measurements were conducted in 
company A, 61 in company B and 41 in company C (32 
using a “C” clamp and 9 using a single sided spot 
welding). 

Although the European standards for evaluating 
worker exposure to EMF often use 20 cm as a standard 
measurement distance, in this study, only a very few 
measurements were conducted at distances equal or 
greater than 20 cm due to the fact that the welders are 
permanently in contact with the cables and, as there is 
a significant decrease of the exposure with the distance 
to the source, the exposure at 1 cm form the source is 
the most relevant situation. 

3. RESULTS AND DISCUSSION 

The results of the measurements for the magnetic 
fields conducted in the three studied companies are 
presented in the following tables (Table 1, Table 2, 
Table 3 and Table 4) for the peak magnetic field during 
an 8 hours shift. The EF’s were also measured, but the 
values were much below the action levels established 
by the Directive 2013/35/EU and, in this way, these 
results were disregarded. 

The measurements were done in a range from 0 Hz 
to 30 MHz, according to the manufacture 
recommendations for band width. The magnetic fields 
were measured at several positions: near welding 
cables (1); welding machine (laterals without cables-2, 
lateral with cables-3); electrodes (4); welder head (5); 
and welder chest/waist (6). Some measurements were 
carried out at different distances from the welding 
cables and the machine: 20 cm, 50 cm, 1 m and 2 m. 
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The results of the measurements conducted in 
company (A) are presented in Table 1. The 
measurements were registered with a welding current 
of 140-175 A, a wire diameter of 0,8 mm, a wire speed 
of 9-10 m.min-1 and a shielding gas with 98% Argon + 
2% CO2. The welding cables were 3 m long [4]. 

Table 1 Measurements of the magnetic field [µT] (A) 
Position 

Nº 
Freq. 
[Hz] 

Distance [cm] 
1 20 50 100 200

1 0 760 464 141 79 76 
 53 226 - - - - 
 98 95 - - - - 
 204 49 - - - - 

2 0 108 - - - - 
3 0 496 478 72 62 - 
4 0 480 - - - - 
5 0 322 - - - - 
6 0 231 - - - - 

 

The results of the measurements from company (B) 
are presented in Table 2. The measurements were 
taken with a welding current of 265-285 A, a welding 
voltage of 26,2-29 V, a wire diameter of 1,2 mm, a wire 
speed of 10-12 m.min-1 and a shielding gas with 75% 
Argon + 25% CO2. The welding cables were 5 m long 
[4]. 

 
Table 2 Magnetic field [µT] (B) 

Position 
Nº 

Freq.  
[Hz] 

Distance [cm] 
1 20 50 100 200 

1 

0 762 185 105 76 66 
45 133 - 71 - - 
50 111 - - - - 
53 116 78 - - - 
56 104 - - - - 
80 2 - - - - 
98 6 - - - - 
132 60 - - - - 
154 49 - - - - 
282 26 - - - - 

2 0 215 - - - - 
3 0 485 478 72 62 - 

4 
0 635 - - - - 
53 82 - - - - 

5 0 105 - - - - 
6 0 495 - - - - 

 

The results of the measurements performed in 
company (C), using a “C” clamp are given in Table 3. 
The measurements were taken with a welding current 
of 8100 A, a welding time of 300 ms and a welding 
pneumatic force of 400 daN. The cables and the torch 
were cooled with a fluid consisting of 50% ethyl glycol 
and 50% water. The welding cables were 2,5 m long 
[4]. 

 

 

 

 

 

 

Table 3 Magnetic field [µT] (C), with “C” clamp 
Position 

Nº 
Freq. 
[Hz] 

Distance [cm] 
1 20 50 100 200 

1 
0 647 - - - - 
54 95 - - - - 

2 
0 190 - - - - 
54 116 - - - - 

3 0 591 - - - - 

4 
0 590 - - - - 
54 111 - - - - 

5 0 95 - - - - 
6 54 108 - - - - 

 

The results of the measurements carried out in 
company (C) using a single point spot welding are 
given in Table 4. The measurements were performed 
with a welding current of 8600 A and a welding time of 
70 ms. The cables were air cooled and were 2,5 m long 
[4]. 

 
Table 4 Magnetic field [µT] (C), single point spot 

welding 
Position 

Nº 
Freq. 
[Hz] 

Distance [cm] 
1 20 50 100 200 

1 0 1064 510 494 - - 
3 0 237 - - - - 
4 0 376 247 - - - 

 
The main variable that influences the obtained data 

for the magnetic field is the distance to the cables: the 
results show that the magnetic field is higher near the 
cables, for all studied cases, and that the maximum 
value was registered for a single spot welding machine 
(1064 µT). This value was obtained with a current 
intensity of 8600 A. However, the maximum current of 
this spot machine is 12000 A which means that the 
generated magnetic field will be much higher if welders 
use higher welding current, as the magnetic field varies 
proportionally to the current intensity. 

Although the measurements were carried out at 
different positions, the most relevant measurement is 
the one that usually presents higher values (near 
welding cables) for the occupational safety and health 
standards. Nevertheless, although the contact between 
the welder and the cables may be avoidable being 
prevented by technical measures, in practice, this 
rarely occurs. Therefore the compliance of the action 
levels (ALs) near the cables should ensure workers 
protection [4]. 

The exposure limit values (ELV’s) established by 
the Directive 2013/35/EU for static magnetic fields, 
applied to the sensory effects and health effects for 
external magnetic flux density (B0) were not exceeded, 
however, the action levels for magnetic flux density of 
static magnetic fields (ALs (B0)), concerning the 
interference with active implanted devices, e.g. cardiac 
pacemakers, were exceeded near the cables, in all cases 
[4]. 

The individual frequency of the magnetic field was 
compared with the action levels (ALs) published in the 
Directive 2013/35/EU. According to the ICNIRP [6, 7], 
the ratio of the measured value (Bn) and the reference 
level (Rn, which in this case is the action level ALn) 
must be calculated and the sum of these individual 
contributions should be less than or equal to 1.  
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The reference levels established by the Council 
Recommendation [9] concerning the exposure of the 
general public to electromagnetic fields (0 Hz to 300 
GHZ) were exceeded for both high and low action 
levels, meaning that the access to these areas should be 
permitted only to welders. 

The risk assessment concerning the welder’s 
exposure to a magnetic field (B) should consider the 
lifelong exposure (LE) for each individual, as the 
welders may perform the same task during different 
periods of time. In addition, different individuals may 
experience different exposure scenarios resulting in 
low levels of accumulated exposure to magnetic fields. 
The exposure to chemicals present in the fume may 
also be significant and contribute to an additional 
exposure scenario. 

The lifelong exposure (LE) to magnetic fields (B) 
should be calculated considering the exposure time 
(ET) through the working life of each welder: LE = B 
[µT] x ET, [10]. This is a way of account for cumulative 
exposure’s effects and potential long-term effects. For 
an exposure scenario ranging between 4 and 25 years 
of welding tasks with duration between 1 h/day and 6 
h/day, the resulting LE presents a huge variation 
between the minimum and the maximum exposure 
levels (1,15 x 104 - 4,38 x 1010 μT-y) among the different 
companies (A, B, C) and consequently among the 
different processes. Therefore, it is possible to 
conclude that different levels of MF exposure can be 
found within the same group who perform the same 
type of tasks with a similar welding machine. In this 
way, welders may experience variable occupational 
exposure resulting in potential different health effects. 

4. CONCLUSIONS 

This study shows vast differences in the exposure to 
magnetic fields among welders. Besides the differing 
welding processes, the exposure received by the 
welders is dependent on the duration of welding tasks 
which is also very variable within the same company, 
with some welders performing welding tasks for most 
of the working time while others perform welding tasks 
occasionally. 

Therefore, it is possible to stress out some of the 
important findings from this study. Different welding 
processes generate magnetic fields with different 
intensities. In some cases the action levels (ALs) of the 
Directive 2013/35/EU are likely to be exceeded, (NA 
(B0) is higher than the stipulated values in table B4 of 
this Directive) especially in welding tasks with high 
current intensity. Beside this, in some cases, the 
magnetic fields can be higher once several welding 
machines and processes that work with high current 
intensity may be used and simultaneously.  

Also, the different levels of the generated magnetic 
fields showed that the access to welding areas should 
be restricted only to welders in addition to others 
measures of health and safety, regarding the exposure 
of workers to EMF. Moreover, further investigation 
should be carried out to assess the exposure if the 
action levels (ALs) of the Directive 2013/35/EU are 
exceeded. In particular, people with active implanted 
devices (e.g. pacemakers) should be kept away from 
the welding areas.  

 

Acknowledgement: The authors would like to thank 
to Master in Occupational Safety and Hygiene 
Engineering (MESHO), of the Faculty of Engineering 
of the University of Porto (FEUP), all the support in 
the development and international dissemination of 
this work. 

REFERENCES  

1. European Commission, Health and Electromagnetic 
Fields, European Commission - Research Directorate-
General - European Communities, 2005. 

2. N. Wertheimer, R.E. Leeper, Electrical Wiring 
Configurations and Childhood Cancer, American 
journal of Epidemiology 109(3), 1979, pp. 273-284. 

3. IARC, Working Group on the Evaluation of 
Carcinogenic Risks to Humans. Non-ionizing radiation, 
Part 1: static and extremely low-frequency (ELF) electric 
and magnetic fields, IARC Monographs on the 
Evaluation of Carcinogenic Risks to Humans, 2002, Vol. 
80: 1-395. 

4. A. Garrido, M.L. Dinis, Exposure Assessment to 
Electromagnetic Fields in Welding Processes, Book 
chapter in: Occupational Safety and Hygiene II, ed. P. 
Arezes, J.S. Baptista, M. Barroso, P. Carneiro, P. 
Cordeiro, N. Costa, R. Melo, A.S. Miguel, G. Perestrelo, 
2014, pp. 381 -385. ISBN: 978-1-138-00144-2, London: 
Taylor & Francis. 

5. K. Grassi, G. Spadacini, S.A Pignari, Human exposure in 
Arc-Welding Processes: Current versus Previous 
ICNIRP Basic Restrictions, IEEE, 2012. 

6. ICNIRP, Guidelines for limiting exposure to time 
varying electric, magnetic and electromagnetic fields 
(up to 300 GHz), Health Physics, 1998, 74(4), pp. 494-
522. 

7. ICNIRP, Guidelines for limiting exposure to time 
varying electric, magnetic and electromagnetic fields (1 
Hz to 100 kHz), Health Physics, 2010, 99(6), pp. 818-
836. 

8. Melton G.B., 2005. Measurement and analysis of 
magnetic fields from welding processes. TWI Ltd. 

9. EC, Council Recommendation n.º 1999/519/EC on the 
limitation of exposure of the general public to 
electromagnetic fields (0Hz – 300 GHz), 1999. 

10. A.K. Man, R. Shahidan, Variations in Occupational 
Exposure to Magnetic Fields among Welders in 
Malaysia. Radiation Protection Dosimetry, Vol. 128, No. 
4, 2007, pp. 444-448. 

 

 



 

THE INFLUENCE OF AMBIENT TEMPERATURE  
ON ICs ELECTRICAL OVERSTRESS PULSE HARDNESS 
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Abstract. The results of the experimental studies of  IC’s electrical overstress (EOS) pulse hardness at 
two ambient temperatures (+25°C and +125°C) are given. The value and behavior of the EOS hardness 
can be described by the p–n junction thermal damage model 
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1. INTRODUCTION 

The EOS pulse hardness of chips refers to the 
maximum amplitude of a single voltage pulse 
(SVP) with specified duration and shape at which 
the device is not damaged. The main difference 
from electrostatic discharge (ESD) tests is that 
EOS tests are conducted under real operation 
conditions (supply voltage is applied and input 
conditions signals are fixed), and the electronic 
equipment ambient temperature can differ from 
the room temperature [1,2]. Therefore, the 
problem of studying the temperature influence 
on the EOS value of the chips arises. 

2. TEST CONDITIONS AND EQUIPMENT 

CMOS and bipolar chips manufactured in one 
production lot were selected for this investigation 
to exclude the production variations. These chips 
have a typical EOS p-n junction input protection 
circuit. The EOS value limits were preliminarily 
determined for three groups of chip leads (input, 
output, power supply) and for three durations 
(0.1, 1 and 10 µs) of   positive and negative pulse 
polarities at ambient temperatures of +25 and 
+125°C. The preliminary results have shown that 
the ICs under test are most sensitive to positive 
input SVP. 1 µs pulse duration is enough to produce 
the thermal damage mechanism. It was needed to 
reduce the number of specimens for correct 
experiments.  

The specialized pulse voltage generator (EMI-
601) was used to estimate the IC EOS behavior. 
The EMI-601 generator has output parameters 
presented in Table 1. Test procedure is described 
in [3]. 

The IC under test was connected through the 
buffer unit (BU) to a storage oscilloscope and a 
functional control module (FCM). The EOS 
degradation and threshold levels were defined 
separately for inputs, outputs and supply pins as 
shown in fig.1. 

The EOS pulses were applied between the ground 
and corresponding pin. The unused IC pins had to be 
connected to the ground or supply through 5 - 10 kΩ 
resistors to prevent the undesirable transitions during 
tests. 

Table 1. 
The EMI-601 performance data 

 Parameter Value 
 Pulse form Double Exponent 
 Pulse amplitude, V 5 < Um < 800 
 Pulse rise time, ns 20...30 
 Pulse width at 0.5 level, µs: 0.1, 1.0 and 10 
 Output resistance, Ω 50 

 
Fig. 1. Test installation diagram: Uoutu is the output signal 
from divider; Uouti is the output signal from current sensor 

(resistor or current transformer) 
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The obtained results distinctly show the 
presence of the influence of the ambient 
temperature on the threshold pulse amplitude. 
When the ambient temperature was increased by 
100 degrees, the threshold pulse amplitudes 
decreased by about 20% at inputs and outputs 
and less than 10% when SVP were applied via the 
power supply circuit. 

2. EXPERIMENTAL RESULTS 

First the CD4001BCN_NL CMOS IC was 
investigated. All inputs were protected by 
standard CMOS protection circuit. To study the 
temperature effect on the EOS level in more 
detail, one group of leads (inputs) was selected, 
to which critical polarity (positive) and middle 
duration (1 μs) pulses were applied to determine 
a scatter of the pulse amplitude threshold values 
in the available chip sample at ambient 
temperatures of +25 and +125°C. The obtained 
values of the distribution over the pulse 
amplitude threshold can be seen in Fig. 2. The 
voltage polarity and range were preliminary 
defined.  

 

Fig. 2. Distribution of the number of CMOS specimens over 
the threshold amplitude EOS values of the voltage pulse at 

ambient temperatures of +25°C and +125°C 

Full parametric and functional tests were 
made after every SVP. In this case it was found 
that the failure criterion was connected with the 
high-level input current.  

For each of the two samples containing 11 
specimens in each (one at a temperature of +25°C 
and the other at +125°C) only two thresholds 
were determined. The EOS values at two 
temperatures do not intersect, pointing to the 
clear division into temperature groups. 

However, the procedure for determining the 
EOS [3] provides applying a series of SVP with 
amplitude, which sequentially increases by 10–
20% up to the failure (parametric or functional). 
Therefore, subthreshold effects can influence the 
EOS value [4,5]. With each subthreshold SVP, it 
is possible to store the concealed damages due to 

the heating of the internal regions of the chip and 
gradual degradation of the parameters. To 
determine the threshold voltages more exactly, it 
would be necessary to decrease the step. But, in 
this case, the influence of the subthreshold effects 
on the determination accuracy of the threshold 
pulse amplitude would increase even more. 
Therefore, the SVP amplitude increment is 
selected from tradeoff considerations.  

In this connection, it was decided to obtain 
not the EOS value distribution but the SVP 
amplitude distribution at which the chip fails 
after the action of at least one pulse. Thus, the 
influence of the subthreshold effects on the 
experimental results is excluded, and the real 
SVP action scenario is simulated [6]. 

The remaining chips were divided into several 
equal groups. Each chip specimen within one of 
selected groups was exposed to the single SVP of 
the specified amplitude, the value of which is in 
the earlier obtained threshold value area. Then, 
the amplitude moves down or up by a step, the 
value of which is one third of the step taken in 
determining the EOS, and another group of chips 
is selected. For each amplitude of the SVP, the lot 
of N = 16 chips was taken. Fig. 3 shows the 
obtained distribution of the n/N value over pulse 
amplitude values at ambient temperatures of +25 
and +125°C, where n is the number of damaged 
chips in one lot, and N is the total number of 
specimens in this lot [7]. 

 

Fig. 3. Distribution of the n/N value on the pulse amplitude 
and the graphs of the approximation functions at ambient 

temperatures of +25 and +125°C for CMOS IC 

Second the LM358N bipolar IC was also 
investigated. ESD clamps on the inputs increase 
ruggedness of the device without affecting 
operation. Test procedure and equipment are the 
same as for CMOS IC. Figure 4 shows the 
obtained distribution of the n/N value over pulse 
amplitude values at ambient temperatures of +25 
and +125°C for the LM358N bipolar IC. 

In case of bipolar IC the failure criterion was 
also connected with the input current. 
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Fig. 4. Distribution of the n/N value on the pulse amplitude 
and the graphs of the approximation functions at ambient 

temperatures of +25 and +125°C for bipolar IC 

3. DISCUSSIONS 

As the approximation function of the obtained 
distributions, it was decided to select an 
exponential function. It is possible to see the 
approximation result of the obtained distribution 
in Fig. 3. The obtained approximation function 
can be written as: 

2
0 svp( )b U Un

x e
N

− −= =  (1) 

where x is the probability of the fact that n 
products from the sample with N chips is 
damaged under the action on the SVP chip with 
amplitude USVP; U0 is the lower border of the 
amplitude value area of the pulse, under the 
action of which all N chips are damaged; and b is 
the approximation coefficient. 

It follows from (1) that the obtained results 
are in a good agreement with the known 
Arrhenius formula for the lifetime reduction of 
the product with an increase in the temperature, 
underlying the accelerated tests: 

Tk

Ea

eA ⋅⋅=ν , (2) 

where: ν is the acceleration of the process time; A 
is the coefficient; k is the Boltzmann constant; T 
is the temperature; and Ea is the activation 
energy. 

The comparison of two expressions (1) and (2) 
shows that the probability x corresponds to ν-1 
and b corresponds to the parameter Ea and  
kT – (U0 – USVP)–2. This means that the 
probability of damaging chip specimens in the 
specified lot under the SVP action can be 
described by Arrhenius’s formula. However, 
instead of a constant temperature, the periodic 
thermal loads related to the SVP action affect it. 

In expression (1) for CD4001BCN_NL CMOS 
chips, from the available sample, the value U0 at 

an ambient temperature of +25°C was 480 V and 
at an ambient temperature of  +125°C it was 420 
V. The coefficient b was 2.27 × 10–4 V–2. The close 
coefficient value  b = 1.68 × 10–4 was obtained in 
tests of similar chips for the action of 
subthreshold amplitude SVP pulse trains [3, 4]. 

By differentiating expression (1), the 
distribution dependences of limiting SVP values 
on the SVP amplitude were obtained at ambient 
temperatures of +25 and +125°C (see Fig. 5). 

 

Fig. 5. Distributions of limiting SVP values on the SVP 
amplitude at ambient temperatures of +25 and +125°C 

As can be seen from Fig. 5, although the 
obtained distribution graphs for ambient 
temperatures of +25°C and +125°C overlap each 
other, they have clearly distinguishable maxima. 
The average values of SVP limiting amplitudes 
were 440 and 380 V at corresponding 
temperatures. The scatter of the 0.5 level EOS 
values within the single chip lot is 75–80 V. 
Relative difference is near 14%. 

Similar results were obtained for LM358N 
bipolar IC. It was shown that the ambient 
temperature affects the impulse’s electric 
strength level.  

By differentiating expression (1), the 
distribution dependences of limiting SVP values 
on the SVP amplitude were obtained at ambient 
temperatures of +25 and +125°C for bipolar IC 
(see Fig. 6). 

The obtained results for bipolar IC are also in 
a good agreement with the known Arrhenius 
formula (2) for the EOS hardness reduction of the 
product with an increase in the temperature. The 
value U0 at an ambient temperature of +25°C was 
265 V and at an ambient temperature of +125°C 
it was 255 V. The scatter of the 0.5 level EOS 
values within the single chip lot is 22–24 V. 
Relative difference is near 4% and appropriate 
coefficient b in this case is 2.5 × 10–3 V–2. 
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Fig. 6. Distributions of limiting SVP values on the SVP 
amplitude at ambient temperatures of +25 and +125°C for 

bipolar IC 

The temperature dependence of the EOS 
hardness also confirms the thermal nature of the 
bipolar IC damage under the action of the SVP. 
The change in the EOS levels in the temperature 
range of +25 to+125°C also does not exceed the 
process scatter of the EOS values at one 
temperature. 

4. CONCLUSION 

The obtained results have shown that the 
ambient temperature affects the CMOS and 
bipolar IC’s EOS pulse hardness. The 
temperature dependence of the EOS hardness 
confirms the thermal nature of the IC damage 
under the action of the external electrical pulses. 
It is connected with the use of the p-n junction 
protection circuits in the CMOS and bipolar IC’s. 

The Arrhenius law may be used for the 
description of IC’s EOS hardness reduction with 
an increase of the temperature. 
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Abstract 
 Recently, we have shown in the isolated rat thyroids marked effects of excessive exogenous bromide and 
perchlorate ions on the activity of thyroid peroxidase (TPO), the key enzyme in thyroid hormones (TH) metabolism. 
Here, we studied in more details, with the aid of several radioanalytical methods, effects of an enhanced bromide 
and/or perchlorate intake on various aspects of iodine metabolism and, consequently, on TH metabolism in the rat. 
Goitrogenic and thyrotoxic effects of excessive bromide and perchlorate ions were followed in adult male rats, 
maintained on diets with various iodine content, ensuring either sufficient iodine supply or mild to severe iodine 
deficiency. In rats administered with these xenobiotics we measured a consistent increase in relative weight of the 
thyroids with increasing time and concentration of applied bromide, and a sharp reduction of the 24-h uptake of [131I]-
iodide by their thyroids. In these animals, we also determined a steady decline in serum total thyroxine concentration. 
At the molecular level, we found, unexpectedly, that the influence of exogenous bromide on the TPO enzyme activity in 
the rat thyroids was not simply inhibitory. It was more complex, biphasic with regard to the extent of bromide intake 
in the animals. With the use of several radioanalytical methods, including adapted radiometric determination of TPO 
enzyme activity, we therefore confirmed and quantified the presumed thyrotoxic effects of xenobiotics bromide and 
perchlorate ions. 

 
Key words: bromide, perchlorate, thyroid hormones, radiometric determination, xenobiotics 
 

 INTRODUCTION 

 Iodine forms an irreplaceable part of 
thyroid hormones (TH) and is one of the 
essential substances inevitable for the proper 
development of young mammals. In contrast, 
not enough information is available on 
biological function and metabolism of similar 
halogen bromine. This ubiquitous trace 
element has not been conclusively shown to 
perform any essential function in animals, 
plants or microorganisms (for review see 1, 2). 
Bromide has been introduced in large amounts 
into the environment as a salt mining waste 
and a degradation product of bromine 
containing fumigants. The main origin of the 
observed pharmacological and toxicological 
effects of bromide ion appears to be some 
interference with the action of other halides, 
chloride and iodide. Interestingly, the 
biological behavior of bromide in the thyroid 
gland, in contrast with other organs and 
tissues, is more similar to the biological 
behavior of iodide, rather than of chloride (3). 
Therefore, goitrogenic effects of bromide may 
be assumed (4), similar to those of another 
inorganic goitrogenic agent perchlorate. 
However, the nature of the toxic effects of 
bromide on the thyroid gland and the 

molecular mechanisms of its interference with 
the biosynthesis of TH has not been explained 
so far. 

 Recently, we have shown in the isolated rat 
thyroids (5) marked effects of exogenous 
bromide and perchlorate ions on the activity of 
the key enzyme in TH metabolism, on thyroid 
peroxidase (TPO). Here, we followed in more 
details, with the aid of several radioanalytical 
methods, including an improved radiometric 
enzyme assay for TPO, the influence of an 
enhanced bromide and/or perchlorate intakes 
in the animals, maintained on diets with 
diverse iodine content, on various aspects of 
iodine metabolism and, consequently, on TH 
metabolism in the rat. 

 EXPERIMENTAL 

 Radiometric determination of TPO specific 
enzyme activity 

 For studies at the molecular level, we 
adapted the radiometric enzyme assay for TPO 
(6). Firstly, we established proper assay 
conditions for determination of specific TPO 
activity in isolated thyroid glands of iodine-

 



deficient rats. The procedure of the radiometric 
assay for TPO in vitro (in isolated microsomal 
fractions of the rat thyroids) was based on the 
ability of TPO to oxidize [125I]- or [131I]-iodide 
in the presence of H2O2, which was the 
immediate oxidant for this reaction and was 
generated in situ by glucose oxidase. TPO 
further catalyzed subsequent iodination of 
specific tyrosyl residues bound in a large 
glycoprotein thyroglobulin, added in the 
incubated reaction mixtures (7). 

 Experiments performed at the level of 
whole organism 

 Presumed goitrogenic and thyrotoxic 
effects of excessive bromide and perchlorate 
ions were followed in adult Wistar rats, 
maintained under conditions of sufficient 
iodine supply (on a standard diet B) and of 
iodine deficiency (on a very low-iodine diet R). 
The animals were administered subchronicaly 
(in drinking water, for 7 up to 56 days) either 
with bromide alone (in solutions of Br- with 
concentrations of 1, 3 and 5 g L-1) or Br- in 
combination with perchlorate (in solution with 
concentration of 10 g L-1). 
 The influence of an extremely high 
bromide intake (> 160 mg bromide per animal 
per day), and also of lower intakes, on the 
uptake of [131I]-iodide by the rat thyroids was 
determined by in vivo gamma-spectrometry 
(using Pb collimator). At the end of each 
experiment, after decapitation of the animals, 
relative weights of the isolated thyroids were 
measured. In blood sera of the rats, 
concentrations of total thyroxine (tT4) were 
determined with the use of commercial 
radioimmunoassay (RIA) kits. 

 RESULTS AND DISCUSSION 

 The influence of exogenous bromide and 
 perchlorate on the TPO enzyme activity 

 Our improved radiometric enzyme assay 
for TPO employed as the measure of 
peroxidase activity in microsomal fractions of 
the rat thyroids the amount of radioiodine, 
incorporated into added pig thyroglobulin 
during the incubation of microsomes with 
[131I]-labeled iodide in the presence of 
hydrogen peroxide, produced in situ by glucose 
oxidase generating system. The incorporated 
portion of radioiodine was determined by the 
measurement of 131I radioactivity in the 
separated fractions: either after TLC 
separation of the unconsumed 131I-iodide in 
aliquots of the incubated reaction mixtures 
containing measured samples, by sophisticated 
quantification of the corresponding radio-
chromatograms (see Fig. 1); or simply after 

precipitation of radiolabeled thyroglobulin 
with an excess of 10% trichloroacetic acid and 
separation of the sediment by brief 
centrifugation. Practically the same results 
were obtained with the use of both procedures. 

 

 

 

 

 

Fig. 1 A section of radiochromatogram of          
four different incubated reaction mixtures 
containing iodinated thyroglobulin and 
unconsumed [131I]-radioiodide. 

 Van Leeuwen et al. (8) stated that excessive 
exogenous bromide inhibited the TPO activity 
in the rat thyroid glands. With the aid of the 
described radiometric assay for TPO, we found 
that the influence of exogenous bromide on the 
TPO activity in the rat thyroids was biphasic, in 
relation to the extent of bromide intake in the 
animals. An increase (up to 3-fold) in TPO 
activity was measured in rats with a low or 
moderate bromide intake (below ca. 60 mg per 
animal per day), while in animals with very 
high bromide intake (over ca. 160 mg per 
animal per day) its thyrotoxic effects prevailed 
and TPO activity was reduced (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Thyroid peroxidase (TPO) specific 
enzyme activity (pkat/mg prot.), determined in 
microsomal fractions of the thyroid glands of 
rats maintained for up to 56 days on the 
iodine-sufficient diet B, in dependence on the 
extent of bromide intake. The rats permanently 
drank solutions of bromide with different 
concentrations of 0, 1, 3 or 5 g/l. The results 
are means ± SD for n = 6–8 male rats. 

 The inhibitory effect of bromide was 
markedly increased in animals maintained on 
very low-iodine diet R (Fig. 3). Interestingly, 
perchlorate administered subchronically in 
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even higher amounts than the highest quantity 
of bromide caused in all cases of the rat 
thyroids elevation of the TPO activity. If used 
in combination with bromide, perchlorate 
partially counteracted the effects of bromide 
(not shown). 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Thyroid peroxidase (TPO) specific 
enzyme activity (pkat/mg prot.), determined in 
microsomal fractions of the thyroid glands of 
rats maintained for up to 56 days on very low-
iodine diet R, in dependence on the extent of 
bromide intake. The rats permanently drank 
solutions of bromide with concentrations of 0, 
1, 2 or 3 g/l. The results are means ± SD for n = 
6–8 male rats. 

 Goitrogenic and thyrotoxic effects of 
 bromide and perchlorate ions 

 We measured a sharp reduction of the 24-h 
uptake of [131I]-iodide by the thyroids of rats 
administered with bromide and perchlorate 
ions. The suppressive effect of perchlorate on 
the uptake of radioiodide was much more 
pronounced (not shown). A consistent increase 
in relative weight of the rats’ thyroid glands 
with increasing time and concentration of 
applied bromide was observed (Fig. 4 and 5). 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Relative weight (mg/100 g b.w.) of the 
thyroid glands of rats maintained for up to 56 

days on the iodine-sufficient diet B, in 
dependence on duration of the treatment. The 
rats drank permanently water containing 
bromide 5 g/l. The results are means ± SD for 
n = 8 male rats. 

 

 

 

 

 

 

 

 

Fig. 5 Relative weight (mg/100 g b.w.) of the 
thyroid glands of rats maintained for up to 56 
days on very low-iodine diet R, in dependence 
on duration of the treatment. The rats drank 
permanently water containing bromide 5 g/l. 
The results are means ± SD for n = 8 male rats. 

 This goitrogenic effect of bromide was 
much more pronounced in rats maintained on 
very low-iodine diet R (compare Fig. 4 vs. 5). 
In all animals, we also determined a steady 
decline in serum total thyroxine concentration. 
The inhibitory influence of subchronic 
administration of very high amounts of 
bromide and perchlorate, or their combination, 
on the production of TH in the rats is 
documented in Fig. 6 for animals maintained 
on the standard diet B and in Fig. 7 for animals 
maintained on the very low-iodine diet R. 
Again, the inhibitory effect of perchlorate alone 
was more pronounced in comparison with 
bromide. 

 

 

 

 

 

 

 

Fig. 6 Serum total thyroxine concentrations 
(tT4, nmol/l) in rats maintained for up to 56 
days on the iodine-sufficient diet B, and 
drinking water containing bromide, 0, 3 or 5 
g/l (0; 3Br; 5Br) or perchlorate, 10 g/l (P), or 
their combination (5Br+P). The results are 
means ± SD for n = 6–8 male rats. 
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Fig. 7 Serum total thyroxine concentrations 
(tT4, nmol/l) in rats maintained for up to 56 
days on the very low-iodine diet R, and 
drinking water containing bromide, 0, 3 or 5 
g/l (0; 3Br; 5Br) or perchlorate, 10 g/l (P), or 
their combination (5Br+P). The results are 
means ± SD for n = 6–8 male rats. 

 CONCLUSIONS 

 The presumed thyrotoxic effects of 
exogenous bromide and perchlorate ions have 
been confirmed and quantified. Excessive 
bromide exerted a biphasic effect on the 
enzyme activity of TPO, depending on the 
extent of bromide intake in the animals, and 
also of iodine content in their diet. In contrast, 
all the rats that were administered with high 
amounts of perchlorate were found with 
elevated TPO activities. 
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ANTIOXIDANT ENZYMES IN WOMEN WITH HYPERPLASIA COMPLEX:  
RELATION WITH SEX HORMONES 

Snežana Pejić, Ana Todorović, Vesna Stojiljković, Ljubica Gavrilović, Nataša Popović, Ivan 
Pavlović, Snežana Pajović 

Laboratory of Molecular Biology and Endocrinology, "Vinča" Institute of Nuclear Sciences, University of Belgrade, 
Belgrade, Serbia 

Abstract. Endometrial hyperplasia complex is gynecological disorder characterized by morphological irregularities 
of glands shape and size. Antioxidant enzymes (AOE), superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPx) and glutathione reductase (GR), have an essential role in preventing oxidative damage in cell caused 
by reactive oxygen species (ROS). In this study, we examined the AO status in hyperplastic tissue of patients in 
menstrual cycle (follicular and luteal phase) and in postmenopause, as well as the relationship between sex hormones 
and AO parameters. The phase-related activity of GPx and GR in examined patients was significantly different than in 
healthy women. A significant negative correlation between FSH/LH level and GPx activiy was observed. Endometrial 
hyperplasias are considered as precancerous lesions and are treated either conservatively or surgicaly, and also by 
radiation therapy. Since the effects of these therapies are associated with AO and hormonal changes, our results may 
contribute to the prediction of potential therapeutic efficacy and to selection of the most effective treatment for 
hyperplasia complex. 

 
Key words: endometrial hyperplasia, antioxidant enzymes, steroid hormones 
 
 

 

Introduction 

According to WHO (World Health 
Organization) classification, hyperplasia 
complex is a type of endometrial hyperplasia and 
could be with atypical cytology or without atypia 
(1). The main features of this condition, as in the 
other types of endometrial hyperplasia, are 
morphological irregularities in endometrium 
caused by changes in the glands shape and size. 
This leads to rise in the gland to stroma ratio 
when compared with normal endometrium (2). 
Beside the age, obesity, hormone replacement 
therapy and diabetes are among the risk factors 
significant for hyperplasia development (3). 
Endometrial tissue is under a strong influence of 
sexual hormones and endometrium exposure to 
an excessive amount of estrogen unopposed by 
progesterone leads to abnormal proliferation (4). 
Therefore, hormones are considered as one of 
the key factors in the development of 
endometrial hyperplasia and endometrial cancer. 

Reactive oxygen species (ROS) are produced 
during cell physiological activity. When ROS 
production overcomes the antioxidant capacity 
of the cell, the result is oxidative stress, which 
may lead to different pathological conditions 
including cancer. Antioxidant enzymes (AOE) 

have an essential role in preventing oxidative 
damage in cell caused by reactive oxygen species. 
Superoxide dismutases (SODs) remove 
superoxide anion (O2.-), catalyzing its reduction 
to hydrogen peroxide (H2O2). Hydrogen 
peroxide becomes a substrate for two enzymes, 
catalase (CAT) and glutathione peroxidase (GPx) 
that reduce H2O2 into water (5). For its catalytic 
activity, GPx requires glutathione (GSH) as a 
hydrogen donor, coupling its oxidation to GSSG 
with reduction of H2O2. Glutathione itself acts as 
antioxidant by scavenging reactive oxygen 
species. Glutathione reductase (GR) converts 
GSSG into GSH (6). 

The AO status and hormone influence were 
studied during the menstrual cycle and 
postmenopause in healthy women and in some 
gynaecological disorders. We have shown that 
AO enzymes activity and lipid hydroperoxide 
(LOOH) level in patients with endometrial 
polyps are influenced by the changes in sex 
hormones during the menstrual cycle and in 
menopause (7). In this study, we examined the 
AO status in menstrual cycle and 
postmenopause of women with endometrial 
hyperplasia complex and a relationship between 
sex hormones and AO parameters. 

 



Methods 

Subjects. The material used in this study 
consisted of 31 endometrial tissue specimens of 
women admitted to the Department of 
Gynecology and Obstetrics for gynecological 
evaluation within routine checkups or for 
abnormal uterine bleeding. Study was conducted 
prospectively and it was approved by the Human 
Studies Ethics Committee of the Clinical Center. 
The protocol was consistent with the World 
Medical Association Declaration of Helsinki. 
None of them had undergone hormone therapy 
or any other medical treatment in the last 6 
months. Women were divided in three groups: 
women in proliferative (follicular phase, F), in 
secretory (luteal phase, L), and women in 
postmenopause (PM). 

Endometrial samples were washed in saline 
solution and homogenized in phosphate buffer 
containing 0.05M KH2PO4 and 1 mM EDTA, pH 
7.8 and frozen at -70ºC for 20 h in order to 
disrupt cell membranes. For SOD assay, thawed 
homogenates were vortexed 1 min and 
centrifuged at 8600 g, for 20 min at 4ºC. 
According to manufacturer’s recommendation, 
after addition of ethanol/chloroform extraction 
reagent (62.5/37.5 vol/vol) to completely 
remove hemoglobin interference, samples were 
centrifuged at 6000 g for 20 min, at 4ºC. Upper 
aqueous layer was collected and kept at -70ºC 
until assay. The enzyme activities and lipid 
hydroperoxide (LOOH) concentration were 
monitored spectrophotometrically using Oxis 
Bioxytech® Assays (Oxis International, Inc., 
Portland, OR, USA).  

Assay of SOD activity. The method is based 
on SOD-mediated increase of autoxidation of 
5,6,6a11b-tetrahydro-3,9,10-
tryhydroxybenzo[c]fluorene in aqueous alkaline 
solution to yield a chromophore with maximum 
absorbance at 525 nm. The SOD activity is 
determined from the ratio of the autoxidation 
rates in the presence (Vs) and in the absence 
(Vc) of SOD. One SOD activity unit is defined as 
the activity that doubles the autoxidation rate of 
the control blank.    

Assay of CAT activity. CAT activity was 
determined by the method of Beutler (8). The 
reaction is based on the rate of H2O2 degradation 
by catalase contained in the examined samples. 
The reaction was performed in an incubation 
mixture containing 1M Tris-HCl, 5mM EDTA, 
pH 8.0, and monitored at 230 nm. One unit of 
CAT activity is defined as 1 µmol of H2O2 

decomposed per minute under the assay 
conditions.   

Assay of GPX activity. GPx activity was 
assessed using the principle that oxidized 
glutathione (GSSG) produced upon reduction of 
an organic peroxide by GPx, is immediately 
recycled to its reduced form (GSH) with 
concomitant oxidation of NADPH to NADP+. 

The oxidation of NADPH was monitored as a 
decrease in absorbance at 340 nm. One GPx unit 
is defined as 1 µmol of NADH oxidized per 
minute under the assay conditions.   

Assay of GR activity. Assay is based on the 
oxidation of NADPH to NADP+ during the 
reduction of oxidized glutathione (GSSG), 
catalyzed by a limiting concentration of 
glutathione reductase. The oxidation of NADPH 
was monitored as a decrease in absorbance at 
340 nm. One GR unit is defined as 1 µmol of 
NADH oxidized per minute under the assay 
conditions.   

Lipid hydroperoxides. Concentration of 
LOOH measurement is based on the oxidation of 
ferrous (Fe2+) ions to ferric (Fe3+) ions by 
hydroperoxides under acidic conditions. Ferric 
ions then bind with the indicator dye, xylenol 
orange, and form a colored complex. The 
absorbance of the complex was measured at 560 
nm. Since hydrogen peroxide content in many 
biological samples is much higher than that of 
other hydroperoxides, samples were pretreated 
with catalase to decompose the existing H2O2 

and eliminate the interference.   
The specific enzyme activities were expressed as 
U or mU/mg protein. LOOH concentration was 
expressed as nmol/mg protein. Protein 
concentration was determined by the method of 
Lowry et al. (9) and expressed as mg/ml. 
      Serum hormone levels were analysed in the 
hormone analysis laboratory. Estradiol (E) and 
progesterone (P) were determined by the RIA-
CT technique used for quantitative 
determination of E or P in human serum or 
plasma. Follicle-stimulating hormone (FSH) and 
luteinizing hormone (LH) were determined by 
the IRMA FSH and LH test, which determines 
the quantity of immune-radiometric human FSH 
and LH in serum. 
      Statistics. Statistical analysis was carried out 
by use of the Kruskal-Wallis test and the Dunn’s 
post hoc test, which considered the unequal and 
small sample sizes we used in this study. A linear 
regression model was used to evaluate 
associations between hormonal and antioxidant 
variables. Before plotting the data in the 
regression study, the normality test on the 
variables was performed and the values of 
estradiol and progesterone were log-transformed. 
Two-tailed p values are given throughout. All 
data were analyzed using GraphPad Prism 
software.  

Results 

Significant changes were observed for all 
hormone concentrations, FSH (H=5.99, p<0.05), 
LH (H=7.11, p<0.05), estradiol (H=8.10, 
p<0.05), and progesterone (H=6.42, p<0.05), 
(Table 1). We also found significant phase-
related changes of GPx (H=7.84, p<0.05) and 
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GR activity (H=8.10, p<0.05). Both enzymes had 
similar activity pattern, which was higher in 
follicular phase compared to luteal phase and to 
postmenopause, (p<0.05). The phase-related 
activity of SOD and CAT as well as the LOOH 
level did not show any statistical difference 
(Table 2). 

The linear regression analysis of individual 
hormonal variables against antioxidant 
parameters in endometrium showed a 
significant negative correlation between 
FSH/LH concentrations and GPx activity (r= -
0.36; r= -0.47, p<0.05, respectively). 
 
Table 1. Hormone levels during follicular phase, luteal 
phase and in postmenopause (Data are expressed as 
mean ± SEM; * p<0.05). 

 

Table 2. LOOH concentrations and AO enzyme 
activities in follicular phase (F), luteal phase (L) and 
postmenopause (PM) in hyperplasia complex tissue. 
Data are shown as mean ± SEM. P values refer to the 
results of the Dunn test.  

 
 
 
 

Discussion 

Previous studies of AO enzymes in 
endometrium pointed to hormone-dependent 
expression and activity. Ota et al. (10) have 
shown the phase-dependent changes of  both 
forms of SODs (copper, zinc SOD and 
manganese SOD) in glandular and surface 
epithelia of healthy fertile women during the 
menstrual cycle. Specifically, their expression 
was lowest during the early and midproliferative 
phases, then gradually increased and was most 
pronounced in the early and mid-secretory 
phases. In women with endometriosis and 
adenomyosis, the expression of both SODs was 
constantly elevated. Some data also indicated 
that SOD activity was not different in 
postmenopausal women compared to fertile 
ones (11). Our recent findings in women with 
endometrial polyp showed the opposite pattern  
of LOOH concentration and SOD activity in 
polyp tissue than in women with hyperplasia 
complex. Both parameters were higher in the 
proliferative phase compared to the secretory 
phase or to the women in postmenopause (7). 
The results of this study showed that women 
with endometrial hyperplasia complex had 
similar SOD activity pattern like the healthy 
ones. Although it was not statistically significant, 
SOD activity slightly increased in luteal 
(secretory) phase.  

Regarding GPx, the studies shown that in 
normal human endometrium the amount of this 
enzyme was low in the early proliferative phase, 
gradually increased and reached a maximum in 
the late proliferative/early secretory phases, and 
decreased thereafter (12). In this study, however, 
the GPx activity in hyperplastic tissue had the 
opposite pattern than in healthy women. The 
same variation of activity was observed for GR. 
Ohwada et al. (13) also found that GPx activity is 
significantly higher in endometrial cancer tissue 
with atypical or mixed atypical adenomatous 
hyperplasia than in endometrial cancer without 
hyperplasia, pointing to the role of AO status 
and ROS in hyperplastic changes that may lead 
to endometrial cancer.  

In this study we recorded a negative 
correlation between GPx and gonadotropins in 
women with endometrial hyperplasia complex, 
which may indicate the important role of these 
hormones in hyperplastic changes. Our previous 
research also showed a modulatory effect of 
gonadotropins on AO enzymes in women with 
endometrial polyp (7). Endometrial hyperplasias 
are generally considered as precancerous lesions 
and are treated either conservatively or surgicaly, 
and also by radiation therapy (14). The 
regression of hyperplastic to normal 
endometrium is the main purpose of any 
conservative treatment which is based on the 
administration of agents, like progestagens (15) 
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5.96 ± 0.47* 3.41 ± 0.65 3.313 ± 0.42 

LOOH 
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protein) 
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or gonadotropin-releasing hormone analogues 
(GnRHa) (16). Since the effects of these 
therapies are associated with AO and hormonal 
changes, our results may contribute to the 
prediction of potential therapeutic efficacy and 
to selection of the most effective treatment for 
hyperplasia complex. 
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EFFECTS OF FLUOXETINE ON THYROID HORMONES METABOLISM 
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Abstract. In studies of the interaction of an antidepressant drug fluoxetine (Fluox) with the metabolism of thyroid 
hormones (TH) in the rat, we applied our newly developed radiometric assays for iodothyronine deiodinases (IDs) of 
types 1, 2 and 3 (D1, D2 and D3, respectively), using [125I]-labeled iodothyronines of high specific radioactivity as 
substrates. We followed in details the effects of administration during 25 days to adult Wistar rats of Fluox alone or in 
combination with triiodothyronine (T3) on the production and degradation of TH in the CNS and in different 
peripheral rat tissues. Surprisingly, administration of Fluox in combination with supraphysiological amounts of T3 
caused a distinctive fall of non-physiologically high concentrations of serum total T3, which were reached by giving 
the animals the same amounts of T3 alone, to nearly normal levels. Profound changes in IDs enzyme activities were 
determined, especially in the pituitary and cerebellum of treated rats. In conclusion, the elaborated radiometric 
assays for IDs were found to be usable for the assessment of changes in these enzyme activities, caused by the 
administration of the studied drugs to the rats. 
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 INTRODUCTION 

 Thyroid hormones (TH) are potent 
modulators of cellular development, growth and 
differentiation and represent one of the major 
endocrine regulators of metabolism. These 
substances are essential for normal development 
and function of all organs and tissues. TH are 
also supposed to control the activity of some 
neurotransmitters (e.g., serotonin), which are 
hypothetically involved in the pathogenesis of 
depressive illness (1).  On the other hand, many 
clinical studies indicated that various 
antidepressant treatments might influence the 
effects of hormones of hypothalamic-pituitary-
thyroid axis in depressed patients (2, 3). For 
instance, Baumgartner et al. observed that 
subchronic administration to the rats of 
fluoxetine (Fluox) produced significant effects 
on the key enzymes of TH metabolism, on the 
enzyme activities of iodothyronine deiodinases 
(IDs) of types 1, 2 and 3 (D1, D2 and D3, 
respectively) in specific regions of the brain (4). 
 Fluox  is the most frequently used drug today 
for the treatment of episodic depression and 
belongs to the group of non-tricyclic 
antidepressants known as selective serotonine 
re-uptake inhibitors. It is important that 
inadequate activities of brain IDs can lead to 
local insufficient concentration of the 3,3´,5-

triiodo-L-thyronine (T3) and might be, therefore, 
one of the pathogenic factors of depression. 
      

 In the present studies, we followed the 
effects of administration during 25 days to 
Wistar rats of Fluox by itself, or in combination 
with T3, on the metabolism of TH in different rat 
tissues. 

 EXPERIMENTAL 

 Experimental design: animals and 
 treatments 

 Pharmacological experiments were 
performed on 90 young growing male Wistar 
rats, fed ad libitum a standard pelleted diet. 
During 25-day experimental period, following 7-
day adaptation period, the rats drank tap water 
with the addition of various amounts of 
fluoxetine (Ratiopharm), T3 (Sigma), or their 
combinations. The chosen doses were: Fluox by 
itself, 0.3 (low) or 3.0 (high) mg/100 g body 
weight; T3 by itself, 0.3 (low) or 3.0 (high) 
μg/100 g b.w.; Fluox+T3, all the possible 
combinations of these doses. Control rats drank 
tap water without any drug. After the treatment, 
rats were killed by decapitation under deep 
diethylether anaesthesia. The blood was 
collected and used for the preparation of sera. 
Serum total and free T3 and thyroxine (T4) levels 



were determined using commercial 
radioimmunoassay (RIA) kits (Immunotech, 
Beckman Coulter Co., Prague, Czech Republic). 
The thyroid glands, pituitary, different parts of 
the brain, liver, kidney and several other tissues 
were also dissected and frozen. Samples of 
frozen tissues were used for the preparation of 
subcellular fractions – microsomes, cytosols or 
sub-mitochondrial supernatants, used in the 
following radiometric enzyme assays. 

 Radiometric enzyme assays for IDs 

 Enzyme activities of D1, D2 and D3 were 
measured in principle as we described 
previously (5), but with some modifications, e.g., 
of the TLC developing system and the way of 
radiochromatograms evaluation (6). These 
radiometric enzyme assays were based on i) the 
use of high-specific-radioactivity [125I]-labeled 
iodothyronines as substrates (obtained from 
PerkinElmer, Inc.) [preparations of L-3,3‘,5‘-
[125I]-triiodothyronine ([125I]-rT3), s. a. 28–46 
MBq/μg for D1 assay; L-3,3‘,5,5‘-[125I]-
tetraiodothyronine ([125I]-thyroxine), s. a. 40–49 
MBq/μg for D2 assay; and L-3,3‘,5-[125I]-
triiodothyronine ([125I]-T3), s. a. 40–48 MBq/μg 
for D3 assay]; ii) TLC separation of radioactive 
products from the unconsumed substrates; iii) 
film-less autoradiography of 
radiochromatograms using storage phosphor 
screens (BAS-IP MS 2025, Fuji Photo Film Co., 
Japan); and iv) quantification of the separated 
compounds with a BAS-5000 laser scanner 
(Fujifilm Life Science Co., Japan), using AIDA 
software (Raytest Isotopenmessgeräte, GmbH, 
Germany). Duplicates of appropriate amounts of 
microsomal fractions, isolated from samples of 
various rat tissues (usually 2–200 μg of protein 
in a volume of 20 μl, in dependence on types of 
tissue and ID measured) were incubated for 
appropriate time (usually 30 minutes) under 
optimum concentration conditions in the 
presence of the respective labeled substrate, 
partly at 37 °C (samples) and partly at 0 °C 
(corresponding blanks). The reaction was 
stopped on ice by adding 10 μl of a solution 
containing 10 μM T3 and 10 μM T4 in 
concentrated ammonium hydroxide (stop mix), 
followed by 30 μl of methanol, vortexing and 
centrifugation. Aliquots (4 x 2 μl) of supernatant 
extracts were analyzed by TLC on a silica gel 
plate using an optimized solvent system (6). 
Separated products of the reactions containing ≥ 
0.5% of the total radioactivity applied 
(corresponding to ≥ 25 cpm/spot) could be 
detected in this way. It means that our 
methodology enabled determination of IDs 
enzyme activities, in absolute terms, as low as 10 
exp-18 katals. 
 

RESULTS AND DISCUSSION 

 Effects of the administration of Fluox, T3, 
 and their combination on TH levels in the 
 rat sera 

 

 Administration of Fluox alone to the rats 
caused a slight decrease in serum total T4 (tT4) 
levels, but produced only a negligible effect on 
tT3 levels (cf. Fig. 1 and 2). These findings were 
in line with the literature data (3). The treatment 
of rats with supra-physiological amounts of T3 
(ca. 10 μg per animal per day) caused very 
marked decline of serum tT4 levels (in 
agreement with the expectation), due to a 
feedback action of TH. Fluox given together with 
T3 did not change the effect of the administered 
T3 on tT4 levels (Table 1 and Fig. 1). 

Table 1 The influence of the administration of 
fluoxetine, T3 and their combination on total T4 
concentrations (nmol/l) in the rat sera 

Control Fluox T3 Fluox+T3

62.8 42.0 5.8 12.5
77.4 51.3 10.2 8.1
74.6 54.7 7.6 4.2
70.4 52.7 5.8 12.5
69.3 48.9 8.2 10.4
69.7 45.4 6.7 5.1
51.9 63.5 7.5 9.7
54.9 66.9 5.1 6.2

 
Fig. 1 The influence of the administration of 
fluoxetine, T3 and their combination on total T4 
(nmol/l) serum concentration 

 This finding was in sharp contrast with the 
effect of Fluox on serum tT3 levels. Surprisingly, 
administration of Fluox together with 
supraphysiological amounts of T3 caused a 
distinctive fall of non-physiologically high 
concentrations of serum tT3, which were reached 
by giving the animals the same amounts of T3 
alone, to nearly normal levels (from 7.65 ± 3.18 
to 1.70 ± 0.35 nmol L-1 vs. 1.29 ± 0.16 nmol L-1 in 
controls; means ± SD for n = 8) (Table 2 and Fig. 
2). 
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Table 2 The influence of the administration of 
fluoxetine, T3 and their combination on total T3 
concentrations (nmol/l) in the rat sera 

Control Fluox T3 Fluox+T3

1.26 1.18 6.04 2.30
1.17 0.96 5.94 1.53
1.30 0.99 10.20 1.60
1.22 1.19 4.57 1.42
1.29 1.36 7.78 2.25
1.13 0.86 9.27 1.39
1.49 1.11 6.30 1.74
1.43 1.29 11.08 1.38

 

Fig. 2 The influence of the administration of 
fluoxetine, T3 and their combination on total T3 
(nmol/l) serum concentration 

 Effects of the administration of Fluox, T3, 
 and their combination on the IDs enzyme 
 activities in the rat tissues 

 Treatment of rats for 25 days with Fluox by 
itself caused a moderate increase in D2 activity 
(55 ± 34 vs. 31 ± 9 fmol T3/h/mg prot. in 
controls; mean ± SD for n = 7) and, in turn, a 
slight decrease in D3 specific activity in 
cerebellum and some other regions of the CNS 
(not shown). 

 

 

 

 

 

 

 

 

 

 

Fig. 3 The influence of the administration of 
fluoxetine, T3 and their combination on specific 

enzyme activities of D2 (fmol T3/h/mg prot.) in 
the rat pituitary 

 On the other hand, the administration of T3 
by itself caused, in accordance with our 
expectation, a substantial decrease in pituitary 
D2 activity (45 ± 23 vs. 234 ± 62 fmol T3/h/mg 
prot. in controls; mean ± SD for n = 7) (Fig. 3) 
and a simultaneous increase in D1 and D3 
activities (practically in all tissues studied). In 
contrast with the effects of T3 by itself, the 
treatment of rats with the combination of Fluox 
plus T3 caused only non-significant elevation of 
D1 and D3 activities (see Fig. 4). 

 

Fig. 4 The influence of the administration of 
fluoxetine, T3 and their combination on specific 
enzyme activities of D3 (fmol T2/h/mg prot.) in 
the rat pituitary 

 CONCLUSIONS 

 With the use of our newly elaborated 
radiometric enzyme assays for iodothyronine 
deiodinases, we were able to quantify the effects 
of administration (during 25 days) of 
antidepressant Fluox, alone or in combination 
with T3, on the metabolism of TH in the rats. 
Especially, we determined changes in the most 
important deiodinating enzyme activities in 
specific parts of the CNS of treated rats. 
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Abstract. Cytomegalovirus is a herpes virus transmitted by close human contact. No symptoms of infection are 
apparent in majority of cases. However, congenital Cytomegalovirus (CMV) infection is the most common intrauterine 
viral infection. The majority of fetus infection cases are asymptomatic, but a few may develop late sequelae, such as 
sensorineuronal hearing loss or chorioretinitis. The purpose of the present study was to compare ECl and ELISA 
EUROIMMUN immunoassays for detection of anti-Cytomegalovirus IgM antibodies in pregnant women and to 
evaluate the sensitivity and specificity of each technique. 200 pregnant women were involved in this study and serum 
samples were analyzed with both techniques including 150 negative and 50 positive samples for anti-cytomegalovirus 
IgM antibodies. The ECL immunoassay resulted with higher sensitivity and lower specificity of 98% and 98,7%, 
respectively, while ELISA immunoassay resulted with lower sensitivity and higher specificity of 93,9% and 99,3%, 
respectively. The evaluation of the results (ANOVA; .F0,05[1,398] = 0.432 ,p = 0.512) showed a very good concordance 
between the two immunoassays (r=0,873) for early diagnosis of cytomegalovirus infections in pregnant women. 
 

Key words: Cytomegalovirus, ECL, ELISA EUROIMMUN, sensitivity, specificity.

1. Introduction 

Cytomegalovirus, a member of the herpes virus 
family, is ubiquitous in all human populations, 
causing infections which are followed by life-long 
latency in the host with occasional reactivations as 
well as recurrent infections. Transmission of 
infection requires intimate contact with infected 
excretions such as saliva, urine, cervical and vaginal 
excretions, semen, breast milk and blood. However, 
primary maternal CMV infection during pregnancy 
carries a high risk of intrauterine transmission 
which may result in severe fetal damage, including 
growth and mental retardation, jaundice and CNS 
abnormalities [Revello, at. al., 2002]. Congenital 
Cytomegalovirus (CMV) infection is the most 
common intrauterine viral infection. The majority of 
fetus infection cases are asymptomatic, but a few 
may develop late sequelae, such as sensorineuronal 
hearing loss or chorioretinitis. Those who are 
asymptomatic at birth may develop hearing defects 
or learning disabilities later in life. A first step in 
diagnosing acute primary congenital CMV infection 
is most commonly made by the detection of anti-
CMV-specific IgG and IgM antibodies. Samples 
being reactive for IgM antibodies indicate an acute, 
recent or reactivated infection [Genser, at. al., 
2001] but most commonly, they are detected 
because of non-specific stimulations of the immune 
system and because of cross-reactions (mainly 
between EBV and CMV). In the diagnosis of 
pregnant women, especially in the first trimester of 

pregnancy, lack of false negative and false positive 
results for IgM antibodies to cytomegalovirus is very 
important. The purpose of the present study was to 
compare two immunoassays (ECL and ELISA 
EUROIMMUN) for detection of anti-
Cytomegalovirus IgM antibodies in pregnant 
women and to evaluate the sensitivity and specificity 
of each technique.  

2. Material and methods 
200 pregnant women (from a thousand of women 
that were tested before), with age ranging from 18 to 
40 years, which are retested for cytomegalovirus 
antibodies, were involved in this study. These 
samples were selected for this study because with 
PCR test they resulted negative, so IgG was 
negative. PCR test was done before their pregnancy 
and 50 of them resulted positive in the first 
trimester of pregnancy (after a few years). Serum 
samples were analyzed with ECL and ELISA 
EUROIMMUN immunoassays for anti-
cytomegalovirus IgM antibodies. Further, the results 
were used to calculate sensitivity and specificity 
(with SPSS and MedCalc), which are statistical 
measurements of quality of a test. 

Principle of Electrochemiluminescence 
technique: This technique is applied on Cobas 
6000 instrument. The test principle is µ-Capture 
with a total duration of 18 minutes. The first 
incubation: 10 µL of sample are automatically 
prediluted 1:20 with Elecsys Diluent Universal. 
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Biotinylated monoclonal anti-h-IgM-specific 
antibodies are added. The second incubation: CMV-
specific recombination antigen labeled with a 
ruthenium complex and streptavidin-coated 
microparticles are added. Anti-CMV IgM antibodies 
present in the sample react with the ruthenium-
labeled CMV-specific recombination antigen. The 
complex becomes bound to the solid phase via 
interaction of biotin and streptavidin. The reaction 
mixture is aspirated into the measuring cell where 
the microparticles are magnetically captured onto 
the surface of the electrode. Unbound substances 
are then removed with ProCell. Application of a 
voltage to the electrode then induces 
chemiluminescent emission which is measured by a 
photomultiplier. Results are determined 
automatically by the software by comparing the 
electrochemiluminescence signal obtained from the 
reaction product of the sample with the signal of the 
cutoff value previously obtained by CMV IgM 
calibration.  

Description of the reagent: M: Streptavidin-
coated-microparticles (transparent cap), 1 bottle, 
6.5mL. R1: Anti-h-IgM-Ab-biotin (gray cap), 1 
bottle, 9 mL. R2: CMV-Ag-Ru(bpy)32+ (black cap), 1 
bottle, 9 mL.  

Specimen type and collection: Human serum 
collected in separating tube gel. Samples can be 
stored at 2-8°C for up to 5 days; if longer storage is 
required, freeze at -25° ± 6 C.                                                                                                                     

Principle of ELISA EUROIMMUN technique:  

Polystyrene microplate strips coated with purified, 

biochemically characterized antigens are used as 

solid phase containing bound antigens. If the 

sample is positive, specific antibodies in the diluted 

serum sample attach to the antigens coupled to the 

solid phase. In a second step, the attached 

antibodies are detected with peroxidase-labelled 

anti-human antibodies. In a third step, the bound 

antibodies are made visible using a 

chromogen/substrate solution which is capable of 

promoting a color reaction. The intensity of the 

color produced is proportional to the concentration 

of antibodies in the serum sample and is measured 

by Tecan instrument. 

Description of the CMVM reagent: 
• 96 microplates with purified 

Cytomegalovirus antigens.  

• Calibrators: Human defibrinilated 
plasma/serum (0.4 ml).  

• Positive control: Human defibrinilated 
plasma/serum (0.4 ml) used to control 
positive limits.  

• Negative control: Human defibrinilated 
plasma/serum (0.4 ml) used to control 
negative limits.  

• Horseradish peroxidase (HRP) (16 ml): 
contain anti Cytomegalovirus IgM 
antibodies proclin and gentamycine.  

• Diluent (2 bottles of 45 ml each): anti-
human IgG antibodies and proclin. 

• TBS and proclin (1 bottle of 50 ml). 

• Chromogen substrate (TMB, 1 bottle of 15 
ml). 

• H2SO4 1N (1 bottle of 15 ml). 

Specimen type and collection: Human serum 
collected in separating tube gel. Samples can be 
stored at 2-8°C for up to 5 days; if longer storage is 
required, freeze at -25° ± 6 C.  

 

 

3. Results and Discussion 

Results of anti-cytomegalovirus IgM antibodies 
measurements are presented in summary in table 1. 

  

Table 1: Results of ECL and ELISA EUROIMMUN 
immunoassays for detection of anti-cytomegalovirus IgM 
antibodies.  

Samples  ECL (COBAS 6000) CMV M 
Positive Doubtful Negative

(Positive) 
N=50 

49 0 1 

(Negative) 
N=150 

2 0 148 

 ELISA EUROIMMUN CMV M 
(Positive) 

N=50 
46 1 3 

(Negative) 
N=150 

1 0 149 

 

Table 2: Results of sensitivity and specificity of ECL and 
ELISA EUROIMMUN immunoassays for detection of anti-
cytomegalovirus IgM antibodies.  

Cytomegalovirus 
IgM 

Sensitivity 
(%) 

Specificit
y (%) 

ECL (COBAS 
6000) 

98 98.7 

ELISA 
EUROIMMUN 

93.9 99.3 

 
According to the results of table 1, sensitivity and 
specificity for each technique are calculated (table 
2). The ECL immunoassay resulted with high 
sensitivity of 98%, while ELISA EUROIMMUN 
immunoassay resulted with high specificity of 
99,3%. 
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The evaluation of the results showed a good 
concordance between the two immunoassays 
r=0,873, (p< 0.01), expressed in the following 
scategrame (Fig 1).  

 

 
Figure 1: Scategrame of ECL and ELISA EUROIMMUN 
immunoassays for detection of anti-cytomegalovirus IgM 
antibodies.  
 
The linear line is characterized by y=0.6*x  
equation. The scategrame is nonlinear, positive with  
few values that deviate the linear line. This means 
that ECL and ELISA EUROIMMUN immunoassays 
have a good concordance for detection of anti-
cytomegalovirus IgM antibodies.  
In the diagnosis of pregnant women, especially in 
the first trimester of pregnancy, lack of false 
negative and false positive results for IgM 
antibodies to cytomegalovirus is very important. 
This relates to the fact that the existence of false 
negative results is associated with lack of diagnosis 
and treatment of acute infections in the fetus and 
newborn baby [Jean-Benjamin Murat et al., 
2013]. Lack of false positive result is also very 
important because this is related to an unnecessary 
treatment of CMV infections. The ECL 
immunoassay resulted with high sensitivity 98% 
and lower specificity of 98,7%. The high values of 
sensitivity of COBAS 6000 system and ECL 
technique are attributed to some important features 
of this system: the use of two-dimensional barcode 
on all reagents to minimize possible errors and 
maintaining constant control of the calibration 
curve.  
ELISA immunoassay is recommended for detection 
of anti-cytomegalovirus IgM antibodies [Maria 
Grazia Revello and Giuseppe Gerna, 2002].  
It resulted with lower sensitivity of 93,9% and high 
specificity of 99,3%. These values are comparable 
with those of ECL technique.  
Also, interference may occur in some samples. For 
this reason, the serum diluent is necessary to 
eliminate false positive or false negative results.   

The evaluation of the results (ANOVA; .F0,05[1,398] = 
0.432 ,p = 0.512) showed a very good concordance 
between the two immunoassays (r=0,873) for early 
diagnosis of cytomegalovirus infections in pregnant 
women. In conclusion, ECL and ELISA 
immunoassays are recommended in the diagnosis of 

pregnant women, especially in the first trimester of 
pregnancy.  
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Abstract. This study relates to a new apatite material which is biocompatible and exhibits radio-opacity enhancing 
its utility in the dental and medical fields. The bismuth-substituted hydroxyapatite was obtained by means of wet 
chemical method, respectively by co-precipitation reactions. The effects of the bismuth substitution for calcium on the 
morphology and optical proprieties of the resulting powder were investigated by scanning electron microscopy (SEM) 
coupled with X-ray analysis (EDX), X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Bi-
substituted hydroxyapatite is radio-opaque, being detectable by X-rays and computed tomography. 
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1. INTRODUCTION 

In dental and orthopedic applications, radio-
opaque materials may be used as filler in the 
composition of the biocement paste in order to 
enhance absorption of X-rays, and therefore for 
improving the visibility of the cement under X-ray 
examination. Radio-opacity is important for uses of 
cements in dental filling and dental sealing. 

Bismuth compounds, due to their radio-opacity, 
are added to various bone and dental implants, 
catheters and surgical instruments in order to make 
them detectable by X-rays and computed 
tomography [1]. 

The hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a 
calcium phosphate ceramic with important 
applications in the medicine and chemistry fields. 
The hydroxyapatite is a main mineral constituent of 
the hard tissues such as bones and teeth [2]. The 
hydroxyapatite has remarkable properties including 
biocompatibility, bioactivity and ability to form a 
direct chemical bond with human hard tissues [3-5]. 

The hydroxyapatite structure allows the 
incorporation of wide range of different ionic 
substitutions [6]. Numerous cations have been 
reported to substitute into the Ca sites in the 
hydroxyapatite structure [7,8]. Such ionic 
substitutions influences the properties (morphology, 
lattice parameters, surface characteristic, solubility, 
biological properties, etc.) and applications of these 
doped hydroxyapatite materials as biomaterials, 
catalysts, ion exchangers, etc. [9-12]. 

In this paper we present the preparation of new 
bismuth-substituted hydroxyapatite nanopowder, as 

radio-opaque material, by means of wet chemical 
method, respectively by co-precipitation reactions. 

2. EXPERIMENTAL 

2.1. Materials and synthesizing methods 

Calcium hydroxide Ca(OH)2, orthophosphoric 
acid H3PO4 (85 %), bismuth nitrate pentahydrate 
Bi(NO3)3·5H2O, ethanol CH3–CH2–OH and sodium 
hydroxide NaOH were purchased from Sigma-
Aldrich (Germany). All chemicals were of analytical 
grade. 

The hydroxyapatite and bismuth-substituted 
hydroxyapatite nanoparticles were synthesized by 
wet chemical precipitation method from Ca(OH)2, 
H3PO4 and Bi(NO3)3·5H2O as calcium, phosphorous 
and bismuth sources, respectively. 

The pure hydroxyapatite powder was prepared 
by mixing appropriate amounts of Ca(OH)2 (0.1 M) 
and H3PO4 (0.1 M) aqueous solutions to achieve 
predetermined Ca/P atomic ratio of 1.67 [13]. The 
suspension obtained was aged for 3 h and then 
filtered and washed with ethanol and triply distilled 
water. The obtained powder was calcined 1 h at 800 
ºC in an electrically heated furnace in order to 
increase its crystallinity. 

The bismuth-substituted hydroxyapatite powder 
was prepared similarly to the pure hydroxyapatite 
powder, as described above. The Ca(OH)2 (0.1 M) 
aqueous solution was dispersed into an mixed 
aqueous solution of Bi(NO3)3·5H2O and H3PO4 (0.1 
M). The (Bi+Ca)/P atomic ratio was kept at 1.67 
value, while the Bi/(Bi+Ca) atomic ratio (denoted as 
XBi) in the solution was 0.1, as shown in Table 1. The 
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following procedure stages were the same as 
described above for the preparation of pure 
hydroxyapatite powder. 

Table 1 Atomic ratio in the synthesis solution and 
in the final products 

  
Sample 

HA-Bi-0 HA-Bi-10 
in synthesis solution:   

Bi/(Bi+Ca) 0 0.1 
(Bi+Ca)/P 1.677 1.677 

Bi (%) 0 10 
in final product:   

Bi/(Bi+Ca) 0 0.093 
(Bi+Ca)/P 1.673 1.660 

Bi (%) 0 9.33 

2.2. Samples characterization 

The phase composition, degree of crystallinity 
and size of crystallites of the calcined samples were 
estimated by X-ray diffraction analysis (XRD) with 
X’PERT PRO MRD diffractometer using CuKα 
radiation (λ = 0.15418 nm). 

The morphology of the calcined samples was 
studied by scanning electron microscopy (SEM) 
coupled with energy dispersive X-ray spectroscopy 
(EDX) with QUANTA 200 3D microscope. 

The bismuth chemical valence on hydroxyapatite 
structure was evaluated by X-ray photoelectron 
spectroscopy (XPS) using a PHI-5000 VersaProbe 
photoelectron spectrometer (Φ ULVAC-PHI, INC.) 
with a hemispherical energy analyzer (0.85 eV 
binding energy resolution). 

The radiographs of the samples were obtained in 
a dental X-ray system (X-Mind™ AC, SATELEC, 
France). 

3. RESULTS AND DISCUSSION 

The incorporation of foreign ions in the 
hydroxyapatite structure is favorable when the 
difference between the ionic radii is small, closeness 
to the ionic radius of Ca2+ ion. According to 
Shannon [14], the effective Ca2+ ionic radii for 
seven- and nine-coordination are of 1.06 Å, and 1.18 
Å, respectively. For Bi3+ the ionic radii are of 1.03 Å 
and 1.17 Å in six- and eight-coordination, 
respectively. Having comparable dimensions, the 
Bi3+ ions can substitute Ca2+ ions during the 
synthesizing process. 

In this study, the SEM-EDX analysis was 
performed in order to determine the surface 
elemental composition of the hydroxyapatite and 
Bi-substituted hydroxyapatite powders.  

Fig. 1 shows the EDX spectra of HA-Bi-0 and 
HA-Bi-10 samples, and for the last the characteristic 
peaks of bismuth are well evidenced. The samples 
contain calcium or/and bismuth, phosphorous, 
oxygen and hydrogen in certain contents. The mass 
fractions of different elements in the hydroxyapatite 
and Bi-substituted hydroxyapatite samples were 

obtained and the atomic ratios calculated as shown 
in Table 1. 

The value of the Bi/(Bi+Ca) atomic ratio 
(designated XBi) in the final product was very close 
to the XBi in the synthesis solution for Bi-substituted 
hydroxyapatite sample, as shown in Table 1. This 
indicates that the bismuth ions added to the 
synthesis solution are incorporated into the 
hydroxyapatite lattice. Furthermore, the value of the 
(Bi+Ca)/P atomic ratio in the final product (Table 1) 
is very close to the theoretical value of 1.677 for the 
stoichiometric hydroxyapatite [15]. This result 
indicates that the isomorphous substitution Ca ↔ Bi 
does not significantly affect the stoichiometry of the 
Bi-substituted hydroxyapatite sample. 

 
Fig. 1 EDX spectra of the HA-Bi-0 (a) and HA-Bi-10 (b) 

calcined samples 

The apatite samples exhibit nanosized spherical 
shapes and agglomeration with intergranular 
micropores, as shown SEM micrographs in Fig. 2. 
The Bi content in apatite does not result in strong 
changes in morphology but greater agglomeration.  

 
Fig. 2 SEM images of the HA-Bi-0 (a) and HA-Bi-10 (b) 

calcined samples 

The phase composition, lattice parameters, 
degree of crystallinity and size of crystallites of the 
samples were determined by XRD analysis and the 
obtained results are shown in Fig. 3 and Table 2. 
The XRD patterns in Fig. 3 are in good agreement 
with the hexagonal (space group P63/m) 
hydroxyapatite phase (JCPDS Data Card 09–0432). 
However, the patterns displayed some extra peaks 
indicating that the samples contain very small 
amounts of impurities. Thus, a peak of at 2θ ≈ 37.5° 
indicates the presence of calcium oxide traces in the 
final products, perhaps due to insufficient control of 
the precipitation reaction. Fortunately, these traces 
represent a biodegradable phase and the 
biodegradable property is a key factor in the 
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promotion of bone-like cell growth over the bone 
implant surface [16].    

The XRD pattern of the Bi-substituted 
hydroxyapatite sample shows the peaks broader and 
less intense compared with the pure hydroxyapatite. 
This indicates the decrease of crystallinity due to 
bismuth contents (Table 2), which could be 
attributed to different charge compensation 
mechanism for isomorphous substitution of Ca2+ by 
Bi3+ ions. Also, the broad peaks indicated that the 
hydroxyapatite particles are of a nanometric size 
(Table 2). 

 
Fig. 3 XRD patterns of the hydroxyapatite and Bi-

substituted hydroxyapatite samples 

Table 2 XRD data of the hydroxyapatite and Bi-
substituted hydroxyapatite samples 

 
Sample 

HA-Bi-0 HA-Bi-10 
D (nm) 58.32 44.19 
XC (%) 99.78 90.97 
V (Å3) 1605.77 1627.17 
a (Å) 9.5271 9.5514 
c (Å) 6.8333 6.8892 

 

The XPS analysis was applied to study the 
surface chemical state of undoped and Bi 
substituted hydroxyapatite and the results present 
the evidence for the successful doping of Bi ions in 
hydroxyapatite lattice. Thus, Fig. 4 shows the XPS 
spectrum of the HA-Bi-10 sample for the binding 
energy range of 0 – 1200 eV.  

 
Fig. 4 XPS spectrum of the HA-Bi-10 sample 

It can be seen that the binding energy of Bi (4f 
region, 150 – 170 eV; peaks at 156.70 eV and 162 

eV), Ca (2p, 345 eV), O (1s, 529 eV) and P (2p, 131 
eV) are detected. The P 2p core level peak located at 
131 eV is attributed to P–O bonds in PO43− chemical 
environment [17]. The C 1s (282.7 eV) signal is due 
to the carbon used as an internal reference. No other 
impurities were evident in the samples, in good 
agreement with the XRD data. Therefore, the XPS 
data demonstrate that the HAp lattice contain Bi3+ 
ions. 

The radio-opacity of the hydroxyapatite and Bi-
substituted hydroxyapatite samples was analyzed 
and the results are presented in Fig. 5. Bi-
substituted hydroxyapatite sample shows a much 
stronger radio-opacity compared with undoped 
hydroxyapatite, as can see in Fig. 5. 

 
Fig. 5 Radiograph images of the hydroxyapatite and Bi-

substituted hydroxyapatite samples 

Due to their radio-opacity, the Bi-substituted 
hydroxyapatite can be added to various bone and 
dental implants, catheters and surgical instruments 
in order to make them detectable by X-rays and 
computed tomography. 

4. CONCLUSIONS 

The experimental results revealed that the Bi-
substituted hydroxyapatite nanopowder was 
produced by the co-precipitation method using 
Ca(OH)2, H3PO4 and Bi(NO3)3·5H2O raw materials, 
as calcium, phosphorous and bismuth sources. The 
Bi content is close to 10 %. The XPS analysis of the 
doped sample indicated the Bi presence in the 
apatite lattice as Bi3+. The XRD results indicate that 
the Bi substitution did not change the crystal 
structures. Bi-substituted hydroxyapatite sample is 
radio-opaque, being detectable by X-rays and 
computed tomography. 
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Abstract. In this paper we will analyze application of nanomaterials in biomedicine, that is to say we will present the 
recent accomplishments in basic and clinical nanomedicine. Achieving full potential of nanomedicine may be years of 
even decades away, however, potential advances in drug delivery, diagnosis, and development of nanotechnology-
related drugs start to change the landscape of medicine. Site-specific targeted drug delivery (made possible by the 
availability of unique delivery platforms, such as dendrimers, nanoparticles and nanoliposomes) and personalized 
medicine (result of the advance in pharmacogenetics) is just a few concepts on the horizon of research. In this paper, 
especially, we have analyzed the changes in basic physical properties of spherical-shaped nanoparticles that can be 
made in several (nano)layers and have, at the same time, multiple applications in medicine. Based on our research in 
ultrathin crystal structures performed so far, superlattices, Q-wires and Q-dots, we will consider the materials that 
can act as carriers for medicines and tagged substances. For this purpose we established a shell-model of ultrathin 
molecular crystals and investigated their dielectric, particularly optic characteristics. We conducted this research with 
the help of two-time dependent Green's function method, adjusted to ultrathin crystalline structure analysis. It is 
shown that specific resonant absorption lines appear in these structures, the number of which depends on crystal 
layers position and on values of parameters on shell-structure boundary surfaces. The absorption of electromagnetic 
radiation declines in infrared part and its detection is a relatively easy process. The subject of the research in this 
paper includes modeling of nanomaterials in the field of pharmaceutical technology for biomedical application. This 
includes very precise encapsulated drug delivery, on exactly defined place in the human tissue or organ and 
disintegration of capsule – drug carrier, so that the medicament can start producing its effect. The goal of 
multidisciplinary researches with biocompatible molecular nanomaterials is to find the parameters and the 
possibilities to construct boundary surfaces that will, in interaction with biological environment, create such 
properties of nanolayers that are convenient for use for layers of drug carrier capsules, biochips and biomarkers. 
These layers should demonstrate controlled disintegration of structure, better dielectric properties, discrete 
luminescence and appropriate bioporosity as all these are the requirements of contemporary nanomedicine. This 
paper presents the preliminary results of the study optical properties of ultrathin shell with four layers, which are 
obtained using sealed his own software developed JOIG_S. Based on the appearance of discrete absorption peak in the 
IR region, it can be concluded that this layer may serve as a marker for monitoring temporal changes of position of 
core-layered shall nanocapsul during its travel through the body 

Key words: Core-shell model, nano-structures, biomaterials, medicine, drug deliveries. 
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1. INTRODUCTION 

Science is nowadays very interested in low-
dimensional systems, the dimensions of order of 
even few nanometers, which, in practical appli-
cation, demonstrate exceptional characteristics in 
various fields.  The need to minimize dimensions 
was imposed by a number of inter-related and 
mutually dependent requests of modern civiliza-
tion, probably key to its further survival and 
sustainable development, which can generally be 
categorized as belonging to the fields of energy, 
health and ecology. In that sense, the subject of 
the research in this work will include nano-
materials in the field of biopharmaceutical 
technology for biomedical application [1]. This 

includes the very precise encapsulated drug 
delivery, on exactly defined place in the human 
tissue or organ and disintegration of capsule – 
drug carrier, so that the medicament can start 
producing its effect. 

The development of biomedical science is 
directly related to the development of natural and 
mathematical sciences, especially materials 
science. Enormous resources are invested in the 
research that would lead to the solutions for 
many deadly diseases and in the end it is not 
possible not to put a completely logical question: 
whether the results of modern research justify 
the invested resources [1, 2]? 
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Let us consider in what ways we can make 
contributions to research in the science. One 
approach is experimental, while the other is 
theoretical. There are big differences in the 
popularity of these approaches, yet for both are 
said to have advantages and disadvantages too. 

There are two aspects of theoretical approach. 
One uses computer resources, while the other 
uses analytic (literally speaking paper and 
pencil). The aim of our research group is that 
within materials science we understand the 
essential mechanisms of transport processes in 
low- dimensional systems, so we chose an 
analytical approach with the ambition that in the 
very near future, we study with the help of 
computer resources too. Our method of choice is 
the Green function which we use in the field of 
molecular crystals. 

In this paper we will analyze application of 
nanomaterials in biomedicine, that is to say we 
will present the recent accomplishments in basic 
and clinical nanomedicine. Numerous novel 
nanomedicine-related applications are under 
development or are in a research phase, and the 
process of converting basic research in 
nanomedicine into commercially viable products 
will be long and difficult. Achieving full potential 
of nanomedicine may be years of even decades 
away, however, potential advances in drug 
delivery, diagnosis, and development of 
nanotechnology-related drugs start to change the 
landscape of medicine. Site-specific targeted drug 
delivery (made possible by the availability of 
unique delivery platforms, such as dendrimers, 
nanoparticles and nanoliposomes) [3–5] and 
personalized medicine (result of the advance in 
pharmacogenetics) [6–8] are just a few concepts 
on the horizon of research. 

This paper presents the preliminary results of 
the study of optical characteristics (extinction 
and refraction) ultrathin shell/film with four 
layers, which are obtained using sealed own 
developed software package.2 

Analysis of the obtained spectra extinction 
observed phenomenon is one to three resonant 
peak. Under the conditions for the occurrence of 
a single discrete absorption peak in the IR region, 
                                                           
2 JOIG_S is a massively parallel computational package for electron 
excited-state properties that is based on the many-body perturbation 
theory employing the Green's functions and difference equation 
methodology. It must be used in conjunction with Wolfram 
MATHEMATICA and CorelDRAW software. The package can be 
used to compute the exciton fundamental (micro) properties as well 
as the dielectric and optical (macro) properties of a wide variety of 
material samples from bulk to nano-dimensional structures. In 
attachment, we submit the description of functions and possibilities 
of this software. It was applied to numerical analysis and graphic 
rendering of relations between microscopic (exciton energy, 
possible states and their spatial probability of appearance) and 
macroscopic (dielectric and optic – absorption and refraction) 
properties, from frequency of external electromagnetic field, and all 
this for given set of boundary parameters values. 

it can be concluded that this shell film can serve 
as a marker that can accurately detect and track 
the weather changes the position of core-layered 
shall nanocapsul during its travel through the 
body. 

2. ULTRATHIN MULTI-SHALL MODEL 

Based on our research in ultrathin crystal 
structures performed so far, films, superlattices, 
Q-wires and Q-dots [9–13], we will consider the 
materials that can act as carriers for medicines 
and tagged substances. For this purpose we have 
established a spherical shell-model of ultrathin 
molecular crystals [14,15] and investigated their 
mechanic – especially elastic and thermodynamic 
properties, then their conductive and, in addition 
– their dielectric, particularly optic-absorption 
characteristics.  

The most important results that we obtained 
in previous studies, in connection with the 
formation and analysis of core-shell crystal 
model and its possible application in 
nanomedicine, in short can be formulated as 
follows. At the border surfaces of nanofilm (here 
it will be nanoshell), because of the localization of 
elementary excitations, change all the physical 
properties of materials, and small thermally or 
mechanically stimulated conditions may develop 
into large amplitude surface waves, ie. energy, 
which may imply breaking of ties between the 
crystallographic boundary planes of atoms and 
the dissolution of the boundary layer, and then 
all the others, or they easier to absorb heat and 
can better carry out surface and thus the 
nanolayer can provide extra energy necessary for 
melting materials at the border first and then the 
other (inner) layers, and finally, external 
electromagnetic radiation can be selected 
according to their frequencies and partially 
absorbed, and to expect the emergence of very 
intense luminescence. 

 

Fig. 1: Ultrathin-film crystalline model 

All nano- or ultra-thin films have structures 
that are very spatially restricted along one 
direction, usually we have chosen the z-direction 
(Fig.1), so that the film thickness was: L = N·a, 
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where N (< 10) represents the number of films, 
and a the thickness of crystallographic layer (the 
distance between two adjacent crystallographic 
planes). Core-shell model has one, two or more 
capsules (as ultrathin film with crystalline layers) 
coaxially around the core (Fig.2) which is carrier 
of drugs or other medicament probes, ...  

 

Fig. 2: Core-shell ultrathin crystalline model 

These nanoshells are restricted along one 
direction, or rather – along one coordinate. Here 
it comes radial limit:  
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with several crystallographic layers. 

On-the look, do not expect great difficulty in 
applying the already known methods of 
theoretical research: we conducted this research 
with the help of two-time dependent Green's 
function method, adjusted to ultrathin crystalline 
structure analysis. However we have to keep in 
mind that the basic crystallographic data are 
different in the planes whose position relative to 
the center core – different: eg. the distance 
between atoms in the crystal lattice increases as 
they move away from the center of the nucleus. 
We will certainly take into account, what is more 
– it can have a positive impact on the occurrence 
of quantum size effects, and it is possible to show 
up and completely new effects. 

 The basic idea is to examine exciton 
subsystem in the bulk systems, and then in quasi-
two-dimensional, such as ultra-thin shell films of 
molecular crystals, and then comparing the 
results to get to micro–theory which will decipher 
the mechanisms of the optical properties of 
observed system [3, 4]. 

3.1. Bulk molecular crystals 

Since we are interested in optical properties of 
molecular crystals, it is essential to observe the 
exciton subsystem.  

If we use the model of Frenkel’s excitons with 
low concentrations then exciton subsystem in the 

harmonic approximation can be described by the 
following Hamiltonian [9]: 

  ++ +Δ=
mn

mnmn
n

nnn BBXBBH







,

,       (1) 

where +
nB  and nB  are creational and 

annihilation operators of an exciton at the node 

n


 of a crystal grid, n
Δ  is the energy of isolated 

exciton in that node, and mnX   are matrix 

elements of excitons transfer from node n


 to 
node m


. In the model it is assumed that the 

exciton energy at the node is ~102 times bigger 
than the energy of its transfer. 

The method of two-timed temperature 
Green's functions has been chosen for the 
microtheoretical analysis, due to its benefits – 
real parts of poles of Green's functions define 
energies of elementar excitations (from which the 
law of dispersion is obtained). If the Hamiltonian 
has a harmonic form, the Green's function has 
real poles only [9]. The Green's function 

( ) ( ) ( )0+= mnmn BtBtG  , 

satisfies the certain equation of motion and by 
using the complete time and space Fourier's 
transformation, we may obtain a form of Green's 
function: 
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and from its pole we can also obtain the desired 
law of dispersion of excitons,  
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which may be written in the following non-
dimensional form 

zxyk
RF

X
E +=Δ−≡ ω

 ;              (3) 

( ) zzyxxy akRakakF cos2;coscos2 ≡+≡ .  

which is used for graphical representation on 
Fig.3.  
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Fig. 3: Dispersion law of excitons in a bulk 

Eventually, through general expression [9] for 
relative dynamic dielectric permittivity,  

( ) ( ) ( )[ ]ωωπωε −+−=− GGiS211 , 

we can obtain expression for dynamic 
permittivity of bulk: 
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where S is a parameter of inner structure. Fig. 4. 
shows dynamical permittivity of bulk. 

 

Fig. 4: Permittivity of a bulk 

It can be seen that the energies in the bulk 
case have continuous values within a certain 
range of permitted energies. Therefore, the 
permittivity of a bulk makes absorption zone in 
which the bulk will "swallow" all energies of 
precisely defined range. 

3.2. Ultrathin molecular film –nanoshell 

Our model of a crystal nanofilm assumes a 
ultrathin film confined by two parallel planes that 
are infinite in the x and y directions, while in the 
z-direction the film has a final thickness 

aNL = [9,10]. Completely analogous situation 
is obtained by considering the ultrathin spherical 
shell, which is solely bounded to two coaxial 
parallel surfaces: one to the core, and the other to 
a given environment, which includes. The limit is 
here along only one direction, too – radially from 
the core center. Therefore, we will continue to 
make a distinction between two terms: shell and 
film. 

At the beginning, we will observe a simpler 
(for calculations!) – symmetrical nano-film (Fig. 
5), which may be made by controlled reaching of 
massive specimens. Due to the presence of 
boundary areas, the energies of excitons in the 
nodes and the energy transfers between 
boundary areas and neighboring areas are pertur-
bed, where parameter d defines perturbation at 
the node of boundary areas, and the parameter x 
is a perturbation of transfer in boundary layers 
along the z-direction. 

 

Fig. 5: Model of symmetrical ultrathin molecular film 

Now, for ultrathin films we will use the same 
procedure for their determination. In the case of 
nanofilm we perform full time and partial space 
Fourier transformation of these equations, 
because we have limited structure along z-
direction. Fig. 6 shows dispersion laws for non-
perturbed (ideal) symmetric five-layered film 
(reduced energies are used again). Full lines show 
energy levels of excitons in the observed film, 
while broken lines show boundaries of continual 
energy zone of excitons in a bulk. At the first 
sight it is possible to see absence of zero values 
and discretion of exciton energies in a film. The 
number of possible states corresponds to the 
number of crystallographic levels in this film 
along the z-axis. 

For higher values of the parameter d energy 
levels are shifted to higher energies and at one 
point leaving the boundaries of the bulk. This 
energy is called localized or TAM states [9,10]. 
Fig. 6b gives an example of a very perturbed (d = 
0,3 and x = 2,0) symmetric five layered film.  

Most probable localized states are at the very 
boundaries of a film or in the boundary layers of 
that film. Inside the film only bulk states are 
present and their probability, in comparison to 
localized states, is much smaller. 

 

   (a) 
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   (b) 

Fig. 6: Dispersion law of symmetrical films 

After application of Green’s functions one can 
obtain expression which represents the relative 
dynamical permittivity as a function of the 
frequency of initial electromagnetic excitation. 
Again it is possible to change the values of 
perturbation parameters. Case example, when we 
have different values of perturbation parameters 
(e.g. x) we see in Fig. 7. 

 
Fig. 7: Relative permittivity of highly perturbed 

symmetrical five-layered film 

In the observed film (N = 4) the number of 
resonant lines3 is different for different layers. 
Therefore, at least one and a maximum of three 

                                                           
3 Resonant peaks in the frequency dependence of dynamic 
permittivity are the positions resonant frequencies, where 
permittivity diverges into ±∞. Those are also energies 
(wavelengths) of such electromagnetic radiance that a model 
crystal "swallows" at the given place, i.e. energies that are 
absolutely absorbed there. 

are present as much as there is allowed states 
along axis where of translation symmetry is 
violated, in this case along z-axis). Their number 
depends on the size of perturbation parameters 
at boundary areas, i.e. in the boundary layers of a 
crystalline film and this is in direct connection to 
the occurrence of localized states for some 
determined values of boundary parameters. 

3.3. Optical characteristics   
of core shell layered models 

In the last year or two our research has been 
continued and widened. Two basic optical 
characteristics have been defined: absorption 
index (extinction) and refraction index. 

The refraction (n) and absorption (κ) indices 
are usually defined in the literature by 
permittivity term:  ε1/2 = n + κ. Introducing the 
complex frequency:  ω → ω + i ν in expression for 
permittivity, we get complex permittivity: ε = ε’ + 
i ε”. Based on this, we can find expressions for 
absorption and refraction indices [16–18] in the 
following forms: 
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From these expressions one can see that 
dynamical absorption and refraction indices as 
well as relative permittivity depends on position 
of film-layer (nz) and on perturbation parameters 
at and within shall boundary layers. Graphics on 
Fig.8 shows some results for representative cases, 
which are analogous to the ones in permittivity. 

Since the emission and absorption spectra can 
be experimentally recorded but only for the 
whole film, we have determined these optical 
characteristics (indices of absorption and 
refraction) not only for the particular layers but 
for the whole shall as well and in the normal 
direction on boundary surface of the shall (or 
radial from core center) where the changes of 
these values occur in relation to their bulk values. 
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Fig. 8: Relative absorption and refraction indices of 
highly perturbed symmetrical five-layered film 

Because the index of absorption is part of the 
energy/intensity electromagnetic radiation which 
is absorbed by the film in relation to the total 
incident energy/intensity of the radiation that got 
to the film, it can be concluded that the overall 
index of absorption for the whole film (κF) could 
be acquired by simply adding up refractive 
indexes on individual planes (κnz), i.e. 

( ) ( ).ωκωκ
z

z

n
n

F =      (6) 

Of course, this summation means that the 
addition is done strictly by the individual, i.e., 
specific frequencies, because it is a question of 
values of relative dynamic quantities. 

In contrast, refractive indexes present the 
ratios of appropriate speeds, and therefore 
additivity and simple sum cannot be applied to 
them. It is not difficult to show [18–20], which 
during the formation of the refractive index of the 
whole film, the rule of the sum of reciprocal 
values must be applied in the following form: 

( ) ( ) .
1

ωω
zz nnF nn

N =     (7) 

Based on the last two formulas, we 
determined numerically the dependence of the 
absorption index and the refraction index for the 
whole film. The results of these calculations are 
presented in Fig. 9. 

 

Fig. 9: Relative absorption and refraction indices of 
highly perturbed symmetrical five-layered film 

3.4. Potential theoretical research  
of core shell models 

Our research group believes that the 
methodology used to analyze optical properties of 
nano-films can be used for theoretical studies of 
materials with transfer character to be used in 
nano-pharmacy. This is primarily thinking of 
core shell models under which the systems 
include a spherical shape. The basic idea of core 
shell model in biomedicine is to fill the interior of 
hollow nano-spheres by active component of 
pharmaceuticals. The role of hollow spheres 
measuring up to tens of nanometers is transport. 
Thanks to its dimensions and properties of 
hollow nano-sphere are ideal candidates to be 
hosts for the active components of 
pharmaceuticals, which cannot be done by 
conventional methods without serious 
consequences transported to the target place. 
Take the example of ketoprofen, a good 
conventional antibiotics, oral intake can lead to 
ulcer. Second, but unconventional way of 
entering the body is through polymeric nano-
particles such as PDLLA [14–16]. The result is the 
introduction of antibiotics as a cream, which 
would be rubbing in determined places what will 
transfer it rather than orally. 

How could the research of material look like if 
could be modeled as a core shell? If we perform 
research of material, in the most general case we 
can examine the three major subsystems: 
phonon, electronic and exciton. In general, the 
results related to the phonon subsystem would 
have shown us what are the mechanical 
properties of materials, electronic sub-system 
would give us a conductive properties while 
exciton subsystem is “responsible” for the optical 
properties. 

 As we already operate with a testing 
methodology of specified subsystem, the next 
step would be adjusting the methodology to the 
spherical systems as hollow nanosphere is that 
might be carriers of pharmaceuticals. Namely, 
nanosphere can be seen just as a system 
composed of a number of ultra-thin films, Fig. 6. 
So, in this way the results connected to ultrathin 
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films could be used. Of course, the transition 
from flat to spherical ultrathin films is not a 
trivial problem. The first step is to create an 
adequate Fourier transformation, but the real 
problem is the way how to include a flat 
deformation of a thin film that would emerge. 
Further research of some subsystem would 
follow, primarily phonon since the mechanical 
properties in terms of application are the most 
important. Research of conductive and optical 
properties may lead to knowledge of how the 
holders of pharmaceutical nanoparticles can be 
induced, i.e. how they can be manipulated (e.g. 
target more) 

 

Fig. 10: Model of spherical ultrathin film layers 

As to the analytical solutions related to the 
dynamics of subsystems are very hard to be 
reached, for the start a potential approach might 
be by the use of computer resources, i.e. creating 
a simulation that would lead to some general 
results that could indicate the solution. 

4. CONCLUSION 

Recent advances in creating nanomaterials 
have created new opportunities in biomedical 
research and clinical applications. High-quality 
nanomaterials, of well-controlled size and shape, 
are a new class of building blocks to enable the 
establishment of assays for monitoring molecular 
signals in biological systems and living 
organisms. Many of these new nanoassays have 
higher sensitivity, selectivity and throughput 
than conventional bioanalytical methods. On the 
one hand, these nanoassays will be capable of 

detecting biochemical changes at the single-
molecule level in living cells. Conversely, these 
assays will lead to low-cost, point-of-care devices 
for rapid diagnosis of pathogenic and genetic 
diseases (e.g., HIV and cancer). In addition, 
nanomaterials have been used as advanced 
contrast agents for clinical imaging technologies, 
such as MRI, computer tomography and 
ultrasound. Moreover, the use of nanomaterials 
will lead to the invention of ‘smart’ drug-delivery 
vehicles, new therapies and even new scalpel-free 
surgery methods. 

These new opportunities stem primarily from 
the novel nature of nanomaterials. Owing to their 
size-dependent effects, nanomaterials exhibit 
new physical and chemical properties compared 
with conventional bulk and molecular materials. 
In general, nanomaterials include inorganic, 
organic and inorganic/organic composite 
nanostructures, such as nanoparticles, nanowires 
and nanopatterns.  

Using nanotechnology, it may be possible to 
achieve: improved delivery of poorly water-
soluble drugs, targeted delivery of drugs in a cell- 
or tissue-specific manner, transcytosis of drugs 
across tight epithelial and endothelial barriers, 
delivery of large macromolecule drugs to 
intracellular sites of action, co-delivery of two or 
more drugs or therapeutic modality for 
combination therapy, visualization of sites of 
drug delivery by combining therapeutic agents 
with imaging modalities and  real-time read on 
the in vivo efficacy of a therapeutic agent. 
Additionally, the manufacturing complexity of 
nanotechnology therapeutics may also create a 
significant hurdle for generic drug companies to 
develop equivalent therapeutics readily. These 
are just a few of the many compelling reasons 
that nanotechnology holds enormous promise for 
drug delivery. 

It is certain that a solution to problems of 
delivery and transport of pharmaceuticals in 
different parts of the body lies in the 
achievements of materials science. In this sense, 
nano-materials and hollow nano-spheres are 
materials for which will be given attention in the 
future even more than now. For positive results 
in this area much more experimental methods 
are used. Even those theoretical mainly represent 
the results obtained using the computing 
resources, as opposed to analytical methods.  

Our goal is the use and adaptation of 
analytical methodology applied to flat ultrathin 
films on the spherical systems that looked as if 
composed of a certain number of ultrathin films. 

Optical, i.e. absorption and refraction 
properties of observed nanostructures (ultrathin 
nanoshalls) demonstrate very narrow or discrete 
characteristics, where relative dielectric 
permittivity and optical indices dependence from 
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external electromagnetic field indicate existence 
of discrete resonant lines, which number is, in 
general, equal to the number of atomic layers in 
nanostructure. Consequently with space 
symmetry of the these ultrathin model, we get 
symmetrical situation for peaks distribution. 

Characteristic resonant peaks appear in the 
dependence of dielectric permittivity and 
absorption index of ultrathin film, i.e. of 
nanoshell on frequency of external electro-
magnetic field. The peaks' widths increase with 
the increasing of exciton spectral weights and 
there is a possibility to manage shell dielectric 
response with suitable selection of boundaries 
perturbation parameters. All peaks fall into 
infrared region and respond to absorption of 
corresponding external electromagnetic frequen-
cies, or one frequence only. It means that discrete 
and selective (mono)absorption appears. There is 
apparently different distribution of these peaks 
with the position and number of crystallographic 
plains parallel to boundary surfaces of the film, 
and the greatest symmetry belongs to the middle 
(inner) crystallographic plain.  

In the course of this work, we encountered the 
very important question for optical engineering 
(manipulating the optical properties of the 
sample), regarding the environment effects: 
environment and substrate – (bio)materials that 
are above and below the nanoshell, or how the 
interaction of environment molecules with 
molecules from the boundary area of nanoshell 
affect the redefinition of exciton states in the 
shells’ film, and thus all other relevant 
characteristics of the whole shell! 

It must be stressed that these are preliminary 
reyultati and that obtained with the help of 'own 
software developed JOIG_S, which has yet to be 
developed and implemented. 

In the course of this work, we encountered the 
very important question for optical engineering 
(manipulating the optical properties of the 
sample), regarding the environment effects: 
environment and substrate – (bio)materials that 
are above and below the nanocore-shell particle, 
or how the interaction of environment molecules 
with molecules from the boundary area of 
nanocore-shell particle affect the redefinition of 
exciton states in the film, and thus all other 
relevant characteristics of the whole nanocore-
shell particle! 
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was slightly lower than the cross-sections measured 
with monochromatized synchrotron radiation [29]. 

This may be explained by the difference in 
irradiation conditions, such as DNA concentration 
and the specific energies of photons delivered to the 
samples. From the cross-sections, it is expected that 
the photons are predominately absorbed by the K-
shell electrons of the carbon, nitrogen and oxygen 
atoms in the DNA. Similarly, taking the ratio of the 
SSB to DSB gives an approximate value of 7 which is 
less than that observed by Yokoya et al (1999) [26]. 
Probably, in part, due to the plasmid DNA 
concentration but comparable with that observed by 
Eschenbrenner et al. [26], which varied between 4.4 
and 6.4 when pBs and pSP plasmids were irradiated 
to 388, 435 and 573 eV soft X-rays from 
synchrotron source. The results show that the 
source, though in its initial stage of development, 
could be useful for prospective radiobiology 
experiments and could be added to the few laser 
plasma X-ray sources dedicated for radiobiology 
experiments. Similarly, the fraction of the different 
forms of the pBR322 plasmid DNA in TAE solution 
irradiated in He-environment is shown in Fig. 5.   

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0 3.5 6.9 10.4 13.8 17.3 20.8 24.2 27.7 31.2 34.6 38.1

 supercoiled
 linear
 relaxed

 Doses (kGy)

pB
R

32
2 

fr
ac

tio
n 

fo
rm

Photon flux (x105 photons/µm2

 
Fig. 5 Fraction of yields of different forms of pBR22 

plasmid DNA irradiated in He-environment as a function 
of photon flux. The dashes lines are to guide an eye. 
Vertical error bars indicate the standard error of the mean. 
Horizontal errors are not included on the graph but 
correspond to about 10% random uncertainty on the 
photon flux measurements on the photodiode and 
fluctuation in the density of the gases. 

The results show that there was growing amount 
of SSB DNA with a corresponding decrease in in the 
supercoiled form with the increasing dose of SXR 
radiation. Within experimental error, the fraction of 
the linear forms only increased at relatively few 
fluences of the soft X-rays (up to about 1.5×105 

photons/µm2) and then seems not to be 
monotonous in the helium condition irradiation at 
relatively pulses (i.e. higher photon fluence). The 
rapid increase in the linear form at relatively low 
photon fluence may be due to indirect damage from 
water radicals when the sample was much hydrated. 
At relatively longer exposure time, to achieve higher 
number of photons, the fraction of the linear form 
did not change much. Thus, the samples get 
dehydrated and may be the cause of the insignificant 
growth in the formation of the linear. It is therefore 
suspected that there might be the presence of free 
radicals formed by the irradiated plasmid in 
solution by the “water window” soft X-ray. This 
point can be further investigated by introducing 
radical scavengers to ascertain the presence of the 

free radicals created to induce further damage to the 
plasmid DNA. It will be a thing of concern in our 
forth coming articles.   

The induction ratio of SSB to DSB in the helium 
irradiation condition was ~5, a value slightly lower 
than was measured when the samples were 
irradiated in vacuum. This may be explained as a 
result of the low penetration of this type of radiation 
through the relatively thick hydrated sample 
solution. This means that a very thin solution or a 
fraction of the solution (and hence the DNA) 
absorbed the radiation. Double strand breaks are 
considered the most critical DNA lesions induced by 
ionizing radiation. The dependence of the amount of 
linear and relaxed forms of the plasmid DNA on 
amount of photons is shown for the soft X-rays.  
Thus, the compact laser plasma water window X-ray 
source induce  exclusively radiation damage which 
provide an evidence for the ability of the water 
window X-ray radiation to induce both SSB and 
DSB. The demonstration of the source to induce 
DSBs and SSBs in irradiated plasmid DNA shows 
the potential of the source for radiobiological 
experiments. Quantitative analysis of the radiation 
damage and its systematic investigation in DNA, 
biomembranes and other organelles, and living cells 
represent a subject of forthcoming articles.   

 

4. CONCLUSION 

 

A compact desktop laser plasma soft X-ray source 
based on a double-stream gas puff target operating 
in the” water window” spectral region  has been 
presented. The source delivers approximately 
6.83×1013 photons/4π in the wavelength range of 
about 2.5-4 nm. The low penetration depth of this 
radiation in biological samples and pulsed character 
of the source lead to high local dose loads and dose 
rates, respectively. The design of the source allows 
samples to be irradiated both in vacuum and in He-
environment. Doses in a single pulse of soft X-rays 
of about 300 Gy for irradiation in vacuum and about 
20 Gy for the He-environment irradiation were 
measured. Initial irradiation experiments carried 
out with plasmid DNA demonstrate that the source 
can be used in systematic studies of soft X-ray 
radiation damage to biomacromolecular samples 
and other biological specimen.  
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Abstract. The scope of this study is to identify the fuel channel components and the reference plans  based on which 
the installation into calandria is made in order to achieve a possible method for decommissioning of the horizontal fuel 
channels of calandria vessel and to present a possible device designing solution for the decommissioning of the 
horizontal fuel channels in the CANDU 6 nuclear reactor. 
The CANDU 6  is a 740 MW pressure tube reactor designed by Atomic Energy of Canada Limited (AECL) to provide 
safe and reliable nuclear power. It is an evolution of the previous CANDU reactor, and it is designed to be licensable 
internationally by ensuring its compliance with the latest Canadian nuclear regulations and the fundamental safety 
principles of the International Atomic Energy Agency (IAEA) Safety Standards. 
The fuel channel assembly is made according to the specific requirements of reference plans’ definition, reference 
plans’ measurements, tools and equipments, installation procedures and the quality assurance program. Defining 
reference plans, measurements reported to reference plans and installation procedures to a new fuel channel in the 
calandria CANDU nuclear reactor comply with the requirements described in the AECL (Atomic Energy of Canada 
Limited) specified documents. 
The decommissioning of fuel channels represents one of the last operations which are performed in the nuclear power 
decommissioning and it is the most important operation in the nuclear reactor dismantling.  
The design of the device and platform support is achieved according to the particular features of the fuel channel 
components to be dismantled in the program of nuclear reactor decommissioning according to all the safety aspects 
and environmental protection during the activities, resulting from the decommissioning plan developed. 

Key words:  Candu reactor, Zirconium alloy, plans reference, calandria tube, fuel channel, pressure tube,  end 
fitting, annulus spacer, decommissioning, dismantling, radiation protection 

1. INTRODUCTION 

Nuclear reactors are designed and manufactured 
with respect to the specific requirements of codes and 
standards for the manufacture of components, 
equipment and systems required for the construction 
and operation of CANDU nuclear power plant.  

The reactor assembly of the CANDU 6 nuclear 
reactor consists of the horizontal, cylindrical, low-
pressure calandria and the end-shield assembly. This 
enclosed assembly contains the heavy water 
moderator, the 380 fuel channels assemblies and the 
reactivity mechanisms.  

The 380 fuel channels of CANDU 6, with pressure 
tubes made of zirconium-niobium alloy, located inside 
the calandria tubes and chuck on end fitting, are 
connected by the pipes network to the supply feeders. 

Defining reference plans, measurements reported 
to reference plans and installed operations to a new 
fuel channel in the calandria CANDU nuclear reactor 
comply with the requirements described in the AECL 
(Atomic Energy of Canada Limited) specified 
documents.  

Fuel channels are one of the major distinguishing 
features of a CANDU reactor and their reliability is 
crucial for the performance of the reactor. Each fuel 

channel consists of four major components: the 
pressure tube, the calandria tube, the annulus spacers 
and the end fittings. Fuel bundles are enclosed in the 
fuel channels that pass through the calandria and the 
end-shield assembly.  

The dismantling operation stages of the fuel 
channel components should be repeated for each of all 
380 channels of the reactor, starting from the front of 
calandria side and continuing with the rear side.  

The decommissioning device assembly of the fuel 
channel components is composed of the device itself 
and moving platform support for coupling of the 
selected channel to be dismantled. The fuel channel 
decommissioning device is an autonomous device 
designed for dismantling and extraction of the channel 
closure plug and shield plug, extraction of the end 
fitting, cutting and extraction of the pressure tube. 

 

2. FUEL CHANNEL COMPONENTS 

The CANDU reactor design is based on the 
experience derived from preceding CANDU reactors 
and virtually every design feature of the latest CANDU 
reactor is identical to, or is an evolutionary 
improvement of, an earlier proven design. 
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The CANDU 6 reactors have the following general 
features of the fuel channels: 

- 380 fuel channels; 
- pressure tube made of Zi 2,5% NB, diameter 103,4 

mm, thickness 4,19 mm; 
- calandria tube made of Zircaloy 2,  diameter 129,0 

mm, thickness 1,37 mm; 
- annulus spacers made of Incon.X750, coil 

diameter 4,83 mm, 4 pieces; 
The time life of the fuel channel is for 30 years at 

80% of its capacity and 24 years for full capacity 
functioning. 

2.1. General presentation of the fuel channel 

The fuel channels are one of the major 
distinguishing features of a CANDU reactor, and their 
reliability is crucial for the performance of the reactor. 
The components of the fuel channel design are 
illustrated in Fig. 1. 

  
Fig. 1 Schematic illustration of a CANDU fuel channel 

1. Channel closure plug; 2. Closure seal insert; 3. 
Feeder coupling; 4. Liner tube; 5. End fitting body; 6. 
Outboard bearings; 7. Annulus spacer; 8. Fuel bundle; 
9. Pressure tube; 10. Calandria tube; 11. Calandria 
tubesheet; 12. Inboard bearings; 13. Shield plug; 14. 
Endshield shielding balls; 15. Endshield lattice tube; 
16. Fuelling tubesheet; 17. Channel annulus bellows; 
18. Positioning assembly; 19. End fitting shielding 
sleeve; 20. Lattice tube shielding sleeve; 21. End fitting 
inner ring seal; 22. Elastic safety lock for end fitting 
inner ring seal; 23. Elastic safety lock for end fitting 
shielding sleeve; 24. Support ring for annulus bellows; 
25. Annulus bellows outer ring seal; 26. Elastic safety 
lock for Annulus bellows outer ring seal; 27. Feeder 
coupling attachment; 28. Feeder gasket; 29. Rod 
positioning threaded part; 30. Rod positioning; 31. 
Right fastening piece for rod positioning; 32. Counter 
nut locking; 33. Safety lock for counter nut; 34. Lock 
pin for rod positioning; 35. Left fastening piece for rod 
positioning; 36. Crimping ring for calandria tube; 

2.2. Calandria tube 

A calandria tube surrounds each pressure tube. 
Calandria tubes have an internal diameter of about 
129 mm and span the calandria vessel between the 
two end shields. The calandria tube is illustrated in 
Fig. 2. 

 
Fig. 2 Schematic illustration of the calandria tube 

These tubes provide access through the calandria 
for the pressure tube/end fitting assemblies. The 
calandria tubes (1) help to support the fuel channel 
pressure tubes (2) by means of four spacers (3) per 
channel and the fuel bundle (4), as is illustrated in Fig. 
3. 
  4 3 2 1 

 
Fig. 3 Schematic illustration of calandria tube with pressure 

tube and fuel bundle 

2.3. Pressure tube components 

The pressure tubes are the most important part of 
the fuel channel as they pass through the calandria and 
contain the fuel bundles. They are zirconium alloy 
tubes (Zr-2.5% Nb) that are about 6 meters long, about 
11 cm in diameter and have a wall thickness of about 4 
mm. 

The design of the pressure tube (1) consists 
primarily of the determination of the length, the inside 
diameter and the wall thickness of a simple thin-walled 
cylinder which is illustrated in Fig. 4. 

Each pressure tube is separated from a calandria 
tube by means of four spacers (2). These spacers are 
positioned so that pressure tube sag will not allow a 
pressure tube to contact the calandria tube. The 
spacers are made by forming Inconel wire into a close 
coiled helical spring 

 1               2 

     

 
 

Fig. 4 Schematic illustration of pressure tube 

2.4. End fitting components 

The end fitting (1) (Fig. 5), manufactured from a 
modified AISI 403 stainless steel, is an out of core 
extension of the pressure tube that provides the 
connection for on power fuelling, the connection to the 
feeders coupling (2) necessary for cooling system 
connection and the connection with the pressure tube 
(3). Each fuel channel is located axially within the 
reactor by a positioning assembly which is connected 
to one end shield. The positioning assembly (4) is 
mounted on the end fitting. 

The annulus bellows (5) connects between an end 
fitting and the reactor end shield, allows axial motion 
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of the channels and also limits the torque imparted to 
the end fitting by the feeder piping. 

Channel closures (6) are located in each end fitting 
of a fuel channel to seal the primary coolant and to 
permit on-power access to the fuel channel by the 
fuelling machines. The shield plugs (7), which provide 
shielding where the fuel channels pass through the 
reactor end shield, are latched into the end fitting. 
Channel closures can be remotely removed by a 
fuelling machine. 

6       2 1     4  5           7           3 
 

 

Fig. 5  Schematic illustration of end fitting components 

3. CALANDRIA REFERENCE PLANS 

The main aim of the fuel channel in a CANDU 
reactor is to support and locate the fuel inside of the 
reactor. Therefore, the fuel channel integrity must be 
maintained in all cases of urgency and operating 
conditions, as all specific security reports provide. The 
install operations of a new fuel channel in the CANDU 
nuclear reactor calandria, shall satisfy the 
requirements described in the documents specified by 
AECL. 

3.1.  Reference plans’ definition 

The definition of Calandria reference plans is 
carried out between R and R' plans. They are defined 
as reference plans for front and rear part of the 
calandria (see Fig. 6).  
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Measurement 
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Reference 
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Fig. 6 Schematic representation of the reference plans for 
measurements making at fuel channel installation 

The operations for plans determination are as 
follows:  
- preliminary determination of the R plan and R' plan;  
- establishing of the R plan reference and markers 
reference;  
- distance determining between P and P' plans 
reference, front and back calandria plans;  
- establishing of the R' plan reference and markers 
reference.  

3.2. Fuel channels measurements reported to the 
reference plans 

The registration document of the reference plans 
measurements contains entries for: used instruments 
to measurements, measured temperatures at different 
calandria points; measurements to the R and to R' 
reference plan; A, B, C and A', B', C' measured distance 
to the R and to R' calandria reference plans; X 
measured distance between P and P' plans; Y measured 
distance between the P' plan reference and the R' plan 
reference. 

Record document of measurements for fuel 
channel length calculation provides three fuel channels 
category:  
- A channel category - nominal length of 10,850 mm;  
- B channel category - nominal length of 10 836 mm;  
- C channel category - nominal length of 10,820 mm;  

The general registration document for fuel channel 
installing contains entries for: pressure tube, outer 
diameter and thickness, end fitting, series no. , color, 
common bore diameter roller, calculated and final; 
power feeder angle, calculated and final; gap between 
pressure tube and the liner tube before and after the 
rolling phase; the total length of the final sub-
assembly; the distance between end fitting and the 
reference plan before and after rolling; the final overall 
length of the fuel channel; the data relating to test 
calibration; the data relating to pressure; welds 
checking and identifying; identification bulletin 
control; welder identification. 

Fig. 7 Schematic representation of the zone in relation to end 
fitting orientation for the feeder pipe connection  

 
The registration document and identification of the 

mounting position and the end fitting orientation to 
the end of each fuel channel contains entries for: area 
no. (see Fig. 8), line, column and front or rear of 
calandria, input / output feeder type, mounting 
position of the end fitting at 0°, left 32°, 58°, 90°, 32° 
right, 58° and 90° (see Fig. 8). 

   
Fig. 8 Schematic representation of end fitting orientation for 

the feeder pipe connection 
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The registration document and identification of the 
mounting position of the annulus spacers between 
pressure tube and calandria tube contains entries for: 
area no., line, column, the measured distance from the 
end fitting face, annulus spacer no.1 position, annulus 
spacer no.2 position, annulus spacer no.3 position, 
annulus spacer no.4 position (see Fig.  9). 

 

   Fig. 9 Schematic representation of the annulus spacers 
position 

4. FUEL CHANNEL COMPONENTS ASSEMBLY STEPS 

In the CANDU reactor, the main purpose of the fuel 
channel is to support and locate the fuel inside of the 
reactor. The operations of a new fuel channel installed 
in the CANDU nuclear reactor calandria, shall satisfy 
the requirements described in the documents specified 
by AECL. 

4.1. Initial conditions 

The fuel channel components assembly is 
performed when the following components are pre-
assembled (see Fig. 10), the components notations are 
from Fig. 1:  
- the calandria tube (10) is mounted with crimping 
rings in calandria tubesheet (11);  
- the endshield lattice tube (15) is also mounted and 
fixed between the calandria tubesheet (11) and fuelling 
tubesheet (16);  
- the space between the calandria tubesheet (11) and 
fuelling tubesheet (16) is filled with endshield shielding 
balls (14). 

 

Fig. 10 Schematic representation of fuel channel pre-
assembled components 

4.2.Componets assembly 

The lattice tube shielding sleeve is mounted as 
follow (see Fig. 11): 
- the shielding sleeve (20) is inserted into endshield 
lattice tube (15) up to the crimping ring for calandria 
tube (10) fixed to the calandria tubesheet. 
- the inboard bearings (12) is inserted in the shielding 
sleeve (20) and fixing it in the end from of calandria. 

 

Fig. 11 Schematic representation of the lattice tube shielding 
sleeve assembling 

The pressure tube (9) mounting is carried out after 
the assembly and fixation of the lattice tube shielding 
sleeve into the lattice tube as follow (see Fig. 12): 
- the pressure tube is pushed in the calandria tube 
guide cones, inside the calandria tube, by a fuel 
channel pushing device, until the established quota by 
working procedure; 

 

 

 

Fig. 12  Schematic representation of the pressure tube 
mounting 

To have a constant maintained annular space 
between the pressure tube and the calandria tube, it is 
necessary to have the annulus spacers installed (7). 
They must be installed on the pressure tube after the 
tube has been placed inside calandria tube and secured 
at one end. The installation of annulus spacers is 
carried out as follows (see Fig. 13): two annulus 
spacers are mounted from the plan R, the pressure 
tube is blocked from the plan R, first spacer no. 2 then 
spacer no. 1 and the other two first spacer no.3 then 
spacer no. 4, from the plan R, the pressure tube is 
blocked from the plan R; the operation is carried out 
by the aid of a device for introducing onto the pressure 
tube and with the annulus closing positioned at the 
bottom; 

   

Fig. 13 Schematic representation of the annulus spacers 
mounting 

The end fittings and related accessories are 
assembled before their introduction into the fuel 
channel.  

First, it shall be mounted on the outside end of the 
canal, the inner ring seal (21) and secured with an 
elastic safety lock  (22); 

The outboard bearing (6) is to be mounted then, in 
extension, the end fitting shielding sleeve (19). The 
shielding sleeve is secured by a elastic safety lock  (23) 
; 

The end fitting is welded on the support ring (24) 
for mounting of channel annulus bellows isolation (17); 

Inside of the channel annulus bellows (17), into 
channel side, is mounted the annulus bellows outer 
ring seal (25) which is secured against movement by 
two elastic safety locks (26). The channel annulus 
bellows (17) shall be mounted on the end fitting over 
the annulus bellows outer ring seal (25) and the outer 
end is welded on the support ring (24) (see Fig. 14); 



 509

           

          

Fig. 14 Schematic representation of the end fitting pre-
assembly 

After the related accessories mounting, the end 
fitting shall be mounted into the fuel channel provided 
that the pressure tube is fixed and blocked to the other 
end to prevent the displacement at the time of the end 
fitting introduction into fuel channel for mounting.  

The end fitting will be positioned into the 
introduction device relative to the channel position 
where will be introduced, so the end fitting mounting 
position relative to the feeder coupling position (3) to 
be like in Fig. 8. The end fitting is inserted into the 
lattice tube shielding sleeve (20), taking care to be 
horizontality maintained the end fitting. Inside the end 
fitting is inserted the crimping head (rolling) up to the 
beginning of pressure tube (10);  the pressure tube is 
rolled inside of the fitting  (see Fig. 15);  

 

Fig. 15 Schematic representation of the end fitting mounting 
into fuel channel 

The liner tube (4) is inserted into the end fitting, 
using the introduction device by cold pressing, up to 
the end of the pressure tube (9) rolled inside the end 
fitting. In the outer end of end fitting one elastic safety 
lock (2) is mounted. The shield plug and the channel 
closure are inserted into the end fitting, by the 
introduction device, up to the position where the plug 
locks are inside the groove of the end fitting. Both 
plugs are blocked by decoupling the introduction 
device. The feeder coupling (3) is mounted to connect 
the end fitting to the cooling system (see Fig. 16). 

 
 
 
 

         

                  

Fig. 16 Schematic representation of inner the end fitting 
components mounting 

The last operation is the positioning assembly 
mounting on the fuel channel (see Fig. 17). 

 
Fig. 17 Schematic representation of the positioning assembly 

mounting 

After each operation, the resulting information 
shall be recorded in the specific registration and 
verification documents of each component and each 
operation. 

5. DECOMMISSIONING OF THE FUEL CHANNELS  

The decommissioning of the fuel channels 
represents the final phase of nuclear facility 
decommissioning and refers to the technical 
operations taken to extract the components from 
inside of the nuclear reactor channel.  

 

5.1. Initial conditions 

The fuel channels decommissioning is a complex 
process and requires activities such as 
locking/unlocking the channel closure and the shield 
plug, pressure tube cutting, extracting of each 
component from the channel, as well as radioactive 
waste management. 

The initial conditions of the fuel channels 
decommissioning starting are the following: 
- there are no fuel bundles in the fuel channels; 
- the cooling system should be turned off and the 
facility dismantled; 
- the feeders coupling of each feed pipes through which 
the cooling agent passes, located on the outside of each 
end fitting to be disassembled and the connection to be 
covered with a blind flange with four fastening screws 
and metallic safety lock against unscrewing; 
- the platform shall be in maintenance position for 
installation of the dismantling device.  

Dismantling of the fuel channel components is 
performed when the initial conditions are performed. 

5.2. Fuel channel components dismantling steps 

The dismantling of the fuel channel should be 
carried out by following steps: 
- dismantling of the fuel channel positioning assembly, 
manually performed; 
- mounting of the protective cylindrical screen for the 
operator radiation protection after the fuel channel 
end fitting extraction; 
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- operations for the end fitting components 
dismantling; extraction of the channel closure and plug 
shield plug; 
- pressure tube cutting facilitates its removal from each 
fuel channel; 
- end fitting extracting operation; 
- extended channel closure plug mounting; 
- protective cylindrical screen removal; 
- protective cylindrical sleeve mounting; 
- extended channel closure plug removal; 
- pressure tube extracting operation; 
- extended channel closure plug mounting; 
- protective cylindrical sleeve removal. 

After extraction of the components of the fuel 
channel, the final state of the channel is represented in 
Fig. 18.  

 

Fig. 18 Schematic representation of the final state of the 
channel 

The dismantling of fuel channels components is a 
complex process that requires piece by piece removal 
activities of components. All operations shall be 
performed by a remote controlled decommissioning 
device. 

5.2. Decommissioning device presentation 

The decommissioning device performs the 
movement in vertical and horizontal calandria plan 
and positioning in front of the fuel channel which shall 
be decommissioned. 

The device assembly for fuel channel components 
decommissioning is composed of the device itself (1) 
and moving platform (2) that contains the device 
support assembly (3) for front alignment at the fuel 
channel (Fig. 19). 
2        3            1 

                     
 

              

Fig. 19 Schematic representation of the device assembly 
components 

The decommissioning device for fuel channel 
components decommissioning is intended for the 
following operations performed at the fuel channel: 
- the storage of the channel closure plug extracted from 
the end fitting; 
- the storage of the channel shield plug extracted from 
the fitting end; 

- the storage of the pressure tube extracted from the 
fuel channel; 
- the storage of the end fitting. 

The decommissioning device for fuel channel 
components decommissioning consists of the coupling 
and locking fuel channel module (1), the access valve 
assembly to the fuel channel (2), the storage tubes 
assembly for extracted components (3), the handling 
elements assembly (4), the cutting and extraction 
device (5) and the housing device (6), exemplified in 
Figure 20. 
     1              2 3 4 5 6 

 

Fig. 20 Fuel channel decommissioning device components 

The coupling and locking module is a stand-alone 
device, for coupling and fixing the device at the fuel 
channel for performing the dismantling operations 
(see Fig. 21). After module coupling, a protective 
cylindrical screen is mounted which covers the end 
fitting for the radiation protection of the operator.                                         

    

 

Fig. 21 The coupling and locking module to the fuel channel 

The access valve (Fig. 22), by opening, enables the 
access of the handling elements into the fuel channel to 
achieve the dismantling operations. 

 

Figure 22 The access valve of the device 

The storage tubes assembly (Fig. 23) is used to 
store the extracted components of the fuel channel, as 
a result of the dismantling operations. 

The storage tubes are used as follows: 
- the Blue tube for storage of the pressure tube; 
- the Red tube for the fitting end storage; 
- the Yellow tube for storage of the channel closure 
plug and the channel shield plug; 
- the Green tube for storage of the extended channel 
closure plug. 
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Figure 23 The storage tube assembly components 

The handling elements assembly (Fig. 24) is 
composed of two elements necessary for the 
decommissioning operations: 
- the cutting and extraction device - the operations are 
the extraction of the channel closure plug, the channel 
shield plug, cutting and extraction of the pressure tube; 
- the extracting actuator of the end fitting - the 
operations are extraction of the end fitting, installation 
or removal of the extended channel closure plug. 

 

Figure 24 The handling elements assembly 

6. CONCLUSIONS 

The fuel channels from CANDU reactors, which use 
thin-walled zirconium alloy pressure tubes, represent a 
specialized application of pressure vessel design.  

The fuel channels from CANDU nuclear reactors 
are the most important part of the calandria and are 
designed to resist to the cooling fluid flow, 
temperature, pressure and conditions imposed by the 
heat transport system.   

The install operations to a new fuel channel must 
comply with the described requirements from the 
specified documents by AECL. 

All measurements according to reference 
procedures are recorded in the reference documents 
for fuel channel installation. Documents registration, 
verification documents and reports of the fuel channel 
installation will be archived to take a sequential picture 
of each fuel channel anytime. 

The decommissioning of fuel channels is a complex 
process that requires piece by piece removal activities 
of components, transport and storage in dedicated 
facilities, preparation of records and documents 
specific decommissioning operations. 

The design of the decommissioning device 
assembly, moving platform and the device itself, shall 
be achieved according to the particular features of the 
fuel channel components to be dismantled in the 

nuclear reactor decommissioning program, with 
respect to all security aspects, environmental 
protection during decommissioning activities and 
working procedures resulting from decommissioning 
plan developed. 
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Abstract. The scope of this study is to identify the fuel channel components and the reference plans based on which 
the installation into calandria of CANDU 6 nuclear reactor is made.  
The design of the CANDU fuel channel is accordingly the result of continuing intensive engineering development of its 
major components. 
The fuel channels are one of the major distinguishing features of a CANDU reactor and their reliability is crucial to the 
performance of the reactor.  
The fuel channel is designed to ensure a radiation exposure protection of workers and the public, during the reactor 
operation.  
The fuel channel assembly is made according to the specific requirements of reference plans’ definition, reference 
plans’ measurements, tools and equipments, installation procedures and the quality assurance program. 
Defining reference plans, measurements reported to reference plans and installation procedures to a new fuel channel 
in the calandria CANDU nuclear reactor comply with the requirements described in the AECL (Atomic Energy of 
Canada Limited) specified documents. 

Key words:  Candu reactor, Zirconium alloy, plans reference, calandria tube, fuel channel, pressure tube, fuel 
bundle, end fitting, annulus spacer 

1. INTRODUCTION 

Nuclear reactors are designed and manufactured 
with respect to the specific requirements of codes and 
standards for the manufacture of components, 
equipment and systems required for the construction 
and operation of CANDU nuclear power plant.  

The requirements for CANDU reactor design must 
comply with the codes of Canada Standards 
Association (CSA), Atomic Energy Control Board 
(AECB) of Canada and International Energy Agency 
(IAEA) which specify the specific and regulatory 
requirements.  

The reactor assembly of the CANDU 6 nuclear 
reactor consists of the horizontal, cylindrical, low-
pressure calandria and the end-shield assembly. This 
enclosed assembly contains the heavy water 
moderator, the 380 fuel channels assemblies and the 
reactivity mechanisms.  

The fuel channels, 380 of them, that have in their 
composition the pressure tubes made of zirconium-
niobium alloy, located inside the calandria tubes and 
chuck on end fitting, are connected by the pipes 
network to the supply feeders. Each fuel channel 
consists of four major components: the pressure tube, 
the calandria tube, the annulus spacers and the end 
fittings. Fuel bundles are enclosed in the fuel channels 
that pass through the calandria and the end-shield 
assembly. 

Defining reference plans, measurements reported 
to reference plans and install operations to a new fuel 
channel in the calandria CANDU nuclear reactor 
comply with the requirements described in the AECL 
(Atomic Energy of Canada Limited) specified 
documents. Registration documents, check documents 
and relating reports to the installation of the fuel 
channel are part of the processes of registration of the 
assembly technique reactor 

2. FUEL CHANNEL COMPONENTS 

The CANDU reactor design is based on the 
experience derived from preceding CANDU reactors 
and virtually every design feature of the latest CANDU 
reactor is identical to, or is an evolutionary 
improvement of, an earlier proven design. 

The CANDU 6 reactors are the following general 
features of the fuel channels: 

- 380 fuel channels; 
- pressure tube made of Zi 2,5% NB, diameter 103,4 

mm, thickness 4,19 mm; 
- calandria tube made of Zircaloy 2,  diameter 129,0 

mm, thickness 1,37 mm; 
- annulus spacers made of Incon.X750, coil 

diameter 4,83 mm, 4 pieces; 
The time life of the fuel channel is for 30 years at 

80% of its capacity and 24 years for full capacity 
functioning. 
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2.1. General presentation 

The fuel channels are one of the major 
distinguishing features of a CANDU reactor, and their 
reliability is crucial to the performance of the reactor. 
The components of the fuel channel design are 
illustrated in Fig. 1. 

  
Fig. 1 Schematic illustration of a CANDU fuel channel 

1. Channel closure; 2. Closure seal insert; 3. Feeder 
coupling; 4. Liner tube; 5. End fitting body; 6. 
Outboard bearings; 7. Annulus spacer; 8. Fuel bundle; 
9. Pressure tube; 10. Calandria tube; 11. Calandria 
tubesheet; 12. Inboard bearings; 13. Shield plug; 14. 
Endshield shielding balls; 15. Endshield lattice tube; 
16. Fuelling tubesheet; 17. Channel annulus bellows; 
18. Positioning assembly; 19. End fitting shielding 
sleeve; 20. Lattice tube shielding sleeve; 21. End fitting 
inner ring seal; 22. Elastic safety lock for end fitting 
inner ring seal; 23. Elastic safety lock for end fitting 
shielding sleeve; 24. Support ring for annulus bellows; 
25. Annulus bellows outer ring seal; 26. Elastic safety 
lock for Annulus bellows outer ring seal; 27. Feeder 
coupling attachment; 28. Feeder gasket; 29. Rod 
positioning threaded part; 30. Rod positioning; 31. 
Right fastening piece for rod positioning; 32. Counter 
nut locking; 33. Safety lock for counter nut; 34. Lock 
pin for rod positioning; 35. Left fastening piece for rod 
positioning; 36. Crimping ring for calandria tube; 

2.2. Calandria tube 

A calandria tube surrounds each pressure tube. 
Calandria tubes have an internal diameter of about 
129 mm and span the calandria vessel between the 
two end shields. The calandria tube is illustrated in 
Fig. 2. 

 
Fig. 2 Schematic illustration of the calandria tube 

These tubes provide access through the calandria 
for the pressure tube/end fitting assemblies. The 
calandria tubes help to support the fuel channel 
pressure tubes by means of four spacers per channel, 
as is illustrated in Fig. 3. 

 

 

Fig. 3 Schematic illustration of calandria tube with pressure 
tube, end fitting and fuel bundle 

2.3. Pressure tube 

The pressure tubes are the most important part of 
the fuel channel as they pass through the calandria and 
contain the fuel bundles. They are zirconium alloy 
tubes (Zr-2.5% Nb) that are about 6 meters long, about 
11 cm in diameter and have a wall thickness of about 4 
mm. 

The design of the pressure tube consists primarily 
of the determination of the length, the inside diameter 
and the wall thickness of a simple thin-walled cylinder 
which is illustrated in Fig. 4. 

 

 

Fig. 4 Schematic illustration of pressure tube 

One of the main requirements of the pressure tube 
design is to optimize wall thickness and to minimize 
neutron absorption for radiation exposure protection 
of workers. 

The product specification requires that the 
following tests and examinations also be carried out on 
each pressure tube before it can be accepted: 
hydrostatic pressure test, chemical analysis, tensile 
testing and corrosion testing. 

2.4. End fitting 

The end fitting, manufactured from a modified 
AISI 403 stainless steel, is an out of core extension of 
the pressure tube that provides the connection for on 
power fuelling, the connection to the feeders coupling 
and the connection with the pressure tube, which is 
illustrated in Fig. 5. 

 

 

Fig. 5  Schematic illustration of end fitting 

The outboard end contains a removable closure 
plug and provides facilities on which a fuelling 
machine can clamp and make a high pressure seal to 
allow on-power refuelling. Near the outer end of each 
end fitting is a side port for connection of a feeder pipe 
connection. 

The inboard end of each end fitting is connected to 
one end of a pressure tube by a rolled joint, which is 
illustrated in Fig. 6. 

 

Fig. 6 Schematic illustration of pressure tube rolled joint 

2.5. Annulus spacer 

Each pressure tube is separated from a calandria 
tube by means of four spacers. These spacers are 
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positioned so that pressure tube sag will not allow a 
pressure tube to contact the calandria tube. That is 
illustrated in Fig. 7.  

 

Fig. 7 Schematic illustration of annulus spacers positioning on 
pressure tube 

The spacers are made by forming Inconel wire into 
a close coiled helical spring, which is illustrated in Fig. 
8. 

Fig. 8 Schematic illustration of annulus spacer 

The axial movement of the pressure tubes is 
allowed by a rolling motion of the annulus spacers, 
which results in almost no wear on the pressure and 
calandria tubes where they contract the spacers. 

2.6. Feeder coupling 

The feeder pipe connection located on the side of 
each end fitting is necessary for cooling system 
connection. The bolted feeder pipe connection has a 
metallic seal, as is illustrated in Fig. 9. 

 

Fig. 9 Schematic illustration of feeder coupling 

Four bolts pass thorough a flange into holes tapped 
into the end fitting body to tighten this connection. The 
flange holds a hub welded to each feeder pipe tightly 
against the metal seal ring. 

2.7. Positioning assembly 

Each fuel channel is located axially within the 
reactor by a positioning assembly which is connected 
to one end shield, as is illustrated in Fig. 10. 

Fig. 10 Schematic illustration of position assembly 

A second positioning assembly is installed at the 
other end of the fuel channel but it is not attached to 
the end shield so axial motion resulting from thermal 
expansion, as well as from pressure tube permanent 
elongation, is permitted. 

2.8. Annulus bellows 

The annulus bellows, which is illustrated in Fig. 11, 
connects between an end fitting and the reactor end 
shield, allows axial motion of the channels and also 
limits the torque imparted to the end fitting by the 
feeder piping. Each end of the bellows is welded to an 
end ring. One end ring is attached to the lattice 
tube/calandria tubesheet by welding and another is a 
shrink-fit onto the end fitting. 

 

 

Fig. 11 Schematic illustration of annulus bellows 

2.9. Channel closure plug 

The channel closures, illustrated in Fig. 12, are 
located in each end fitting of a fuel channel to seal the 
primary coolant and to permit on-power access to the 
fuel channel by the fuelling machines. The channel 
closures can be remotely removed by a fuelling 
machine. 

 

 

Fig. 12 Schematic illustration of channel closures           

2.10. Shield plug 

The shield plugs, which provide shielding where the 
fuel channels pass through the reactor end shield, are 
latched into the end fitting, which is illustrated in Fig. 
13. They are also removed by the fuelling machine 
before the refuelling of a channel can occur. 

Fig. 13 Schematic illustration of shield plugs 
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3. CALANDRIA REFERENCE PLANS 

The main aim of the fuel channel in a CANDU 
reactor is to support and locate the fuel inside of the 
reactor. Therefore, the fuel channel integrity must be 
maintained in all cases of urgency and operating 
conditions, as all specific security reports provide. The 
install operations of a new fuel channel in the CANDU 
nuclear reactor calandria, shall satisfy the 
requirements described in the documents specified by 
AECL. 

3.1.  Reference plans’ definition 

The definition of Calandria reference plans is 
carried out between R and R' plans. They are defined 
as reference plans for front and rear part of the 
calandria (see Fig. 14).  

The operations for plans determination are as 
follows:  
- preliminary determination of the R plan;  
- preliminary determination of the R' plan;  
- establishing of the R plan reference and markers 
reference;  
- distance determining between P and P' planes 
reference, front and back calandria planes;  

- establishing of the R' plan reference and markers 
reference. 

 

Fig. 14 Schematic representation of the reference plans for 
measurements making at fuel channel installation 

3.2. Fuel channels measurements reported to the 
reference plan 

The registration document of the reference plans 
measurements contains entries for: used instruments 
to measurements, measured temperatures at different 
calandria points; measurements to the R and to R' 
reference plane; A, B, C and A', B', C' measured 
distance to the R and to R' calandria reference planes; 
X measured distance between P and P' plane; Y 
measured distance between the P' plan reference and 
the R' plan reference. 

Record document of measurements for fuel 
channel length calculation provides three fuel channel 
categories:  
- A channel category - nominal length of 10,850 mm;  
- B channel category - nominal length of 10 836 mm;  
- C channel category - nominal length of 10,820 mm;  

The recording document of distance measurements 
from the plan R or R' to end fitting for fuel channel 
type is prepared to: 

- R-A / R'-A' = 213,36 mm; 
- R-B / R'-B' = 220,98 mm; 
- R-C / R'-C' = 228,60 mm. 

Registration document of the fuel channel length 
calculation for each channel type contains information 
about channel elements length, shown in table 1.  

 
Table 1 Channel elements length 

Channel 
category 

Pressure 
tube length 

PT (mm) 

Sub-
assembly 

length EF-
PT (mm) 

Final length 
of FC (mm) 

A X-1496,57 X+765,61 X+3027,68 
B X-1511,81 X+730,37 X+3012,44 
C X-1527,05 X+735,13 X+2997,20 

 
where EF is End Fitting, PT Pressure Tube, FC Fuel 
Channel and X measured distance between P and P' 
plane. 

General registration document for fuel channel 
installing contains entries for: pressure tube, outer 
diameter and thickness, end fitting, series no. , color, 
common bore diameter roller, calculated and final; 
power feeder angle, calculated and final; gap between 
pressure tube and the liner tube before and after the 
rolling phase; the total length of the final sub-
assembly; the distance between end fitting and the 
reference plan before and after rolling; the final overall 
length of the fuel channel; the data relating to test 
calibration; the data relating to pressure; welds 
checking and identifying; identification bulletin 
control; welder identification. 

General registration document and identification of 
each fuel channel in report of the calandria aria 
contains entries for: aria no., the end fitting serial 
number from R plane, the end fitting serial number 
from R' plane, the identification code of the pressure 
tube. 

A AA A A A

B
A
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C
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E

H
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J

M
L

O
N

Q
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S
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V
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CC C C C CC CC C C C B AC CC CA B

CC C C C BC CC C C C AA C CC CB C
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CC C C C CC CC C C C B AC CC CA B

CC C C C BC CC C C C AA C CC CB C

CC C C C CC CC C C C B AC CA B

CC C C C BC CC C C C AA C CB C

CC C C C BC CC C C C AA B C

BB B B B BC CB C C C AA

BA A A AA B BB B B A

A AA A AA

Zone 6
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Zone 5
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Zone 3
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Fig. 15 Schematic representation of the zone in relation to end 

fitting orientation for the feeder pipe connection 
 
Registration document and identification of the 

mounting position and the end fitting orientation to 
the end of each fuel channel contains entries for: area 
no. (see Fig. 15), line, column and front or rear of 
calandria, input / output feeder type, mounting 
position of the end fitting at 0°, left 32°, 58°, 90°, 32° 
right, 58° and 90° (see Fig. 16). 
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Fig. 16 Schematic representation of end fitting orientation for 

the feeder pipe connection 

Registration document and identification of the 
mounting position of the annulus spacers between 
pressure tube P/T and calandria tube C/T contains 
entries for: area no., line, column, the measured 
distance from the end fitting face, annulus spacer no.1 
position, annulus spacer no.2 position, annulus spacer 
no.3 position, annulus spacer no.4 position (see Fig.  
17). 

 

   Fig. 17 Schematic representation of the annulus spacers 
position 

4. CONCLUSIONS 

The design and the configuration characteristics of 
the fuel channel from the CANDU nuclear reactor are 
essentially in the design of device components. The 
fuel channel design has increased margins with 
extended operating life and is considered a 
fundamental part of the CANDU system.   

The install operations to a new fuel channel must 
comply with the described requirements from the 
specified documents by AECL. 
The fuel channels from CANDU reactors, which use 
thin-walled zirconium alloy pressure tubes, represent a 
specialized application of pressure vessel design.  

All measurements according to reference 
procedures are recorded in the reference documents 
for fuel channel installation. 
Documents registration, verification documents and 
reports of the fuel channel installation will be archived 
to take a sequential picture of each fuel channel 
anytime. 

The current CANDU 6 reactors have a design life of 
40 years at an average of 85% capacity. The pressure 
tube design life is 25 years at the reactor's 85% capacity 
factor. 

The fuel channels have made a significant 
contribution to the very high capacity factors attained 
in CANDU reactors since they allow on-power 
refuelling. 
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Abstract. The scope of this paper is to present the fuel channel components and to obtain the needed information of 
necessary main steps to assemble the fuel channel into calandria of CANDU 6 nuclear reactor.  
The CANDU fuel channel is essentially the same in all CANDU reactors and it is considered a fundamental building 
block in the CANDU system and their reliability is crucial to the reactor performance.  
The installation operations to a new fuel channel must comply with the described requirements from the specified 
documents by AECL. After each operation, the resulting information must be recorded in the specific registration and 
verification documents of each component and each operation. 
The registration documents, the check documents and the related reports of the fuel channel installation are part of the 
processes records of the assembly history of the nuclear reactor. All these documents and reports will be archived in 
order to take a sequential picture of each fuel channel anytime. 
The radiological safety analyses are made by certified experts for the assessment of radiation exposure of workers and 
the public. 

Key words:  Calandria tube, fuel channel, pressure tube, end fitting, channel closure, shield plug, annulus spacer, 
positioning assembly. 

1. INTRODUCTION 

The fuel channels have a high importance for the 
operation of CANDU nuclear reactors because they 
allow new refueling while operating at full capacity. 

The reactor assembly consists of a hollow 
cylindrical structure called the calandria assembly, fuel 
channels and control mechanisms of reactivity. 

The 380 fuel channels are composed of pressure 
tubes, made of zirconium-niobium alloy, located inside 
the calandria tubes, with two end fittings mounted, 
that are connected by the pipes network of the cooling 
supply feeders. 

Each CANDU fuel channel consists of four major 
components: the pressure tube, the calandria tube, the 
annulus spacers and the end fittings. 

The install operations of a new fuel channel within 
a calandria CANDU reactor, must comply with the 
described requirements in the specified documents by 
AECL.  

The required specifications of the install operations 
of a new fuel channel are defined by: 
- the fuel channel installation documentation 
requirements; 
- the general requirements for tools and equipments; 
- the welding procedures for structural welding of 
sealing rings; 
- the quality assurance program.  

Before installing of a new component in the fuel 
channel, checks should be made of existing parts into 
the canal, to observe that they are in correct positions 
or if any non-compliances exist. Before installation, the 
cleaning and inspection of the component that will be 
installed and where will be mounted should be 
performed. Any lack of conformity shall be notified to 
the attention of the supervisor to remedy or replace the 
component.   

After each operation, the resulting information 
must be recorded in the specific registration and 
verification documents of each component and each 
operation. 

2. FUEL CHANNEL COMPONENTS ASSEMBLY STEPS 

In the CANDU reactor, the main aim of the fuel 
channel is to support and locate the fuel inside of the 
reactor. The operations of a new fuel channel 
installation in the CANDU nuclear reactor calandria, 
shall satisfy the requirements described in the 
documents specified by AECL. 

2.1. General considerations 

The installation of each component is performed 
according to the design documentation and detailed 
diagram of a fuel channel from CANDU nuclear 
reactors, presented in Fig. 1. 
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Fig. 1 Schematic representation of a CANDU fuel channel 

component parts 

1. Channel closure; 2. Closure seal insert; 3. Feeder 
coupling; 4. Liner tube; 5. End fitting body; 6. 
Outboard bearings; 7. Annulus spacer; 8. Fuel bundle; 
9. Pressure tube; 10. Calandria tube; 11. Calandria 
tubesheet; 12. Inboard bearings; 13. Shield plug; 14. 
Endshield shielding balls; 15. Endshield lattice tube; 
16. Fuelling tubesheet; 17. Channel annulus bellows; 
18. Positioning assembly; 19. End fitting shielding 
sleeve; 20. Lattice tube shielding sleeve; 21. End fitting 
inner ring seal; 22. Elastic safety lock for end fitting 
inner ring seal; 23. Elastic safety lock for end fitting 
shielding sleeve; 24. Support ring for annulus bellows; 
25. Annulus bellows outer ring seal; 26. Elastic safety 
lock for Annulus bellows outer ring seal; 27. Feeder 
coupling attachment; 28. Feeder gasket; 29. Rod 
positioning threaded part; 30. Rod positioning; 31. 
Right fastening piece for rod positioning; 32. Counter 
nut locking; 33. Safety lock for counter nut; 34. Lock 
pin for rod positioning; 35. Left fastening piece for rod 
positioning; 36. Crimping ring for calandria tube; 

2.2. Initial conditions 

The fuel channel components assembly is 
performed when the following components are pre-
assembled (see Fig. 2):  
- the calandria tube (10) is mounted with crimping 
rings in calandria tubesheet (11);  
- the endshield lattice tube (15) is also mounted and 
fixed between the calandria tubesheet (11) and fuelling 
tubesheet (16);  
- the space between the calandria tubesheet (11) and 
fuelling tubesheet (16) is filled with endshield shielding 
balls (14). 

 

Fig. 2 Schematic representation of fuel channel pre-assembled 
components 

 

2.3. Lattice tube shielding sleeve mounting 

The operations of this procedure are the following 
(see Fig. 3): 
- defects inspection, lattice tube shielding sleeve 
dimension check and body cleaning, defects 
inspection, inboard bearings dimension check and 
cleaning it before installation; if, after inspection and 
verification operations, they correspond, proceed to 
the next step; 
- insert the shielding sleeve (20) into endshield lattice 
tube (15) up to the crimping ring for calandria tube 
(10) fixed to the calandria tubesheet. 
- insert the inboard bearings (12) in the shielding 
sleeve (20) and fixing it in the end from of calandria. 
- after each operation, the resulting information must 
be recorded in the specific registration and verification 
documents of each component and each operation. 

 

Fig. 3 Schematic representation of the lattice tube shielding 
sleeve assembling 

2.4. Pressure tube mounting 

The pressure tube (9) mounting is carried out after 
the assembly and fixation of the lattice tube shielding 
sleeve into the lattice tube (see Fig. 4). 

The operations of this procedure are the following: 
- defects inspection, pressure tube and calandria tube 
dimension check and body cleaning before installation; 
after inspection and verification operations, if they 
correspond, proceed to the next step; 
- the platform moving to maintenance position for the 
pressure tube installation into the fuel channel pushing 
device; the pressure tube will be covered with a 
protective sleeve and the calandria tube guide cones 
will be mounted; 
- movement of the platform in the fuel channel front 
position where the pressure tube will be mounted;  
- pushing the pressure tube inside the calandria tube 
until the established quota by working procedure; 

 

 

Fig. 4  Schematic representation of the pressure tube mounting 

- after each operation, the resulting information shall 
be recorded in the specific registration and verification 
documents of each component and each operation. 
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2.5. Annulus spacer mounting 

In a fuel channel, it is necessary to have a constant 
maintained annular space between the pressure tube 
and the calandria tube, to allow the gas circulation 
which provides thermal insulation of the pressure tube 
to relatively cold calandria tube. Therefore, the 
annulus spacers (7) have been used to maintain the 
space between the pressure tube and the calandria 
tube. They must be installed on the pressure tube after 
the tube has been placed inside calandria tube and 
secured at one end.  

The operations for positioning of annulus spacers 
are the following:  
- inspection for defects, annulus spacers dimension 
check, cleaning before installation; after inspection 
and verification operations; if they correspond, 
proceed to the next step; 
- the installation of annulus spacers is carried out as 
follows (see Fig. 5): two annulus spacers from the 
plane R are mounted, the pressure tube is blocked 
from the plane R, first spacer no. 2 then spacer no. 1 
and the other two first spacer no.3 then spacer no. 4, 
from the plane R, the pressure tube is blocked from the 
plane R; the operation is carried out by the aid of a 
device for introducing onto the pressure tube and with 
the annulus closing positioned at the bottom; 

  

Fig. 5 Schematic representation of the annulus spacers 
mounting 

- after each installation, the position of each annulus 
spacing, shall be recorded in the specific registration 
and verification documents of each component and 
each operation. 

2.6. End Fitting pre-assembly 

The end fittings and related accessories are 
assembled before their introduction into the fuel 
channel. 

The operations of this procedure are the following: 
- end fitting selection and placing it on the workbench 
(see Fig. 6); 

 

Fig. 6 Schematic representation of the end fitting 

- inspection for defects, end fitting dimension check, 
feeder holes and threads check and end fitting 
cleaning; end fitting components inspection for 
defects, dimension check and components cleaning 
that will be installed at the end fitting, if they 
correspond go to the next step; 
- shall be mounted on the outside end of the canal, the 
inner ring seal (21) and secured with an elastic safety 
lock  (22) (see Fig. 7); 

 

Fig. 7 Schematic representation of the inner ring seal 
mounting 

- shall be mounted the outboard bearing (6) then, in 
extension, the end fitting shielding sleeve (19); the 
shielding sleeve is secured by a elastic safety lock  (23) 
(see Fig. 8); 

 

Fig. 8 Schematic representation of the outboard bearing and 
the shielding sleeve mounting 

- the end fitting is welded on the support ring (24) for 
mounting of the channel annulus bellows isolation (17) 
(see Fig. 9); 

 

Fig. 9 Schematic representation of the support ring for 
mounting the channel annulus bellows isolation mounting  

- inside of the channel annulus bellows (17), into 
channel side, the annulus bellows outer ring seal (25) 
is mounted, which is secured against movement by two 
elastic safety locks (26); 
- the channel annulus bellows (17) shall be mounted on 
the end fitting over the annulus bellows outer ring seal 
(25) and the outer end is welded on the support ring 
(24) (see Fig. 10); 

 

Fig. 10 Schematic representation of the channel annulus 
bellows mounting 
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- end fitting testing with the leaks test facility and then 
move to the next step; if the tightness does not 
correspond proceeds to replace the parts; 
- after testing, the end fitting is  to be cleaned up and 
wiped; plugs shall be mounted at both ends to prevent 
ingress of dirt inside; shall be stored in dry and clean 
atmosphere before installation; 
- after each operation, the resulting information shall 
be recorded in the specific registration and verification 
documents of each component and each operation. 

2.7. End Fitting mounting into the fuel channel 

The end fitting shall be mounted into the fuel 
channel provided that the pressure tube is fixed and 
blocked to the other end to prevent the displacement at 
the time of the end fitting introduction into fuel 
channel for mounting.  

The operations of end fitting mounting into fuel 
channel are the following: 
- selection, inspection for defects, checking for 
dimension and final cleaning of end fitting before 
mounting in relation to the selected channel; after 
inspection and verification operations, if they 
correspond, proceed to the next step; 
- moving the platform in maintenance position for the 
installation of the end fitting into the introduction 
device in the fuel channel; the end fitting will be 
positioned into the introduction device relative to the 
channel position where will be introduced, that is, no. 
area, line, column, front or rear calandria zone, so the 
end fitting mounting position relative to the feeder 
coupling position (3) to be 0 °, left 32 °, 58 °, 90 ° , 
right 32 °, 58 °, 90 ° (see Fig. 11); the end fitting will be 
covered with a protection sleeve against possible 
impurities; 

 

Fig. 11 Schematic representation of the end fitting orientation 
for the feeder coupling 

- platform moving to the fuel channel front position 
where the end fitting will be inserted; 
- the end fitting introducing command inside 
calandria, up to established position from working 
procedure; the end fitting is inserted into the lattice 
tube shielding sleeve (20), taking care that the end 
fitting is horizontally maintained; what should also be 
considered is that the inside fitting, that has to enter 
the pressure tube, should be centered in advance 
(seeFig.12); 

 

Fig. 12 Schematic representation of the end fitting mounting 
into fuel channel 

- inside the end fitting the crimping head (rolling) shall 
be inserted up to the beginning of pressure tube (10);  

the pressure tube is rolled inside of the fitting, 
positions determined by the working procedure (see 
Fig. 13);  

 

Fig. 13 Schematic representation of the pressure tube 
crimping on the inside of end fitting 

- the liner tube (4) shall be inserted into the end fitting, 
using the introduction device by cold pressing, up to 
the end of the pressure tube (9) rolled inside the end 
fitting (see Fig. 14); 

 

Fig. 14 Schematic representation of the liner tube mounting 
inside of end fitting 

- in the outer end of end fitting one elastic safety lock 
(2) is mounted (see Fig. 15); 

 

Fig. 15 Schematic representation of the elastic safety lock 
mounting inside of end fitting  

- the shield plug (13) shall be inserted in the head of 
introduction device; the shield plug is unlocked to be 
inserted into the end fitting; the device shall be 
inserted into the end fitting up to the position where 
the plug locks are inside the groove of the end fitting; 
the shield plug is blocked by decoupling the 
introduction device (see Fig. 16); 

 

Fig. 16 Schematic representation of the shield plug 
mounting inside of end fitting  

- the channel closure (1) shall be inserted in the head of 
introduction device; the channel closure is unlocked to 
be inserted into the end fitting; the channel closure is 
unlocked to be inserted into the end fitting; the device 
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shall be inserted into the end fitting up to the position 
where the closure locks are inside the groove of the end 
fitting; the channel closure is blocked by decoupling 
the introduction device (see Fig. 17); 

 

Fig. 17 Schematic representation of the channel closure 
mounting inside of end fitting  

- the feeder coupling (3) is mounted for connection to 
the cooling system; the installation is performed using 
the feeder coupling attachment (27) and four screws 
with locking rings against unscrewing; between the 
feeder coupling and slot of the end fitting is mounted a 
feeder gasket (28) as a sealing clamp (see Fig. 18); 

 

Fig. 18 Schematic representation of the feeder coupling 
mounting at the end fitting  

- after each operation, the resulting information shall 
be recorded in the specific registration and verification 
documents of each component and each operation. 

2.8. Positioning assembly mounting 

The positioning assembly is mounted on the end 
fitting and connected to one end shield. A second 
positioning assembly is installed at the other end 
fitting of the fuel channel, but not attached to the end 
shield, so the point of channel restraint can be readily 
changed once the elongation allowance is used up at 
one end of the reactor. 

The operations of mounting the positioning 
assembly on the fuel channel are the following:  
- positioning assembly selection in relation to the 
selected channel for installation, inspection for defects, 
checking for dimension and final cleaning for 
installation; after inspection and verification 
operations, if they correspond, proceed to the next 
step;  
- in the threaded part (29) the rod positioning (30) 
shall be inserted (see Fig. 19); 

 

Fig. 19 Schematic representation of the rod positioning 
mounting 

- after achieving subassembly from the preceding 
paragraph, two clamping and fastening pieces (31, 35) 
of the positioning assembly are mounted on the end 
fitting (5), in special allocated position, left and right 
side of the end fitting; these two pieces are riveted in 
the final position; 
- the rod positioning (30) is screwed in the fuelling 
tubesheet (16) of calandria to the maximum position 
(see Fig. 20); 

 

Fig. 20 Schematic representation of the clamping and 
fastening pieces mounting for the rod positioning 

- after rod positioning (30) is screwed, on the left and 
right side of the clamping and fastening pieces (31), the 
two safety locks for counter nut (33) are mounted, 
spring plate type, fastened with screws (see Fig. 21); 

 

Fig. 21 Schematic representation of the safety lock for counter 
nut mounting 

- the two safety locks (33) are maintained spread apart 
and on the positioning rod (30) the counter nut locking 
(32) is mounted; that is tightened up to the mentioned 
quota in the mounting procedure for the positioning 
assembly; if safety lock (33) recesses does not coincide 
with their position, the counter nut locking (32) is 
unscrewed to the first correct position; the two safety 
locks are left off in the free recesses, for counter nut 
locking (32) (see Fig. 22); 

 

Fig. 22 Schematic representation of counter nut locking 
mounting and blocking 

-  upon completion of the rod positioning (30), in the 
calandria fuelling tubesheet (16) a hole is made for the 
lock pin; the lock pin shall (34) be inserted into the 
recess of the rod positioning (see Fig. 23); 
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Fig. 23 Schematic representation of lock pin mounting for rod 
positioning 

- after each operation, the resulting information shall 
be recorded in the specific registration and verification 
documents of each component and each operation. 

3. CONCLUSIONS 

The fuel channels from CANDU nuclear reactors, 
using the pressure tubes with thin wall of zirconium 
alloy, are the most important part of the calandria and 
designed to resist the cooling fluid flow, temperature, 
pressure and imposed conditions of the heat transport 
system. 

Operations of the fuel channel installation shall 
comply with the described requirements from the 
specified documents by AECL. All performed 
measurements in accordance with reference 
procedures are documented as a reference to the fuel 
channel installation. Registration documents, checking 
documents and reports relating to the required 
operations of fuel channel installation will be archived 
to have any time a sequentially image of each fuel 
channel. 

Fuel channels have a large contribution for the 
operation of CANDU nuclear reactors because they 
allow new refueling while operating at full capacity. 
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Abstract. The objective of this paper is to present a possible method for decommissioning of the horizontal fuel 
channels of calandria vessel and to present a possible device designing solution for the decommissioning of the 
horizontal fuel channels in the CANDU 6 nuclear reactor. 
The decommissioning activities are dismantling, demolition, controlled removal of equipment, components, 
conventional or hazardous waste (radioactive, toxic) in compliance with the international basic safety standards on 
radiation protection. 
One of the most important operations in the final phase of the nuclear reactor dismantling is the decommissioning of 
the fuel channels. 
The dismantling of the fuel channel is performed by one device which shall provide radiation protection during the 
stages of decommissioning, ensuring radiation protection of the workers. The device shall be designed according to the 
radiation protection procedures. 
The design of the device and platform support is achieved according to the particular features of the fuel channel 
components to be dismantled in the program of nuclear reactor decommissioning according to all the safety aspects 
and environmental protection during the activities, resulting from the decommissioning plan developed. 
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1. INTRODUCTION 

The decommissioning activities are dismantling, 
demolition, controlled removal of equipment, 
components, conventional or hazardous waste 
(radioactive, toxic) in compliance with the 
international basic safety standards on radiation 
protection.  

The decommissioning activities performed are 
administrative, technical, and include the preparation, 
endorsement and approval of documents, obtaining 
permits and authorizations, providing financial 
resources, decontamination, dismantling, demolition, 
controlled removal of equipment, components, 
conventional or hazardous waste (radioactive, toxic), 
demonstrating the fulfillment of the radiological 
conditional or unconditional release of the facility and 
the ground, included in the decommissioning project.  

For the fuel channels decommissioning, the 
following should be taken into account: the detailed 
description of the fuel channel and its components, the 
installation documents history, adequate radiological 
criteria for decommissioning guidance, safety and 
environmental impact assessment, including 
radiological and non-radiological analysis of the risks 
that can occur for workers, public and environment, 
the description of the proposed program for 
decommissioning the fuel channel and its components, 

the description of the quality assurance program and 
of the monitoring program, the equipments and 
methods used to verify the compliance with the  
decommissioning criteria, the planning of performing 
the final radiological assessment at the end of the fuel 
channel decommissioning. These will also include a 
description of the proposed radiation protection 
procedures to be used during decommissioning. 

The decommissioning device assembly of the fuel 
channel components is composed of the device itself 
and moving platform support for coupling of the 
selected channel to be dismantled. The fuel channel 
decommissioning device is an autonomous device 
designed for dismantling and extraction of the channel 
closure plug and shield plug, extraction of the end 
fitting, cutting and extraction of the pressure tube. 

The dismantling of the fuel channel components is 
performed according to the detailed schematic 
documentation of the CANDU nuclear reactors fuel 
channel. 

2. FUEL CHANNEL COMPONENTS DISASSEMBLY STEPS 

The dismantling of the fuel channels represents the 
final phase of nuclear facility decommissioning and 
refers to the technical operations taken to extract the 
components from inside of the nuclear reactor 
channel. It is a complex process and requires activities 
such as assembly/disassembly of the decommissioning 
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device, locking/unlocking the channel closure and 
shield plug, pressure tube cutting, extraction of each 
component from the channel, as well as radioactive 
waste management. 

2.1. Initial conditions 

Initial conditions for fuel channels 
decommissioning starting are the following: 
- there are no fuel bundles in the fuel channels; 
- the cooling system should be turned off and the 
facility dismantled; 
- the feeders coupling of each feed pipes through which 
the cooling agent passes, located on the outside of each 
end fitting to be disassembled and the connection to be 
covered with a blind flange with four fastening screws 
and metallic safety lock against unscrewing; 
- the platform shall be in maintenance position for 
installation of the dismantling device.  

Dismantling of the fuel channel components is 
performed when the initial conditions are performed. 
The fuel channel components are  illustrated in Fig.1. 

  
Fig. 1 Schematic representation of a CANDU fuel channel 

component parts 

1. Channel closure; 2. Closure seal insert; 3. Feeder 
coupling; 4. Liner tube; 5. End fitting body; 6. 
Outboard bearings; 7. Annulus spacer; 8. Fuel bundle; 
9. Pressure tube; 10. Calandria tube; 11. Calandria 
tubesheet; 12. Inboard bearings; 13. Shield plug; 14. 
Endshield shielding balls; 15. Endshield lattice tube; 
16. Fuelling tubesheet; 17. Channel annulus bellows; 
18. Positioning assembly; 19. End fitting shielding 
sleeve; 20. Lattice tube shielding sleeve; 21. End fitting 
inner ring seal; 22. Elastic safety lock for end fitting 
inner ring seal; 23. Elastic safety lock for end fitting 
shielding sleeve; 24. Support ring for annulus bellows; 
25. Annulus bellows outer ring seal; 26. Elastic safety 
lock for Annulus bellows outer ring seal; 27. Feeder 
coupling attachment; 28. Feeder gasket; 29. Rod 
positioning threaded part; 30. Rod positioning; 31. 
Right fastening piece for rod positioning; 32. Counter 
nut locking; 33. Safety lock for counter nut; 34. Lock 
pin for rod positioning; 35. Left fastening piece for rod 
positioning; 36. Crimping ring for calandria tube; 

2.2. Positioning assembly dismantling 

The dismantling operation procedure of the fuel 
channel positioning assembly is manually performed,  
the state before dismantling is illustrated in Fig.2, after 
removal in Fig. 3.. The components’ notations are from 
Fig. 1. 

 
Fig. 2 Schematic representation before positioning assembly 

dismantling 

 

Fig. 3 Schematic representation after positioning assembly 
dismantling 

2.3. End Fitting components dismantling 

 
The first operation is to mount a protective 

cylindrical screen which covers the end fitting for the 
radiation protection of the operator (see Fig. 4). 

 

Fig. 4 The protective cylindrical screen mounting 

The operations procedures for end fitting 
components’ dismantling are the following: 
- unlocking and extraction of the channel closure plug  
(1) (see Fig. 5); 

         
Fig. 5 Schematic representation  of the channel closure 

removal 

- unlocking and extraction of the shield plug (13) (see 
Fig. 6); 

          
Fig. 6 Schematic representation of the shield plug removal 
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2.4. Pressure tube cutting 

The cutting procedure facilitates the pressure tube 
removal and the removal of the fitting end for each fuel 
channel on each side of the calandria. The operation 
procedure of pressure tube cutting at middle, as well as 
the end from of end fitting (see Fig. 7). 

 

 

Fig. 7 Schematic representation of cutting with rollers in the 
middle and to end of pressure tube 

The cutting operations are monitored by video 
camera and pyrometers for recording the temperature 
in the cutting rollers area. 

2.5. End Fitting extraction 

The operation for end fitting dismantling is 
performed by extraction working head. After extraction 
of the end fitting from the fuel channel, the final state 
of the channel is represented in Fig. 8.  

 

Fig. 8 Schematic representation of the channel state after end 
fitting extraction  

After the extraction operation of the end fitting 
from the fuel channel, the extended channel closure 
plug should be inserted into the channel and it is 
possible to remove the protective cylindrical screen 
(see Fig. 9). 

 

Fig. 8 Schematic representation of the channel state after 
extended channel closure plug mounting 

2.6. Pressure tube extraction  

This operation describes the procedure for the pressure 
tube (9) removal from fuel channel, performed by the 
working head (see Fig. 9). The operation is monitored 
by video camera mounted on top of working head. 

   

Fig. 9 Schematic representation of the channel before and 
after pressure tube extracting 

After extraction of the components of the fuel 
channel, the final state of the channel is represented in 
Fig. 10.  

 

Fig. 10 Schematic representation of the final state of the 
channel 

The dismantling of fuel channel components is a 
complex process that requires piece by piece removal 
activities of components. All operations shall be 
performed by a remote controlled decommissioning 
device. 

3. GENERAL PRESENTATION OF THE DEVICE 

Many of the decommissioning activities involve the 
remote devices coordination to prevent the contact or 
some removed components proximity, of the 
operators. 

3.1. General considerations 

Considering the fuel channel complexity, and that 
the designed operation life of a fuel channel is 30 years 
at 80% capacity and 24 years at maximum capacity, at 
the design of the channels fuel decommissioning 
device, the following shall be taken into account: 
- the detailed fuel channel description and its 
components; 
- the installation documents history from the operation 
period of the dismantled fuel channel; 
- adequate radiological criteria for decommissioning 
guidance; 
- safety and environmental impact assessment, 
including radiological and non-radiological analysis of 
the risks that can occur for workers, public and 
environment; 
- the proposed program description of the fuel channel 
decommissioning and its components; 
- the description of the quality assurance program; 
- the monitoring program, the equipments and 
methods used to verify the compliance with the 
decommissioning criteria;  
- the planning of performing the final radiological 
assessment at the end of the fuel channel 
decommissioning. 

Initial conditions for fuel channels 
decommissioning starting are the following: 
- there are no fuel bundles in the fuel channels; 
- the cooling system should be turned off and the 
facility dismantled; 
- the feeders coupling of each feed pipes through which 
the cooling agent passes, located on the outside of each 
end fitting to be disassembled and the connection to be 
covered with a blind flange with four fastening screws 
and metallic safety lock against unscrewing; 
- the platform shall be in maintenance position for 
installation of the dismantling device. 

Dismantling of the fuel channel components is 
performed when the initial conditions are carried out. 
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Channel status before dismantling is exemplified in 
Fig. 11. 

 

  
Fig. 11 Schematic representation of the fuel channel before 

dismantling 

3.2. Device assembly components presentation 

The device assembly for fuel channel components 
decommissioning is composed of the device itself (1) 
and moving platform (2) that contains the device 
support assembly (3) for front alignment at the fuel 
channel (Fig. 12). 
1                         2       3 

   

Fig. 12 Schematic representation of the device assembly 
components 

The moving platform is necessary for moving in 
vertical and horizontal calandria plan and positioning 
in front of the fuel channel which shall be 
decommissioned. 

The device support assembly is required for the 
positioning of the decommissioning device at the fuel 
channel which shall be dismantled, for coupling of the 
channel. 

3.3. Decommissioning device components 
presentation 

The decommissioning device for fuel channel 
components decommissioning is intended for the 
following operations performed at the fuel channel: 
- the storage of the channel closure plug extracted from 
the end fitting; 
- the storage of the channel shield plug extracted from 
the fitting end; 
- the storage of the pressure tube extracted from the 
fuel channel; 
- the storage of the end fitting. 

The decommissioning device for fuel channel 
components decommissioning consists of the coupling 
and locking fuel channel module (1), the access valve 
assembly to the fuel channel (2), the storage tubes 
assembly for extracted components (3), the handling 
elements assembly (4), the cutting and extraction 
device (5) and the housing device (6), exemplified in 
Figure 13. 
     1        2 3 4 5 6 

 

Fig. 13 Fuel channel decommissioning device components 

The cutting and extraction device consists of the 
following modules: guiding-fixing module (1), traction 

modules (2), guiding-fixing module at cutting (3), 
cutting module (4), guiding-extracting module (5) 
articulated elements (6) for modules connecting and 
command cable (7) (see Fig. 14). 
5              2           3          4     3 2          1             7 
 

 
      
   6 

Fig. 14 Cutting and extraction device components 

3.4. The coupling and locking fuel channel module 

The coupling and locking module is a stand-alone 
device, for coupling and fixing the device at the fuel 
channel for performing the dismantling operations. 
The operation of the fuel channel coupling device is 
done manually by the operator. The coupling and 
locking module consists of the auxiliary closing piece 
(2), the locking cylinder (3), the safety seal (4) of the 
locking cylinder and is coupled to the fuel channel (1), 
exemplified in Figure 15. 
                                               4           3         2          1 

    
  

Fig. 15 The coupling and locking module to the fuel channel 

After fuel channel module coupling, a protective 
cylindrical screen is mounted, made of two 
semicircular pieces, closed with screws, covering the 
end fitting for the radiation protection of the operator, 
after extraction of the fuel channel end fitting (Fig. 16). 

 

Fig. 16 The protective cylindrical screen for end fitting 
extracting 

3.5. The access valve assembly 

The access valve is a structure which, by opening, 
enables the access of handling elements into the fuel 
channel to achieve the dismantling operations, and 
consists of the access valve itself (1) and the valve 
actuator (2), exemplified in Figure 17. 
     1    2 

 

Figure 17 The access valve of the device 
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3.6. The storage tubes assembly 

The storage tubes assembly is used to store the 
extracted components of the fuel channel, as a result of 
the dismantling operations. This assembly consists of 
the radiation detector (1), the Blue tube (2), the Red 
tube (3), the Yellow tube (4), the Green tube (5) and 
the gearmotor drive (6), exemplified in Figure 18.  
 1 2 3 5  4             6 

 

Figure 18 The storage tube assembly components 

The storage tubes assembly is mounted on a shaft 
driven by a gearmotor to turning it in order to place a 
tube in front of the access valve for access to the fuel 
channel. 

The storage tubes are used as follows: 
- the Blue tube for storage of the pressure tube; 
- the Red tube for the fitting end storage; 
- the Yellow tube for storage of the channel closure 
plug and the channel shield plug; 
- the Green tube for storage of the extended channel 
closure plug. 

3.7. The handling elements assembly 

The handling elements assembly is composed of 
the sleigh assembly (1), the sleigh travel actuator (2), 
the stationary tube of the cutting and extraction device 
(3), connecting cable roller of the cutting and 
extraction device (4), the extracting actuator of the end 
fitting (5), exemplified in Figure 19. 
1         2 3 4  5 

 

Figure 19 The handling elements assembly 

The handling elements assembly can operate two 
positions in order to place one element front of the 
storage tube: 
- one position is when the stationary tube it is in 
working direction for the movement of the cutting and 
extraction device; cable roller realizes the cable 
progress or tightening of the cutting and extraction 
device in time of displacement; the operations are the 
extraction of the channel closure plug, the channel 
shield plug, cutting and extraction of the pressure tube;  
- the second position is when the extracting actuator is 
in working direction; the operations are extraction of 
the end fitting, installation or removal of the extended 
channel closure plug. 

4. CONCLUSIONS 

The decommissioning of the fuel channels is a 
complex process that requires piece by piece removal 
activities of components, transport and storage in 
dedicated facilities, preparation of records and 
documents of specific decommissioning operations.  

The dismantling operation stages of the fuel 
channel components are repeated for all the 380 
channels of the reactor, from the front of calandria side 
(plane R) as well as the rear side (plane R'). 

The presented device is a device that extracts the 
internal components of the horizontal fuel channels, 
ensuring a radiation protection during the stages of 
decommissioning.  

The design of the device, moving platform and the 
device support assembly shall be achieved according to 
the particular features of the fuel channel components 
to be dismantled in the nuclear reactor 
decommissioning program, with respect of all security 
aspects, environmental protection during 
decommissioning activities and working procedures 
resulting from the decommissioning plan developed. 
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WHEN SCIENCE MEETS THE ART, AND HUMAN AWARENESS MEETS THE RESPONSIBILITY 
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Abstract:, In this paper we discuss how science and technology products, such as Internet of Things  radically shaped the human 
relationships and engagement to the nuclear disasters monitoring and shifting the responsibility from government to citizens. 
Developing strong awareness of hazard effects, and giving the tools to citizens, the radiation monitoring become more 
personalized and self-directed, self-motivated, changing the passive observation into active participation. As reference we used 
the case of Safecast which  was possible due to efforts of  tinkering hobbyists, like the members of the Tokyo Hacker space, who 
designed the way to feed information that was critical onto the Internet in real-time. It emerged from human choreography where 
science meets the art, and human awareness meets the responsibility. Using donated Geiger counters and connecting them with 
Arduino development boards, an open source electronics prototyping platform, they were able to do that. Using platforms like 
Cosmo (formerly Pachube), which connects people to devices, applications and the Internet of Things, it was easy to aggregate all 
the data in one easily accessible place, which sparked visualizations like Haiyan Zhangs  which uses the information available and 
presents them in easily understandable form, giving meaning to the measurements gathered in Japan. This paper explores the 
impact of connected objects on future of radiation monitoring. We give brief review and own view how interplay of social 
situatedness and connectedness, together with movable lab on chips, including signal acquisition and visualization of the world, 
data collection and aggregation, and presentation in an understandable way, are at the heart of the Internet of Things which 
dramatically changed the social  response and relation to the nuclear disasters.  
 
Key words: radiation, public awareness, open source platform, DIY scientists, Safecast, community lab 

 
 

1. INTRODUCTION 

 

Over centuries science becomes institutionalized. 
Firm boundaries were established: inside was 
professional scientist, outside were amateurs, 
enthusiast – those who did research on their own 
interest and their own term – freely, unconventionally 
and driven only by their curiosity and not by urge for 
publish paper. But now there is revolution. Teenagers 
are building robots while hacktivists are monitoring 
state surveillance. A new type of labs is created and 
new type of scientists is created. It reinvented what it 
means to be scientists. A new, “open” movement is 
generated. Mutually, a new cultural shift is created: 
citizen responsibility, awareness and citizen inspection 
oppositely to previously inferiority towards authority 
knowledge. Knowledge created through digital media  
and on volunteering base,   disputes the methods and 
paradigm on which authorized agencies for radiation 
protection and measurement exists. Undoubtedly, 
enormous amount of money is spent each year, all 
around the world, for the purpose of radiation 
protection and measurements.  Unquestionably, the 
jobs are done, but intriguingly, when comes to the 
nuclear accidents, it always appears uneasiness and 
unpreparedness. In a report on the Fukushima 
accident (reported after accident on the   International 
Atomic Energy Agency (IAEA) ministerial conference), 
the Japanese government has recognized deficiencies 

in preparedness and responses. And as usually, they 
insist that lessons will be learned from the accident.  
Nevertheless, intellectual authority of knowledge is 
over and over widely questioned.  

Why did I decide to write this article? Because I 
was inspired by Safecast.  Firstly I  want to emphasize  
the fact that through social media, the Internet has put 
global –scale communication tools in the hands of 
individuals and changed the role of citizens in nuclear 
accidents. Secondly, digital media created physical 
tools and gave it into hands of individuals to inspect 
authorized knowledge, and to contribute with own 
involvement. Thirdly, I wanted to celebrate DIY self-
styled scientists and tinkerers because their work 
influenced me as a teacher, and helped me to make 
more authentic and contextual teaching which 
empowered student’s learning and their intellectual 
growth. Undoubtedly, they inspired me to see citizen 
role in radiation measurement and protection from 
different perspective.  

This paper shows an activity that emerged 
independently in the global civil society during the 
aftermath of the nuclear disaster. The activity of 
Safecast provides a very important suggestion for the 
civil activities concerning the radiation protection in 
the era of Internet 
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2.  OUT OF  THE LAB AND INTO THE STREET: FAB LABS AND 

SELF-STYLED DIY SCIENTISTS 

 

For a certain period I have been disturbed by the 
profound sense of intellectual disorientation that 
appears to afflict many of our cultural institutions. In 
particularly dumping down students at University and 
infantilizing the culture had an huge impact on me.  I 
do not think anyone explicitly supports it, but it 
happens when institutions adapt a cavalier attitude 
towards standards. “The attitude of university 
management not only infantilizes students but also 
minimizes the role of reason and logic in intellectual 
debate. As consequence intellectual degradation of 
academic professionals arises”, as pointed out by Frank 
Furedi in his book “Where have all the intellectuals 
gone” which I found was very realistic.  He pointed 
“Institutions do so, because they believe that people 
will feel aliened unless they engage with experiences 
that are deemed to be directly relevant to their lives 
and link to their personal experiences? Powerful ideas 
often have an abstract character and are developed 
through the assimilation of a range of conflicting 
experiences. Acquiring the objective knowledge cannot 
be confined to the process of reflecting on an 
individual’s life stories”.  

Undoubtedly, emergencies and urgent calls for 
quick responses always shows intellectual 
disorientation. It is not an expert who is required to 
solve the problem, it is knowledge which can be 
‘communicated’, disseminated and recreated and in 
emergency centralized. As it was shown in Fukushima 
case, “open scientists” did great job,  even they had no 
expertise in the field  of  radiation measurement. 
Nevertheless, they accomplished the task – they build 
radiation sensor network and distributed it to citizens. 
Developing strong awareness of hazard effects, and 
giving the tools to citizens, the radiation monitoring 
become more personalized, more citizen-directed, 
citizen--motivated, it had changed the passive 
observation of the society and previously the inferior 
position into active participation. Furthermore, by 
giving tools and skills  to citizens in order to enable 
them to control/monitor environmental hazard, for the 
first time citizens got chance to have control over 
expertise knowledge, namely  knowledge of 
government agencies written and as such stamped in 
government agencies’ reports. DIY-hacker-networks 
have empowered resourcefulness: questioning, 
monitoring, marking links, imagining, reasoning.  All 
of this was also possible due to social engineering 
movement with the imperative of the connection and 
recognition. Imperative to “connect” leads to a 
situations where  cultural, educational, governmental 
institutions are less likely to be judged according to 
their criteria internal to themselves then on their 
relevance and accessibility to a wider public. Relevance   
has become a key concept of the contemporary ethos of 
social engineering. The interplay of “open” source code 
and hardware movement and social engineering, both 
empowered by the internet, and embedded into eco-
system in which man is significantly connected to the 
machine, and machine/chips are dissolved in all 
artifacts of human lives making remarkable symbiotic 
relation, was illuminated by the nuclear accidents and 
urge for a response. When unpreparedness and 
weakness of authorized agencies become visible, an 

early crowd-sourcing initiative was born in order to 
sponsor and assist in gathering, monitoring and 
disseminating radiation data from the affected areas. It 
was an opportunity to use technology to augment the 
government’s reports and to make the information 
widely available. The volunteering network of 
scientists, tech enthusiasts and residents of Japan 
collectively known as RDTN.org (later called   Safe 
cast, which is an amalgam of “safety” and “broadcast”) 
had done a great job and their action has brought new 
paradigm in nuclear emergence: transparency. 

To criticize or celebrate and respect circumstances 
we live in and cope with today we have to recall the 
past and to analyze public access to the radiation 
monitoring and the availability of data more than two 
decades ago.   

Two nuclear accidents from our recent history, 
Chernobyl and Fukushima, belong to different ages: 
age of paper, and age of internet.  Chernobyl accident 
happen in 1986, just around the time when chips, 
containing tens of millions of transistors, made 
possible personal computers that can fit inside a 
briefcase, but was accessible to only few. In 1990s the 
Internet connected hundreds of millions of computers 
into the single, global computer network. In 2000s 
ubiquitous computing freed the chip from the 
computer, so chips were dispersed into the 
environment; in other words, the Chernobyl accident 
happen around the time  when personal computers 
were new, just beginning to penetrate people’s lives, 
and the internet was still largely the isolated tool even 
from many scientists. In more than 20 years after 
Chernobyl, we see enormous change in computing 
world and in access people have in their every-day life.  
The old paradigm (a single chip inside a desktop 
computer or laptop connected to a computer) is being 
replaced by a new paradigm (thousands of chips 
scattered inside every artifact, all communicating to 
one another and connected to the Internet). 

 Not surprisingly, in such circumstances a new kind 
of public involvement was born. Usually we consider 
the impact of citizens in big data online activities. But 
it is not all. There is another type of public involvement 
which we saw in particular in response to the 
Fukushima nuclear accident, in 2011, which underlined 
how much science can benefit from recognizing the 
value of inventive and interested enthusiasts. When we 
apply the self-organizing and innovative hacker 
mentality to scientific research as well, something new 
appears: the self-styled Do-It-Yourself (DIY) scientists. 
These are people doing science for their own sake, for 
their own curiosity, for themselves and on their own 
terms, and on their own speed – in a local community 
lab. Even the line between practice of citizens and DIY 
scientists is blurred; the result is science done outside 
university or lab walls.  A lot of the DIY science work 
takes place in hacker spaces and fables, with the help 
of makers- people who tinker with physical objects. 
The first recognizable hacker space was C-base in 
Berlin, but the movement did not take really move 
until 2007, when it spread to US. Now there is over 
1100 and the model has diversified gather to build 
everything from open-source scientific 
instrumentation for genome sequencing to satellites 
and parts for 3D printers. Perhaps the biggest groups 
of DIY scientists are bio-hackers – people who tinker 
with the stuff of life. DIY and tinkering movement 
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made great influence not only on science but also made 
impact in student’s classrooms. Young people become 
their own best self-assessors.   

The philosophy behind open source platforms is 
promoted in its openness allowing to everyone to look 
into code or hardware, inspect it, criticize and improve.    
Putting the focus on improvement also reduces the 
emphasis on judgment. Cooperating with a peer in 
order to make work even better helps pupils appreciate 
others’ strengths and the value of another point of 
view, and can enhance learning autonomy by assisting 
the realization that it can be very useful to seek another 
person’s perspective. The citizen science has been 
projected as something special and valuable but what 
has to be done now is to link citizen science into 
science enquiry where people of different levels of 
scientific knowledge and experiences can input into the 
new interdisciplinary projects.  

Undoubtedly, DIY and tinker- societies will have 
huge implications on the growth of the scientific 
mindset and the tinkering/making skills. By re-
injecting an enthusiasm for tinkering the balance could 
shift away from theory and back towards 
experimentation. We hope that scientific institutions 
will see the value in involving the public research in 
new ways, with the Open Science lab leading the way. 
Bringing a new perspective to a discipline as 
fundamental to society as science has long been 
considered as a way to promote creativity and 
innovation.  However, this new science is also a 
symptom of an important cultural shift. Not only are 
people educated in and engaged by science, the 
scientific institutions are opened up to a more 
progressive way of operating – one that recognize the 
power and value of bringing “amateurs” on board. 
Public response and activities of DIY “open” movement 
show and confirm that a crowd is more than the sum of 
its parts. Where we go from here is in our hands.  

For readers we recommend to look into 
[1,2,3,4,5,6]. There are interesting points of view, and 
alternative viewing.  

3. NUCLEAR HAZARD AND  HUMAN CHOREOGRAPHY 

WHERE  SCIENCE MEETS THE ART AND HUMAN 

AWARENERSS MEETS THE RESPONIBILITY 

 

March, 11th, 2011 is a day Japanese’s pride and 
ignorance converged over the lives of more than 1500 
living, breathing human beings, and only because of a 
few thought we, humans are invulnerable. The loss of 
life the human race experienced that day was not one 
created  by human oppression or mass genocide. It was 
what nature gave in return to human race  for being 
ignorant. A lack of existing information, a lack of 
government leadership, the suppression of data from 
those who are in position to provide it with accuracy, 
and a resulting ocean of disinformation.  

The Fukushima nuclear crisis can be analyzed from 
the perspective of uses of social media. In this context 
the Fukushima nuclear crisis appears to be 
unprecedented of one looks “at the surface features of 
the role of social media in the unsettled crisis” as 
pointed out in [7].  The crisis showed that people living 
in Japan and beyond participated in knowledge 
production which was liberated and empowered by 

digital technology, and by harnessing social media 
such as Twitter, Facebook and YouTube. In particular, 
as pointed out in [7], many people engaged in DIY (do-
it-yourself)reporting of Geiger counter readings and 
distributed the collected data to those who were 
concerned about the level of nuclear radiation by using 
social media. The DIY reporting on pollution is 
unquestionably nothing new, but in this case it is 
remarkable the way how people widely produced, 
circulated, and consumed the collected data by using 
social media and moreover “used the data for their 
individual or collective ends”[7].  

 Importantly, it should be underlined that the 
collected data are not necessarily utilized as a resource 
for collective action. “Whether the data are collected 
and utilized for collective or individual ends depends 
on the participant’s background, previous 
commitments, and social capital”[7]. One of the 
example is Setagaya Kodomo o Mamorukai [8]. 
Established by mother and father living in Setagaya, 
Tokyo, Setagaya Kodomo o Mamorukai, or “The 
organization for Protection Our Kids (from Nuclear 
Radiation) in Setagaya”, is one division of the Tokyo 
Rengo Kodomo o Mamorukai.    Setagaya Kodomo o 
Mamorukai is primarily involved in DIY reporting of 
nuclear radiation in schools, daycare canters, and 
parks where their kids are usually playing.  

 
Fig. 1. Safecast: Radiation measurement equipment [11]. 

 

One distinctive feature of the organization is that as 
reported in [7], they use the data as a resource for 
lobbing for their local government. More importantly, 
their DIY reporting of Geiger counter readings is often 
developed in collaboration with local government and 
professional scientists. What these Geiger –reading 
communities share in common is that they all use the 
digital networks including social media, to connect 
people to produce collectively generated knowledge. It 
is “suggested that social media have provided 
tremendous, if not unprecedented, opportunities for 
people to participate in generating knowledge 
regarding the level of nuclear radiation.  In practise, 
the knowledge on radiation risks has been shaped 
through the interaction between the 
distributed/circulated power of social media and the 
concentrated power of mass media (and scientists’ 
communities)”[7]. Undoubtedly, one should not 
overlook the meaning of uses of social media in the 
Fukushima nuclear crisis.  

Some might consider that social media decisively 
determine the characteristic of DIY reporting and the 
feature of the generated knowledge [7]. I do not think 
so. Such a media – centric argument, which is often 
dismissed as a sort of “technological  determinism”, is 
inherently ahistorical as agreed in [7]. Indeed, uses of 
social media need to be understood in cultural and 
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historical context. Importantly, woman activities and 
their role in Fukushima accident brought important 
attention to the relationship among gender, 
technology, and the emergence of voices in Japanese 
public discourse that have had comparably less 
political impact then earlier times.  

The practice of citizen involvement in scientific 
projects as citizen scientists is not really new [9] in 
some fields , especially in environmental monitoring 
projects. The question is where does the DIY 
movement fit in to the longer history of Japan’s citizen 
protests and social movements in postwar Japan?  

Studying the historical context should be a 
precondition for a better analysis of the DIY movement 
and their uses of social media as well.  Additionally, 
one  must not forget the role of citizen scientist in anti-
nuclear movement. To have complete picture one has 
also to understand the social-state relation and the way 
nuclear industry reshaped the public opinion. Japan’s 
drive for nuclear power was the result of neither a 
bottom-up demand for nuclear power nor a natural 
inclination to adopt the newest technologies in energy 
production. Instead, the Japanese state sought to alter 
the preferences of citizens through a variety of means, 
ranging from coercion to economic incentives [7]. 
“Rather than waiting for shifts in public opinion to 
direct public policy, the state has sought to manipulate 
public opinion and to bring it in line with state goals”. 
It is also interesting that only nation to experienced 
first-hand horror of nuclear weapons created the 
world’s most advanced, closed-fuel-cycle commercial 
nuclear power program which actually was abandoned 
in US and France due to their expense and unproven 
nature. Anti-nuclear group have formed slowly, 
growing from primarily local opposition efforts in the 
1960s and ‘70s to regional protest in the ‘80s, and 
finally to national level opposition in the late 1980.  

One of the most active umbrella organizations 
today, the Citizen’s Nuclear Information Center 
(CNIC), was formed in 1975 which remarkable altered  
public perception of atomic energy. Jinzaburo Takagi, 
who founded Citizens' Nuclear Information Center in 
1975 pointed out the important role of citizen 
scientists. The anti-nuclear activists as well as Takagi 
had built a network that made it possible to measure 
radiation in many points of Japan before Fukushima 
disaster. What is new? One may ask. What was the 
uniqueness of Safecast compared with the former civil 
activities that had been measuring radiation in Japan?   

The difference is in different communication 
media. Social medias are changed. The internet and in 
particular the advent of web 2.0 broadband 
communications, smart mobile computing, cheap 
electronics, miniaturization of sensors, open source 
and crowd source, social networks, satellite position 
system (GPS, makes it possible for all of us to share 
knowledge in collaborative distributed “virtual” places. 
In [7] authors argue that the “do it yourself” movement 
sustained and is sustaining the “Open everything” and 
has been, indeed, fuelling computer science and 
electronics, “paving the way for the next steps for 
‘citizen science’, and science for that matter. “Because 
of their, by design free format, they naturally appear as 
trans-disciplinary projects engaging in sciences, art 
and the law. Do-It-Yourself / DIY scientists are non –
specialised, hobbyists  and amateurs but also an 
increasing number of professional scientists [10,11], 

doing science outside conventional university or lab 
settings, and instead in Makerspaces, Fablabs, 
Hackerspaces, Techshops, innovation and community-
based labs, oreven in their homes, garages or schools. 
When there is interplay of citisen science with DIY, 
hacker or maker way of thinking, the DIY scientists 
appears as someone who tinkers, hacks, fixes, recreates 
and assembles objects and systems in creative and 
unexpected directions, usually using open-source tools 
and adhering to open paradigms to share knowledge 
and outputs with others. There is now a hype 
revolution around the DIY/maker movement and a 
next generation of craftspeople, tinkerers, hobbyists 
and inventers [12] 

However according to data from Johns Hopkins 
Global Civil Society Index, the capacity, impact, and 
amount of voluntarism in Japan at the beginning of the 
21st century fell below the levels in economically 
similar countries.  Environmental protest movement in 
60s and 70s might have been echoed in some of the 
DIY movement, including the heavy involvement of 
woman.  

Another question we want to address is accuracy 
and reliability radiation reading data provided by DIY. 
Since there are people with limited or no technical 
training in nuclear physics or engeenring, could there 
be reporting errors that significantly overstate or 
understate the levels of radiation found? Even if the 
numbers are reported faithfully, the access to the raw 
data without training in how to interpret it could lead 
to faulty conclusions, which can have serious 
consequences. To scientifically answer this, one should 
never romanticize the DIY movements. Indeed, the 
accuracy and the reliability of DIY movement and the 
dissemination of information through social media are 
highly controversial issue. According to extensive 
research we did by browsing the web pages, the most of 
DIY projects show in details how to measure the level 
of nuclear radiation accurately. Partially to promote 
DIY and hacker mentality and partially as part of 
author’s research project to investigate the accuracy of 
DIY when used by those who are not yet trained in 
nuclear physics students were given task to gather  
information on the internet, order  DIY kits and 
following instruction to assemble the kit and perform 
the measurements.  The work in under progress. So far 
what we sow is the remarkable responsibility of 
participants mainly inspired by DIY scientists and 
Safecast story. 

 Another point we want to  address in this paper is 
how does the role of scientific authority change with 
the democratization of technology and science. The 
government’s poor response to the Fukushima’s 
disaster seems to have tarnished its place as a source of 
authority and many of it’s findings are dismissed out of 
hand by protestors simply because they come from the 
government.  

Do these DIY networks provide an alternative 
source of authority and are they a legitimate 
replacement to traditional avenues of scientific 
authority?  

What was/is the role of the universities, 
particularly publicly funded ones? To answer this one 
has to keep in mind that many university professors 
are involved in nuclear industrial complex in Japan, 
and thus less independent. Does this leave interested, 
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but untrained, members of the public to choose their 
experts? If so, what role does confirmation bias play? 

“Does this movement tend toward atomization of 
public opinion to the point where public policy debates 
about science become a matter of almost religions faith 
(like the US debates over global worming)?”[7]. To 
answer those questions which I partially retrieved from 
[7], one should not overlook the emotional meaning of 
stories and images via social media. It remain to be 
seen whether the DIY networks are replacing 
traditional avenues of scientific authority by providing 
an alternative source of authority, collective knowledge 
authority. For sure, the credibility of scientific 
authority seems to be more or less affected by uses of 
social media, nevertheless there might be lack of 
accuracy or reliability of reported/collected and 
transparently visualized data, due to unprofessional 
collectors. It  is important to point out that Safecase 
use selected (reliable) data.  

Examining the attitude and mentality of DIY 
scientists i do not think they are reengineering or will 
prevalent the role of scientific authority. They do their 
job in order to challenge themselves and solve the 
problem, they do not examine the skills and knowledge 
of scientific authority but do science for their own sake. 
Here awareness and responsibility do remarkable 
choreography. It was an interesting interface between 
society, politics and science. It also gets us thinking 
about the problem of technical standards in post-
disaster environment. In this instance if the 
government ot TEPCO are unwilling to measure (or if 
their measurements aren’t trusted), citizen are making 
and logging the data themselves.  

The case of Safecast was possible due to efforts of  
tinkering hobbyists, like the members of the Tokyo 
Hacker space, who designed the way to feed 
information that was critical onto the Internet in real-
time. The RDTN.org (Safecast) was an early crowd-
sourcing initiative to sponsor and assist in gathering, 
monitoring and disseminating radiation data from the 
affected areas [13]. RDTN intended their independent 
measurements to provide additional context for the 
radiation data reported by the official factors, to 
supplement and not to replace the data of the 
competent authorities [14]. RDTN successfully 
launched a micro patronage campaign to raise $33,000 
in order to buy 100 Geiger counters to jumpstart their 
network [15]. In April hackers at tokyohackerspace 
prototyped an Arduino-based geiger counter shield to 
upload data from Geiger counters including from 
RDTN supplied counters [16,17] This prototype was 
later developed into Safecast mobile geo-tagged 
radiation sensors. In late April, one month after its 
start, RDTN folded itself into Safecast (org) with the 
joint announcement that RDTN was rebranded as 
Safecast. Using donated Geiger counters and 
connecting them with Arduino development boards, an 
open source electronics prototyping platform, they 
were able to do that. Using platforms like Cosmo 
(formerly Pachube), which connects people to devices, 
applications and the Internet of Things, it was easy to 
aggregate all the data in one easily accessible place, 
which sparked visualizations like Haiyan Zhangs  
which uses the information available and presents 
them in easily understandable form, giving meaning to 
the measurements gathered in Japan. There are other 
citizen-led projects to take radiation readings, but one 

of the key features of Safecast is its way of 
measurement; by using their original hardware 
attached to a vehicle, they log radiation levels along 
with GPS data in motion. This approach has enabled 
high-speed collection of a massive amount of radiation 
data.  

Safecast organization appears to be a case where a) 
citizen data are centralized and networked into 
academic research network that have been working on 
creating effective (i.e., policy influencing) visualization 
of the data, and b) social entrepreneurial and social 
networking strategies were invoked in order to create 
the organization (including technological innovation 
designed to interface Geiger counters with mobile 
devices that transmitted radiation readings to a central 
location. Joint efforts of partners such as International 
Medcom and Keio University, Safecasr helped building 
a radiation sensor network comprise of static and 
mobile sensors actively being deployed around Japan. 
Safecast releases data openly and is pushing the 
Japanese government as well as universities and 
researchers to share their sensor data. It is non profit 
group building Geiger counters, measuring radiation 
levels, and making data available to the public through 
the maps, a Web site and data feeds to citizens, 
scientists and the public. 

According to [18], up to date, Safecast has 
accumulated almost 16 million data points on their 
radiation map spanning seven continents. Currently 
Safecast ‘s goals include a global radiation mao in an 
effort to “baseline the planet” [18]. To summarize, 
Safecast today acts  through collaboration with memers 
of Tokyo Hackerspace, the Arduino community, 
RTDN.org, International Medcom, MIT Media Lab, 
and Keio Universe.  Here we give brief description. 
“The Tokyo hackerSpsce imitative was created from 
discussions at TokyoBarCamp 2009. It is collective 
made up of programmers, engineers, IT 
administrators, artists, chefs, musicians and people 
interested in geek culture. The goal of the group is to 
converge technology, arts, crafts, and mysic”[ retrieved 
from Tokyo HackerSpace websites]Their focus is to 
learn and share knowledge. Arduino stated in 2005 as 
a project for students at the Interaction Design 
Institute Ivrea in Ivrea, Italy. Shortly thereafter a 
“global community of open source hardware hackers 
was formed around the technology, driven by curiosity, 
and creating the global community today. An Arduino 
board currently consists of an Atmel 8-bit AVR 
microcontroller with complementary components to 
facilitate programming and incorporating into other 
circuits. “Much akin to the Sccience Fair Electronics 
Project Kit of the 1980’s, Arduino brings open-source 
hardware hacking to a new generation of enthusiasts 
and professional alike”[18]. “Open source software has 
been deemed free speech, and in some educational 
circles, computer programming is even considered as 
second a language. Surely this must also apply to open 
hardware design as the competitive nature of the 
technology industry thrives because of 
it”[18].Launched on 2011, RTDRN.org allowed people 
to submit their own reads. International Medcom was 
lunched in 1986 and it is the manufacturer of high 
quality radiation measurement equipment which 
include the CRM-100, Onyx, and the Inspector Alert 
Geiger counter. The MIT Media Lab was founded in 
1985 and its graduate concentration is media arts and 
science. According to their web site, the MIT Media 
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Lab “creates disruptive technologies”, ..., ”pioneering 
such areas as wearable computing, tangible interface, 
and affective computing”. Keio is Japan’s first private 
institutions of higher learning, which dates back to the 
formation of a school for Dutch studies in 1858 in Edo, 
present-day Tokyo, by founder Yukichi Fukuzawa. The 
“breaking it down with agile” is  at heart of Safecast 
[18] (according to Wikipedia - ‘agile process’ is  ‘a 
group of methods based on iterative and incremental 
development, where requirements and solutions evolve 
through collaboration between self-organizing, cross-
functional teams”).    

Developing strong awareness of hazard effects, and 
giving the tools to citizens, the radiation monitoring 
become more personalized and self-directed, self-
motivated, changing the passive observation into active 
participation. Safecast case emerged in human 
choreography where science meets the art, and human 
awareness meets the responsibility. 
 

4.  CONCLUSION 

 

Paper gives an insight into a phenomenon of 
increasing public control of government decisions and 
democratization of scientific knowledge and its 
applications (as in the field of radiation monitoring) 
due to digital communication and social media. 
Fukushima case shows that social media in digital 
world, driven by hacker mentality and DIY tinkering 
skills, are moving to another dimension, towards 
collective experimentation and rediscovering scientific 
diversity.   
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Abstract: The success of first generation of brain scans has been fantastic and spectacular. Just a small number of 
regions were known before. Now NMR machine opening up new frontiers for brain science. To understand the 
reasons why this radical new technology which offered window into the brain helped to decode thinking brain we 
have to turn our attention to basic principle of physics and that is the subject of the introduction of this article. 
Another question is what the future of physics is, or in another words, what the technology limits set down by the law 
of physics are; the scientific quest to enhance and empower the mind and technology. With so many new scanning 
technologies being introduced from physics just within the last fifteen years, one might wonder: are there any more? 
The answer is, yes, but they will be variations and refinements of the previous one, a new way of looking at something 
that brings to light an entirely new perspective, but not radically new technologies. This is because there are only four 
fundamental forces in nature: gravitational, electromagnetic, weak nuclear and strong nuclear. Furthermore, the 
quantum mechanics which rule the transistors set another limits to electronic power and computation. At present, the 
electromagnetic force is the source of almost all scanning technology except PET scan which is governed by the weak 
nuclear force. However, NMR size and access to people raises intriguing questions: will MRI machine fit soon into cell 
phone? What is the future of “hyper modal" imaging technologies that merging the results of multiple modalities 
(computed tomography (CT) scanning, positron emission tomography (PET) scanning, photoacoustic imaging, 
upconversion imaging and Cerenkov luminescence imaging)? How close we are to the artificial mind and silicon 
consciousness? Designing and fabricating miniaturized (lab-on-a-chip) devices is extremely challenging, but 
physicists and engineers are beginning to construct highly integrated and compact labs on chips with exciting 
functionality. Another question, which is highlighted these days, is the future of reverse engineering the brain. This 
article shows that no matter how spectacular the success of the past twenty years, they were just taste of the future.     
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1. INTRODUCTION 

 

This paper does not deal with radiation 
measurements itself, but rather tackle the present and 
future movement in imaging technologies, opening 
some questions on limitations imposed by physics law 
and give an insight into different perspective of 
radiation measurement. Digital world with 
electromagnetic radiation at its heart, brought 
wearable technologies, internet of things and 
nanorobotics. Cancer-fighting nannorobots are already 
getting life in its prototyping. The way to place drag 
into  tiny boxes and keep it  safe and away from healthy 
cells until  the sensor compute the identity of a cancer 
cell and then the box is unlatched sound amazing and 
the most fascinating – it seems very possible. 
Shrinking technologies in digital world are challenged 
by  limits imposed by physics law. The new century of 
brain enters the world, requiring more sophisticated 
technologies. Much of current excitement concerns 
subfield of a called “deep learning”, a modern 
refinement of “machine learning”, in which computers 

teach themselves up against tasks by crunching large 
sets of data. Steady improvements in computer 
hardware have been supported by periodic doubling of 
transistor densities in integrated circuits over the past 
fifty years. Moore’s law requires increasing efforts, 
stimulating research in alternative hardware and 
stirring controversy. Are processors pushing up against 
the limits of physics – from the perspective of whether 
Moor’s law will hold, as well as whether it matters? 
What are limits on fundamental limits to computation?  
For sure, one question is what the physical limitations 
on technology design and computations are, but 
another one is how far the technology progress is from 
its “affordable” and “achievable” maximum which is 
defined by laws of nature. The only limit is human 
cleverness. The point is that new design will not work 
under inappropriate conditions, or under physical laws 
which are not suitable for those circumstances. We 
cannot expect either that old design, or old hardware 
structure work in new circumstances. We have to know 
not only what limits of design imposed by physics are, 
but importantly, we have to know what the design 
model is the best under the certain circumstances. It 
might be that the era of traditional transistor scaling 
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where we take the same basic structure and materials 
and make it smaller is ended. So it might be that 
emerging new design thinking will replace the old one. 

This paper is organized in the following way. Firstly 
we discuss the basic ideas how science lights the way to 
an understanding of how the world’s most complex 
machine gives rise to our thoughts and emotions. We 
give an insight into diversity of future technologies 
which will relay on inter-disciplinary and 
multidisciplinary strategies. We also impose some 
questions and thoughts on limitations imposed by 
physics law and give an insight into different 
perspective of radiation measurement. The past and 
future of imaging is given in the last chapter.  

2.    INTERPLAY OF NATURE LAW,  HUMAN AWARENESS 

AND PATTERN RECOGNITION  

 

All scanning technology and all information 
technology as well as any technology rely on the same 
laws as any living cells. All living creatures cannot 
function without electricity. Through electrical 
impulses our nerves alert our brain to pain but also 
convey the multitude of sensation captured by sight, 
sound, taste, touch and smell. Analyzing this limit, our 
brain then uses the same means of communications to 
tell our muscles movement but also the subconscious 
working of organs such as the heart. Unlike the slow-
paced chemical communication of, say, hormones, 
electric impulses allow these important messages to be 
transmitted almost instantaneously. Another 
important feature of body is that body is full of small 
magnets, each charged particle while moving create 
magnetic field. Once we are exposed to magnets our 
body is “aligned” to the external field. These two 
features are used in scanning technologies, as interplay 
of common physical laws that rule the machine and 
human in an echoing interaction. The success of first 
generation of brain scans has been fantastic and 
spectacular. Just a small number of regions were 
known before. Now NMR machine opening up new 
frontiers for brain science. To understand the reasons 
why this radically new technology which offered 
window into the brain helped to decode thinking brain 
we have to turn our attention to basic principle of 
physics and that is the subject of the introduction of 
this article [4,5]. Another question is what the future of 
physics is, or in another words, what the technology 
limits set down by the law of physics are; the scientific 
quest to enhance and empower the mind and 
technology. With so many new scanning technologies 
being introduced from physics just within the last 
fifteen years, one might wonder: are there any more? 
“The answer is, yes, but they will be variations and 
refinements of the previous one, a new way of looking 
at something that brings to light an entirely new 
perspective, but not radically new technologies” [4]. 
This is because there are only four fundamental forces 
in nature: gravitational, electromagnetic, weak nuclear 
and strong nuclear. Furthermore, the quantum 
mechanics which rule the transistors set another limits 
to electronic power and computation. And energy 
consumption set another request. At present, the 
electromagnetic force, is the source of almost all 
scanning technology except PET scan which is 
governed by the weak nuclear force. Almost all 

technologies are driven by Maxwell equations.   
Electromagnetic force was discovered 150 years ago, 
so, due to exceptionally long period of experiences 
working with electromagnetic force there is no secret 
in creating new electric and magnetic field, so any new 
brain-scanning technology will most likely be novel 
modifications of existing technologies, rather than 
being something entirely new. Actually the discovery of 
radio waves, a type of electromagnetic radiation, 
revolutionized the scanning technologies.  

The MRI works on the following way. When the 
magnetic field is turned on, the nuclei of the atoms 
inside patient body act much like a compass needle. 
They align horizontally along the direction of the filed. 
Then a small pulse of radio energy is generated, which 
causes some of the nuclei in our body to flip upside 
down [4,5]. When the nuclei later revert back to their 
normal position, they emit a secondary pulse of radio 
energy, which is then analysed by the MRI machine. By 
analyzing these tiny “echoes” one can then reconstruct 
the location and nature of those atoms. Interestingly, 
there are some indications that might be possible to 
reduce the size of MRI into cell phones [4]. But for that 
purpose we have to solve the problem of uniformity of 
magnetic field which is essential for the MRI, in 
particular for its resolution on which is based how deep 
digging into brain can be performed[4,5]. The 
fundamental challenge of MRI is as previously said, the 
resolution, both spatial and temporal. At present, the 
resolution of MRI is few fractions of milometer [4]. 
The spatial resolution will increase as magnetic field 
become more uniform and as the electronics become 
more sophisticate and sensitive. The temporal 
resolution of MRI is also limited by slow flow of blood. 
Another useful tool to probe deep inside the brain is 
EEG, the electro encephalogram. It was introduced in 
1924, but only recently has it been possible to employ 
computers to make sense out of all of data taken from 
each electrode. The helmet with electrodes is 
connected to the computer and helmet is placed on the 
head of patient. There are few important differences 
between EEG and MRI.  The MRI scan, introduce radio 
pulses into the brain and then analyses the “echoes” 
that come back. This actually mean that the frequency 
of radio waves can be tuned, varied in order to select 
different atom for analyses, allowing location the 
specific part of the brain or body. The EEG is however 
strictly passive, it only analyse the pulse naturally 
emitted by brain. EEG was very useful in analysing the 
activity of brain, since EEG is capable to record the 
broad electromagnetic signals which allows to 
scientists to measure activity of brain as it sleeps, 
concentrates, relaxes, dreams.  However, the main 
drawback to the EEG is its very poor spatial resolution. 
The EEG picks up electrical signals that have already 
been diffused after   passing through the skull, making 
it difficult to detect abnormal activity wen it originates 
deep in the brain [4]. Looking at the computer it is 
almost impossible to properly with certainty locate 
which part of brain created it. A much more sensitive 
method is the fMRI (functional magnetic resonance 
imaging) scan. EEG and fMRI scans differ in important 
ways. The EEG  scan is a passive device that simply 
picks up electrical signals from the brain, so we can not 
determine precisely the location of the source inside 
the brain [4]. An fMRI  uses “echoes” created by radio 
waves to see inside living tissues. What important is 
that the whole process is harmless since the radiation  
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to patient body is non-ionizing and could not damage 
patient cells by ripping apart the atoms. Even 
suspended in a magnetic field thousands of times 
stronger than the earth’s we could not detect the 
slightest change of my body.  

Another very useful tool from the world of physics 
is positron emission topography (PET) scan which 
calculates the flow of energy in the brain by locating 
the presence of glucose. PET scans make use of the 
subatomic particles emitted from sodium-22 within the 
glucose. Every time a sodium atom decays it emits a 
positive electrons, or positron, which is easily detective 
by sensors. PET scan share some properties of MRI, 
but does not fine spatial resolution as MRI. Another 
drawback is, unlike MRI and EEG  scans, PET scans 
are slightly radioactive.  

Beside above mentioned, many new high-tech 
devices appeared in neuroscience: the transcranial  
electromagnetic scanners (TES), magneto 
encephalography (MEG), near-infrared spectroscopy 
(NIRS, and optogenets, among others. The basic 
physics behind these new tools is that a  rapidly 
changing electric field can create a magnetic field, and 
vise versa. MEGs passively measure magnetic fields 
produced by changing the electric fields. Like EEG they 
have very good time resolution, but pure spatial 
resolution. Oppositely to passive measurement of 
MEG, the TES  generate a large pulse of electricity, 
which in turn creates a burst of magnetic energy.  

One breakthrough imaging technology that can be 
used in addition to conventional imaging technologies 
is scientific CMOS (sCMOS) which has great resolution 
and fantastic noise to signal rates, but because the 
frames has to be read one after another, it has problem 
with getting speed up, since it affects resolution and 
distorts it. Another really fascinating thing is electron 
multiplied CCD (EMCCD) which is both ultrafast and 
ultrasensitive. This technique is very suitable for 
ultralow-light measurement, such as pinpointing 
individual molecules. Remarkable new method born 
from biology, in its interplay with physics and 
information technology, and broadly known as 
optogenetics involves genetically modifying 
“phitochromes” – lightsensitive signaling proteins 
founds in plants – so that they respond to different 
wavelength of light, say eing activated by light a 
wavelength of 650 nm, but inactivated by light above 
750 nm. We will not go into details but mentioned it to 
provoke reader’s interest in biotechnology potential. 

Undoubtedly, the future of NMR technology will be 
driven by software development and by science of new 
materials. the software. MRI resolution (crucial 
parameter) depends on uniformity of magnetic field, 
and to get uniform field the huge magnets are 
employed. If we want to shrink size of MRI then we 
have to develop software which will reconstruct 
uniformity of magnetic field and compensate the size 
of magnets. However the future of this is speculative.  

3.    LIMITS ON THE COMPUTATION  

 
The technology innovations in digital world are 

driven by “immortality” of computers. “Immortality” of 
computers is because they are re-programmable, and 
such machine is unique since it simulates any other 

machine. Computers are programmable matter, “just a 
shuffler of symbols”   They were born in the abstract 
field of pure mathematics as machines of the 
imaginations, but they turned out to be immensely 
practical devices.  The limit on how small components 
can be made on a chip is determined by the procedure 
itself, namely by the light that is shone through the 
mask. In 1965, Gordon Moore, one of the founders of 
the American computer chip-market Intel, - pointed 
out that the computational power available at a 
particular price or, equivalently, the number of 
transistors on a chip – appears to double roughly every 
eighteen months[5,6]. Undoubtedly, Moore’s law will 
break down one day. There are physical limits set by 
the laws of nature, which are impossible to circumvent, 
that ultimately determine the limits on computers. The 
speed of a computer – the number of logical operations 
it can perform a second – turns out to be limited by the 
total energy available. The explanation for this is 
simple. It is the properly of wires as conductors. 
Empowering the computers by rapid increase of 
transistors that are built on chip will not work without 
fast and dense interconnects. However, metallic wires 
can be either fast or dense since decrease in wire cross 
section increase the resistance of conductor and 
consequently the increase in energy is performed. 
Regarding the limits in speeds of interconnects we 
have the fundamental limits derived from Maxwell 
equations such as maximum propagations speed of EM 
waves. There is one more interesting observation. 
Today’s laptop’s energy is totally dwarfed by the energy 
locked away in the mass of computer, which provides 
nothing more than the scaffolding to keep a computer 
stable. The ultimate laptop would have all of its 
available energy in processing and none of its energy in 
its mass. In order words, it would have its mass-energy 
converted into to light-energy, as permitted by 
Einstein’s famous E=mc2 formula. Chip-makers have 
made ever smaller components – packing in more and 
more transistors – by using light with a shorter 
wavelength, such as ultraviolet or X rays, which can 
squeeze through smaller holes. They have been 
replaced the light with beam of electrons since 
electrons have a shorter wavelength than light. The 
wavelength of UV light can not be smaller than a 10 
nm, so we can use etching technology to carve out 
components that ore only thirty atoms across. But this 
cannot continue for ever from several reasons: firstly 
the temperature generated by powerful chip will 
eventually melt them. Using X-ray instead UV light to 
etch the circuits might work since X-ray has twice 
smaller wavelength than UV light (both are 
electromagnetic waves). But it also means that X-ray 
will have twice higher frequency, and beam use in 
production for etching the cave will have twice bigger 
energy and might destroy wafer. Another problem is 
related to the quantum physics, namely to the fact that 
size of chips cannot be forever reduced since the 
uncertainty principle, which says that we cannot know 
for certain the location and velocity of particle. Thus 
there is quantum limit to how small a silicon transistor 
can be. Solution might be to connect chips in parallel 
processing (the way our brain works) which is 
extremely complicated procedure. Recently a lot of 
attention was given to carbon tubes [7]. As mentioned 
before, we can only shrink silicon computers so far. As 
parts get smaller and more transistors can be packed 
on each chip, they waste more power and generate 
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more heat. But circuits based on carbon nanotube 
transistors have the potential to outperform silicon. 
They are so small that thousands could sit side by side 
in a human hair. They are made from grapheme, a 
single sheet of hexagonally arranged carbon atoms, 
rolled up into tubes. Carbon nanotubes (CNTs) are 
termally conductive, so heat passes quickly through 
them, and they’re electrically interesting, too. They can 
be conductive, insulting, or even semiconducting, 
meaning that it’s possible to control the flow of 
electricity through them. Because they are so thin, it 
takes  very little energy to switch them off. A team from 
Stanford University in the US recently used these 
properties to great effect. They have developed the 
world’s first functioning computer prototype based on 
semiconducting CNT transistors.  

4.    FEYNMAN: ULTIMATE LOWER LIMIT TO THE SIZE OF 

COMPUTER  

 

Here we would like to refer to Richard’s Feynman 
book “The pleasure of finding things out”, Chapter 2 
(Computing Machines in the Future) [3]. The talks 
ware delivered forty years to the day after the atomic 
bombarding of Nagasaki, and even these days occupies 
our sharpest minds: the future of the computing 
machine and the ultimate lower limit to the size of 
computers. Feynman discussed that the energy loss 
multiplied by the time it takes to operate is a product 
of several factors: (a) the thermal energy proportional 
to temperature kT; (b) the length of the transistor 
between source and drain, divided by the velocity of 
the electrons inside (the thermal velocity srt(3kT/m)); 
(c) the length of the transistor in units of the mean free 
path for collisions of electrons in the transistor; (d) the 
total number of the electrons that are inside the 
transistor when it operates. So by decreasing the size of 
transistor the energy is reduced. “We decrease the 
length between source and drain and we decrease the 
number of electrons and so use much less energy” [3]. 
It also turns out that smaller transistors are much 
faster, because electrons can cross it faster and make 
their decisions to switch faster. “But suppose we come 
to a circumstance in which the mean free path is longer 
than the size of the transistor; then we discover that 
the transistor does not work properly” [3]. As Feynman 
pointed out, the solution to any problem is design  
under right conditions. “You just have to know what 
the right laws are under the right circumstances, and 
design the device with the correct laws. You can not 
expect old designs to work in new circumstances. But 
new design can work in new circumstances, and I 
assert that it is perfectly possible to make transistors 
system, or more correctly, switching the system and 
computing devices in which the dimensions are smaller 
than the mean of path. This is of course consideration 
“in principle”.”[3] When we consider the reducing the 
size of transistors the first thing that we should worry 
when things get very small is Brownian motion – 
“everything is shaking and nothing stay in place”. How 
can you control the circuit then? Furthermore, if a 
circuit does work, doesn’t it now have a chance of 
accidentally jumping back? It seems we can be safe [3]. 
However much of it is in fact possible and I would like 
to refer to reader to an article (as well referred by  
Feynman) in Scientific American by C.H. Bennett and 

R. Landauer,  “The Fundamental Physical Limits on 
Computation.”. Another question imposed by Feynman 
was if we could make a computer in which the writing 
of bits is of atomic size, in which a bit is, for example 
the spin in the atom is up for 1 or down for 0. And, as 
he pointed out, our “transistors”, which changes the 
bits in different places, would correspond to some 
interaction between atoms which will change their 
state. As already said, the device won’t work right if we 
design it width the laws appropriate for large objects. 
We must apply the another law of physics, quantum 
mechanical laws, the laws that are appropriate to 
atomic motion. Feynman set the task “We have to ask 
whether the principle of quantum mechanics permit 
arrangements of atoms so small in number as a few 
times the number of gates in a computer that could 
operate as a computer.  Feynman furthermore pointed 
out that this request has been studied and such an 
arrangement has been found. The key feature here is 
reversibility of quantum mechanical laws. As Feynman 
said and we recall it here for the completeness of 
consideration and for the sake of curiosity 
accomplishment of reader: “Since the laws of quantum 
mechanics are reversible, we must use the invention by 
Bennett and Fradkin of reversible logic gates. When 
this quantum mechanical situation is studied, it is 
found that quantum mechanics adds no further 
limitations to anything that Mr. Bennett has said from 
thermodynamic considerations”. Of course there are 
practical limitations that the bits must be of size of an 
atom and a transistor of 3 and 4 atoms. Feynman 
summed up the  limitations as follows [3]: a) the 
limitations in size of atoms, b) the energy requirements 
depending on the time as worked out by Bennett, and 
c) the feature concerning the speed of light – signal can 
not be send faster than the speed of light. Once atomic 
size computer is available (with promising 
nanotechnology revolution) it would mean that the 
dimension, the linear dimension, is a thousand to ten 
thousand times smaller than those very tiny chips that 
we have now. It means that the volume of the 
computer is 100 billionth of the present volume, 
because the volume of the “transistors is smaller by a 
factor 10-11 than the transistors we make today. “So 
there is plenty of room for improvements in the 
computer and I leave it on you practical people who 
work on computer” [3], Feynman said. One question 
might rise from previous consideration: how 
information will be transformed from one atomic scale 
element to another one. Even more intriguing question 
is does such a device becomes very close to Nature 
itself? In other words, if we make computer simulation, 
a Monte Carlo simulation of a magnet to study critical 
phenomena, does atomic scaled computer become very 
close to magnet itself?, as Feynman was asked by 
audience. And the answer is – Yes, since it is “done to 
suite our purpose”. 

5.    PAST AND FUTURE OF IMAGES TECHNOLOGY 

 
An extensive list of NMR publications is given in 

[8]. As pointed by authors, ‘writing a review is an 
opportunity to challenge one’s understanding of a 
subject in a more general way than is done in writing a 
research paper, and in our view benefits not only the 
individual authors but also the research community in 
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general”. At early NMR developing stage, the articles 
were mainly concerned with reviewing the 
development of NMR: based on the theory and 
calculations of chemical shifts, coupling constants, and 
how molecular dynamics can be studied via relaxation 
rates. In 1973, Lauterbur and independently Mansfield 
and Grannel published the papers which introduced 
magnet resonance imaging (MRI). MRI continued to 
developed at a rapid rate with first reports of studies of 
limbs, organs and then of whole bodies being reported 
[first reports of studies of limbs, organs and then of 
whole bodies being reported [9). The quality of the 
images improved greatly following implementation of 
new techniques such as echo planar imaging [10] and 
spin-warp imaging [11] together with 3D projection 
reconstruction methods [12]. As pointed out in [8], the 
early 1970s saw the development of a completely new 
area of NMR application when Moon and Richards [13] 
demonstrated first time that high resolution NMR P-31 
spectra could be obtained on cells and tissues. These so 
called MRS (magnetic  resonance spectroscopy) 
methods were initially used to examine human muscle 
metabolism  and later extended to include diagnostic 
studies of solid tumours and cancer cells [14]. In 1974, 
the spectacular developments in multidimensional 
NMR spectroscopy by Ernst e al. [15] triggered 
acceleration in NMR  activity with a new possibility 
being further opened up by an avalanche of novel ideas 
from many laboratories. In the last 50 years  there have 
been many more clever innovations in NMR and MRI, 
with the major developments being undoubtedly in the 
spectrometers and imaging systems (magnet, the 
radiofrequency generation,  detection system, and 
acquisition system) [8]. NMR also benefit enormously 
from the advance computing. The development of 
gradient-selection pulse sequences also led to the 
revitalization of pulse field gradient spin-echo 
experiments [16]. Both NMR and MRI/MRS continue 
to develop, and to find  new applications.  To grasp the 
chronology of  NMR milestones, following adequate 
reference article, we strongly recommend reader to 
look into Tables 1 and 2 in [8], covering  period from 
1924-2002.      

However the years are coming will be devoted to 
the brain scanning. Scientists have been remarkable 
progress in an area once thought to be impossible: 
taking a snapshot of our memories and possibly our 
dreams. NMR opened the door into observing the 
activity of brain circuits that pass electrical signals 
along chains of thousands of neurons. Although 
philosophers have long pondered the origins of though, 
it was the invention of  functional magnetic resonance 
imaging in 1991 that really sparked neuroscience. 
Functional MRI (fMRI) monitors processes such as 
blood flow in the brain in response to particular 
stimuli.   

 However to record cognitive process such as 
learning, thinking we need wholly new methods of 
measuring electrical activity that go beyond the 
existing technologies – which provide either a precise 
picture of the activity of relatively small groups of 
neurons or else sweeping imagery of large brain areas 
but without the resolution required to identify specific 
brain circuit switching on or off. To gain a picture of 
emergent patterns of brain activity, investigators need 
new sensing devices that can record from assemblages 
of thousands of neurons. Nanotechnology, with novel 
materials that sometimes measure less than the 

dimensions of individual molecules, may assist in 
making large- scale recordings.  Prototype arrays have 
been buit incorporate more than 100000 electrodes on 
a silicon base; such devices could record the electrical 
activity of tens of thousands of neurons in the retina. 
Further engineering of this technology will allow 
stacking of these arrays into 3D structures, shrinking 
the electrodes to avoid damage to tissue and 
lengthening shafts to penetrate deep within the 
cerebral cortex.  Electrodes are only one way to track 
the activity of neurons. Biologists, borrowing from 
technological developed by physicists, chemists and 
geneticists are beginning to visualize living neurons in 
awake animals. The calcium imaging and voltage 
imaging are another promising techniques which are 
based on interplay of neuroscience, genetics, chemistry 
and physics and where the issue is to improve optical 
techniques that – instead of sensing calcium – record 
neuronal activity directly.  Moreover, another imposing 
technical challenge to visualizing neuronal activity is 
the difficulty of delivering light to, and collect it from, 
neural circuits deep below the surface of the brain. To 
solve this problem neurotechnology developer are 
beginning to collaborate with researchers in 
computational optics material engineering and 
medicine. Investigation of opaque material in 
combination with optical technique including those 
used by astronomers to correct image distortion caused 
by atmosphere’s effects might bring promising 
technique. Problem here is that seeing deep with 
optical might not penetrate deep enough allowing to 
capture the brain structure.  However, electrons and 
photons are not only (even the most obvious) 
candidates for recording brain activity. DNA 
technology could also play a critical point. As 
neurotechnologies grow in sophistication, 
investigations will need improved ways to manage and 
share enormous complications of data where 
bioinformatics will play important role. The ability to 
analyze petabytes of data will do more than bring order 
to floods of new information; new insight how nerves 
proceed learning, perception and memorising. 
Inevitably the technology has grown faster than the 
researcher’s ability to understand the results it 
produces. For example, in the field of genetics – 
personalized medicine – each individual’s genetic 
readout must be compared with lots and lots of other 
people’s readouts for doctors to understand which 
genetic pattern are important indicators of disease and 
which can be safely ignored. In addition, many 
diseases are caused by rare mutations that have not yet 
been identified. 

What else? We might have soon very developed 
“hyper modal" imaging technologies that merging the 
results of multiple modalities (computed tomography 
(CT) scanning, positron emission tomography (PET) 
scanning, photoacoustic imaging and Cerenkov 
luminescence imaging.  Designing and fabricating 
miniaturized (lab-on-a-chip) devices is extremely 
challenging, but physicists and engineers are beginning 
to construct highly integrated and compact labs on 
chips with exciting functionality. Another question, 
which is highlighted these days, is the future of reverse 
engineering the brain.  

There are remarkable achievements in the field of 
biomedicine and bio-engineering. And that becomes 
the growing technology trend. Shrinking technology 
that can be wearable is taking role over equipments 
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that are heavy and locked into the hospitals or health 
centers. Nanotechnology – nanopartcles and 
nanorobots will change how we diagnose and treat 
diseases. Molecular machines are being developed to 
allow drugs to be delivered directly to cells.   

The reduction in size is compromised with excellent 
apps installed into chips while wireless network allows 
remote control and communication to health services. 
Together with an open source hardware and software 
movement we are generating an open health system – 
the interplay of health and social care. For NMR data 
visualization, processing, and analysis on mobile 
devices we refer to [17]. The lab on chips and 
subsequently the data will be given into hands of 
patients and at the same time it will generate huge data 
set which will help to scientists to look for the patterns. 
The iPhone based health monitoring devices and other 
wearable things will for sure challenge the whole 
health system.  AliveCor’s iPhone EEG, a plastic phone 
that is slated for US Food and drug Administration 
approval in early 2012, has two metal electrodes on the 
back of the case that record heart rhythms whenever 
users hold the device in both hands or press it against 
their chest. This real-time electrocardiography (EEG) 
data can be beamed wirelessly to patients, alerting 
them to any heart rhythm irregularities. Another 
remarkable product among others is recently created 
injectable fluorescent fibers that monitor blood 
glucose, done by scientist in Japan. Regarding 
molecular machine there are constraint but not by laws 
of physics but by the biology of cells:  the size of 
nanoparticles used is very important: it can only pass 
harmlessly through the cell wall if its diameter falls 
below the critical size of roughly 10nm. Anything too 
large will damage the cell. As well as individual 
particles, molecular machines based on DNA 
molecules and known as “nubots” (which stands for 
nucleic acid robot) are being developed to allow drugs 
to be delivered directly to cells – perhaps even cancer 
cells. A different approach to cancer treatment would 
be to inject cancers with gold nanoparticles. Because 
gold is an excellent X-ray absorbent, if the cells are 
afterwards bombarded with X-rays, it will heat up and 
effectively ‘cook’ the cell. Such treatment with nano-
particles and nano-machines will move treatment away 
from whole-body chemotherapy, which can damage 
healthy tissues s well.  

It seems we are also moving to a radical shift in the 
radiation therapy. The radiation therapy might be 
monitored and implanted by sensors remotely 
controlled. Does it mean that doctor will soon start to 
prescribe the apps instead of antibiotics? And patients 
will be trained how to work with apps so they can 
control the data and medications given in their hands 
But what is reliability of data? In 2013, NewScientist 
published the paper “Hiadden depths” (12, Ocrober, 
2013, pp. 33) by Ingfrei Chen.  Edward Vul and Harold 
Pashler at the University of California, San Diego, in 
2007, criticizing using just one data set for both the 
initial and final analysis, which allows the random 
noise to inflate an apparent link in brain regions and 
thus spoil link to behavioral response to trait. 
According to their research, “92% of scans examining 
the anatomy of conditions like autism might have 
missed the true answer, with many reporting links that 
weren’t really there”. 

6. CONCLUSIONS 

 

For many decades MRI and its modifications 
played important roles in our lives. We argue that the 
future of image technology is in interplay of material 
science, nanotechnology, neuroscience, genetic 
engineering, chemistry, physics, nanorobotics, and 
advance computing. In particular material science will 
play important role. Shrinking electronic components 
gives different dimension to NMR novelty and its 
applicability.  The challenge for technology developers 
is not in braking the physics laws but in bending them.  
The limits imposed by physics on technology 
developers will be solved by bringing diversity into 
action and seeing problem alternatively, or the most 
promising – by borrowing ideas and technologies from 
different scientific areas, as well as by exploring 
biomimics in more extensive way.   

It also seems that limits imposed by nature law on 
technology progress might in future dissolve through 
man-machine co-evolution making symbiotic relation 
that will furthermore together evolve. Will it be better 
or worse? The future will give the answer.  

Some information reported in this paper might 
sound speculative. They are not given here for the 
matter of philosophical debate.  They are given in order 
to emphasize that digital world and information 
communication technology give a new dimension to 
radiation measurement and imaging technologies.  

But crucial question is:  Where to go from here?   

 It is also not necessary to imitate the behavior of 
Nature in detail in order to engineer a device which can 
in many respects surpass Nature’s abilities.  
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Abstract. The theory which currently best describes the creation of the Universe is called the Big Bang theory. To 
create conditions which ruled one billionth of a second after the Big Bang, it is necessary to heat and compact the 
nuclear matter. By varying the beam energy one may, within certain limits, map the phase diagram of matter in 
extreme conditions. When the particles collide at high energies, it leads to the conversion of particle collision 
participants into much heavier particles. This creates a little Big Bang in the laboratory. If the energy density is high 
enough, the formation of quark-gluon plasma occurs after a collision. At the beginning the plasma is in equilibrium 
condition. It can achieve equilibrium through secondary collisions. After further expansion and cooling the system gets 
hadronized again.  Further expansion leads to free flow through the freeze-out. In the dense nuclear medium collective 
phenomena occur, such as increased production of strangeness, charmonium suppression and bulk motion of particles. 
In nuclear medium, individual collisions of quarks occur, which also hadronize. Using simulation package Pythia, we 
analyzed the reaction system that results in individual collisions of quarks and antiquarks, and emergence of collective 
phenomena. 

Key words: extreme conditions, quark-gluon plasma, production of strange particles, suppression of charmonium, 
collective motion 

  Introduction 

 
The goal of the research programs in the new 

accelerators is the study of nuclear matter in extreme 
conditions. Extreme conditions include high 
temperature and low density or low temperature and 
high density. Nuclear matter, as well as water, can be 
found in different phases as a function of temperature 
and density. Phase diagram of strongly interacting 
matter can be displayed by varying the energy. 

The quark-gluon plasma can occur in the initial 
stage of a collision, which hadronizes again. Various 
phenomena occur in the dense nuclear matter, such as 
increased production of strangeness, suppression of 
charmonium or collective movement of particles. 
Using Pythia simulation program, different quarks 
were collided and the mentioned phenomena were 
analyzed [1]. 

2. Phase diagram of nuclear matter 

The phase diagram is explored better in the area of 
low densities and high temperatures than in the area of 
high densities and low temperatures. Explorations 
towards higher temperatures and lower baryonic 
densities are continued in future research in CERN 
LHC. 

These conditions prevailed in the early Universe as it 
underwent aphase transition from quark-gluon matter 
to hadronic matter in the first microseconds after the 

Big Bang. In GSI SIS18 accelerator, baryonic densities 
about three times higher than nucleus density are 
reached in heavy-ion collisions [2]. The highest 
baryonic density is expected for nuclear collisions in 
the energy range of 10 to 40 GeV/u. Matter in this form 
exists in neutron stars and in the center of a supernova 
explosion. In laboratory, the super dense nuclear 
matter can be formed by reaction of the collision of 
large amounts of relativistic heavy ions. Much of the 
energy beam is converted into the excited baryonic 
resonance which decays into pions and nucleons. This 
mixture of nucleons, baryonic resonance and mesons is 
called hadronic matter. At very high temperatures 
and/or densities hadrons melt and their constituents, 
quarks and gluons form a new phase of matter – a 
quark-gluon plasma. The phase diagram of strongly 
interacting matter is shown in Figure 1. "Liquid" phase 
is realized in the atomic nucleus at zero temperature 
and the density of 300 million tons/cm3. At low 
densities nucleons behave as a gas [1].  

 3. Collision dynamics along the collision axis 

Different periods of heavy-ion collisions (HIC) are 
shown in Figure 2. Two energy nuclei move along the 
light cone and collide with each other, creating 
multipartonic system. In the initial collision, large 
amount of kinetic energy of colliding nuclei is used to 
create a large number of secondary particles in a small 
volume. These particles collide frequently enough to 
achieve a state of thermal equilibrium and the quark-
gluon plasma  can be formed. This is a transitional 
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state: the system hadronizes again after the further 
expansion and cooling. The system expands and cools 
further, leading to a freeze-out [3]. A chemical freeze-
out occurs first; chemical freeze-out point is the state 
in the evolution of hadronic system when inelastic 
collisions cease and relative particle relations become 
fixed, and it is defined by temperature Tch   and by 
chemical potential μB [4]. Chemical freeze-out 
parameters at different energies are grouped in a single 
line in T – μB plane. This line is called a freeze-out line 
and can be determined by mean energy per particle 
<E> / <N>~1GeV [5]. After chemical freeze-out, the 
composition of the particles inside the fireball is fixed, 
but elastic collisions still hold the system together, to 
the final kinetic freeze-out where the distribution 
shape of transversal momentum is fixed. From that 
moment on, the particles spectrum is visible with a 
detector. 

 

 

Fig. 1 Phase  diagram [ ]1  

4. Increased production of strangeness  

 

  In the process of ion collision, original ions 
contain only up and down quarks; there are no strange 
quarks. The particles formed in a collision contain new 
up and down quarks, as well as strange quarks. A part 
of strange quarks in electron-positron, proton-proton 
collisions is 0.2. Regardless of how much the energy is 
increased, the ratio remains the same. For nucleus-
nucleus collisions, the part is as twice as large, i.e. 
overall strangeness is increased twice. The increased 
production of strange particles was proposed as an 
experimental signal of quark-gluon plasma occurrence 
in central collisions of heavy nuclei. Figure 3 shows the 
relation K+/π+ as a function of energy beam for central 
Au+Au collision, Pb-Pb and p-p collision [1] in the 
mass center system.   

K+/π+ relationship has its maximum between the 
peak AGS (10.7GeV/u) and the lowest SPS 1 (40GeV/u) 

                                                           
1 AGS-Alternating Gradient Synchrotron, Brookhaven-USA,SPS-
Super Proton Synchrotron (CERN-Geneva) 

energy in the laboratory system (Figure 5). The debate 
subject is whether this nonmonotonic behavior is 
caused by phase transition or not. The statistical model 
of a heavy-ion collision description suggests that the 
contribution of strange particles compared to the non-
strange particles shows a maximum around the energy 
beam, approximating 30 GeV/u. 

 
 

Fig. 2  Collision dynamics [ ]3   

This increase has not been observed in proton-
proton collisions, which indicates that collective effects 
dominate in the strangeness production in this energy 
regime. Increased production of strangeness in the 
collision of protons and ions is still an open question; 
is it a result of superposition in relation to proton - 
proton or is it caused by some other mechanism. 

 

 

Fig. 3  Energy dependence of
++ π/K [ ]1  

 

The main arguments to explain the formation of QGP 
in increasing strangeness are based on predictions that 
the energy threshold of ss  pairs production in the 
QGP is lower than in the hadronic gas, and that the 
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production of pairs of strange quarks is preferred to 
the production of light quarks.  

In individual collisions of quarks there is no 
increased production of strangeness, no matter how 
much the energy is increased (Figure 4). The ratio of 
strange and non-strange particles K+/π+ is 0.1 as in 
proton-proton collision [7]. 

 

Fig. 4  Energy dependence 
++ π/K for dd  

5.  Charmonium Suppression 

 
  QGP signals are related to the production of J/Ψ 
mesons.  J/Ψ particles are made of charm quark and 

anti-quark cc . They are rare because charm quarks 
are very massive, and can be produced at an early stage 
immediately after the collision, while the nucleus 
constituents still have full energy. However the 
formation of J/Ψ mesons can be suppressed by the 
presence of QGP. Such a massive reduction in the 
number of J/Ψ particles leaving fireball, suggests that 
the hot QGP is formed in the initial stage of the 
collision [8]. The reduced production of charmonium 
was predicted decades ago. In 1986, Matsui and Satz 
suggested suppression of heavy mesons as a result of 
shadowing in the quark-gluon plasma. The shadowing 
reduces the attractive forces between heavy quarks and 
antiquarks, thus preventing their binding. Beyond the 
certain critical point, shadowing prevents the 
formation of bound states. J/Ψ suppression requires 
temperatures that are 30% above the color 
deconfinement temperature and energy density of 
about 3GeV/fm3. This is in accordance with the initial 
energy densities achieved in Pb-Pb collisions [9]. The 
collision of two light quarks, such as d-quark and d-
antiquark fails to produce J/Ψ mesons regardless of 
the amount of energy. Collisions of heavy and light 
quarks (d-quark and b-quark) produce J/Ψ mesons 
with a threshold energy that is lower than in the 
collision of heavy quarks. Multiplicity of produced 
mesons is higher in the collision of heavy quarks 
compared to the collision of heavy and light quark.  
Analyzing our results and comparing the production of 
J/Ψ mesons in collisions of heavy ions, it is possible to 
observe that the multiplicity is less usual in collisions 
of heavy ions than in the collision of quarks. 

6.   Collective Flow 

The collective flow of particles was theoretically 
predicted to occur in relativistic heavy-ion collisions   

in the early seventies of the last century [10]. They 
were predicted for two signature flows: a) Deflection of 
compressed matter in the reaction plane, deflection to 
the side of the "spectator" fragments - "bounce off", 
known as a directed flow of nucleons from overlapping 
areas of colliding nuclei in the reaction plane [11]; b) 
leakage ("squeeze-out") of participants outside the 
reaction plane, called elliptic flow (Figure 6) . 
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Fig. 5 Energy dependent ψ/J  multiplicity 

It was first experimentally detected in the nucleus-
nucleus collision by Plastic Ball Collaboration of the 
National Berkley Laboratory (NBL) in 1984 for charged 
particles [13], but it can also be present in the proton - 
proton collisions [14] . Various phenomena of the flow 
are observed at energies between 50  MeV/u and 160 
GeV/u. Initial spatial anisotropy gives rise to final 
anisotropy of momentum, on account of multiple 
interparticle collisions (Figure 6). If one of two factors, 
namely the initial anisotropy or scattering, is omitted, 
then it is not the flow. Thus in the non-central 
collisions, the flow enables measurement of scattering. 
In other words, the flow is sensitive to the number of 
interactions and cross sections of parton-parton 
dispersion [15]. 

6.1 Transverzal Flow 

 Transversal flow is a collective movement in 
transversal plane. In central collisions between 
spherical nuclei, transverse pressure gradients are not 
dependent on the azimuth angle, and field of 
transverse flow is azimuthally isotropic. In non-central 
collisions between spherical nuclei, or central 
collisions between deformed nuclei (U + U), nuclear 
overlapping region is initially spatially deformed in the 
transverse plane, resulting in the azimuthal anisotropy 
of the pressure gradient and the final form of the 
source thus generated. Particles are produced in 
overlapping region which is called effective source 
(Figure 7) [16]. 

"Directed" and "elliptic" flows are two specific 
forms of anisotropy transverse flow of a region. The 
word "directed" comes from the fact that such flow has 
a direction, and the word "elliptic" is due to the fact 
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that, in polar coordinates, azimuth distribution with 
nonzero second harmonic represents an ellipsis.    

In a single-fluid hydrodynamics, the concept of the 
transverse flow is particularly simple. Pressure 
gradient between the dense center of the system and 
the vacuum causes the expansion of the system and the 
transverse velocity of the fluid vr increases. However, if 
the size of the system is defined by the local freeze-out 
area, then the velocity of the transverse flow does not 
correspond the expansion rate of the system. As the 
system gets thinner, the freeze-out area may move 
inwards, even though the fluid particles move quickly 
outwards [6].  

 

Fig. 6  Initial and final anisotropy [ ]28  

 

Fig. 7  Overlap region of projectile and target [ ]26  

6.1   Directed  Flow 

 

The source of directed flow is the pressure that is 
formed in the collision region and which reflects the 
projectile and transitional fast fragments, i.e. 
"spectator"3  nucleons away from the target ("bounce 

off", "sidesplash" effects, "sideward" flow), resulting 
into a preferred direction of nuclear emission. The 
particles are deflected far from the beam axis inside 
the reaction plane. For excited and compressed matter 
in the central region, it is easier to break into the 
vacuum on one side of the beam axis than on the other 
[17]. The particles are emitted mostly in the direction 
of the large arrows in the reaction plane (Figure 8) [9]. 
Simultaneously produced pions deflect from 
"spectator" nucleons, forming resonance. Through this 
process, the initial direction of pions is lost and the 
flow in the direction of the "spectators" is reduced. 
Therefore pions indicate the direction in the opposite 
direction from nucleons [18]. Since the secondary 
particles interact with the "spectators", the power of 
directed flow depends on the pressure formed in the 
collision region and on the time [6]. This time becomes 
shorter with increasing impact energy and it is 
expected that directed flow is lower at the SPS (17.2G 
eV / u) than at the AGS, as observed [18]. 

 

 
 

Fig. 8  Directed and elliptic flow [ ]3  

Directed flow is described with the first Fourier 
harmonic [19] : 
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Fig. 9  In plane and out of plane flow [ ]3  

6.1.2. Elliptic flow  

Production of primary particles in non-central 
collisions is azimuthally isotropic, but as the 
interaction region is anisotropic spatially, the 
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secondary collisions can cause the distribution of final 
particles to be anisotropic in the area of momentum. 
As shown in Figure 7, the particles that lie beyond the 
plane have a longer average distance of movement 
within a dense area than the particles moving in the 
plane. Accordingly, the particles moving outside the 
plane are more likely to deflect several times and 
change their direction than the particles moving in the 
plane [6]. Therefore the final distribution of the 
particles has more particles moving within the plane 
than outside the plane, and Fourier coefficient   is 
positive (Figure 7) [19]: 
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Fig. 10 Isotropic distribution of particle [ ]3  

6.1.3. Radial  flow  

 

In central collisions of spherical nuclei, wherein the 
collision parameter is zero, the reaction plane cannot 
be defined. Transverse pressure gradients are 
independent of azimuthal angle and the field of 
transverse flow is azimuthally isotropic. The radial flow 
is defined in such collisions [20]. 

 

Fig. 11 Anisotropic distribution of particle [ ]3  

 

The radial flow involves three-dimensional 
spherically-symmetrical flow. The distribution of 
particles in the azimuthal plane is isotropic (Figure 12). 

All Fourier coefficients except 0a  equal zero, and 

ΦddN /  is a constant.  

Large elliptical anisotropy and large parameter 
value of elliptical flow is a sign of dispersion 
abundance at an early stage of collision and therefore 
signal of the early rise of pressure and thermalization. 
The collapse of the flow is predicted during the phase 
transitions, which means that the study of the flow 
gives data for the phase transitions. 

 

Fig. 12  Radial flow [ ]29  

6.2. Energy dependence of collective  flow  

 

Figures 13 and 14 show typical changes of directed 
and of elliptical flow with the bombing energy . 

 
 

Fig. 13 Energy dependent of directed flow in 

HIC [ ]18  

 

 

 Fig. 14 Energy dependent of elliptic  flow in HIC [ ]18  

The size of directed flow depends on the centrality 
of the collision. It vanishes for central collisions with 
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symmetry and for extremely peripheral collisions 
where the compression effects are weak. Therefore the 
maximum directed flow is obtained with semi-central 
collisions, with the impact parameter of (5-6) fm for 
Au-Au collisions [24, 25]. The dependence of the 
collision parameter of elliptical flow is similar to that of 
directed flow. However, the maximum is at a slightly 
higher impact parameter, about 7 fm for Au-Au 
collisions.  

The elliptical flow is higher for fragments than for 
protons [26]; as for directed flow, this is a sign of 
collective motion. However, the size of the directed 
flow is higher with a larger nucleus, which indicates 
that only partial equilibrium is established. 

We analyzed the energy dependence of elliptical 
flow for the reaction system created as a result of high-
energy collisions of individual quarks. The largest 
multiplicity of pions and nucleons is observed in 
collisions of quarks as well as in collisions of ions 
because they are made of light u-quarks and d-quarks. 
We observed energy dependence of elliptical flow of 
pions and nucleons just as of heavy ions. Figure 15 
shows the energy dependence of elliptical flow at 
different energies in unsymmetrical collision of d-
antiquark and b-quark. Energy dependence has no 
typical form, which indicates that collective 
phenomena are formed in the collision of heavy ions 
which are not a superposition of individual reaction 
systems. 
 
Conclusion  
 

Super dense nuclear matter can be created in a 
laboratory in a collision of relativistic heavy ions. If the 
energy density is high enough, it leads to the formation 
of quark-gluon plasma. Further expansion results in 
free streaming through freeze-out. Unusual 
phenomena appear in the dense substance, such as 
increased production of strangeness, suppression of 
charmonium or collective motion of particles. We 
analyzed the reaction system created as a result of the 
collision of individual quarks and showed that these 
phenomena are collective phenomena which occur 
only in extreme conditions.  
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Fig. 15 Energy dependent of elliptic  flow in 

qq collision [ ]18  
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