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Abstract
The aim of this paper is the characterization of four thermoluminescence 
detectors (TLD), namely, LiF:Mg,Ti, LiF:Mg,Cu,P, Li2B4O7:Mn and 
Li2B4O7:Cu for the measurement of the entrance surface air kerma (ESAK) 
and estimation of the mean glandular dose (MGD) in digital mammography 
examinations at hospitals and clinics. Low-energy x-ray beams in the typical 
energy ranges of mammography, produced with a tungsten target and 
additional 60 µm molybdenum filtration were implemented and characterized 
at the Laboratory of Metrology of Ionizing Radiation at Instituto Superior 
Técnico. These beams were used for the characterization of the TLDs in 
terms of sensitivity, linearity, reproducibility, energy dependence and fading 
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at 40 °C. The energy dependence test was further extended using clinical 
beams produced by mammography units at hospitals and clinics. The method 
proposed by the International Atomic Energy Agency was used for the 
measurement of ESAK and assessment of MGD. The combined standard 
uncertainty for the measurement of ESAK (and MGD) was determined in 
accordance to the Guide to the expression of uncertainty in measurement. 
The x-ray beams generated in the 23–40 kVp range presented HVL values 
from 0.36 to 0.46 mm Al. The beam produced at 28 kVp (HVL 0.39 mm Al) 
was considered as reference. The radiation field defined a circle with 84 mm 
diameter with a maximum variation of the beam intensity of less than 1% 
at the top flat (plateau) within 4 cm of the central axis. The estimated total 
uncertainty for the measurement of air kerma was 0.42%. All the TL detectors 
tested showed good performance except the commercial Li2B4O7:Mn (or TLD-
800) which was excluded due to its poor sensitivity in our experimental set 
up. Both lithium fluorides showed better linearity and reproducibility as well 
as lower energy dependence and fading when compared to lithium borates. 
The stable behaviour of LiF:Mg,Ti and LiF:Mg,Cu,P detectors is reflected 
in the low combined standard uncertainty of  ±5.6% and  ±4.3% respectively 
(or  ±5.1% and  ±3.6% if fading is neglected). In general a total combined 
uncertainty lower than  ±10% for the measurement of ESAK was obtained for 
the four TL materials studied.

Keywords: mammography, radiation quality, dosimetry, 
thermoluminescence, radiation dose assessment

1. Introduction

Mammography examination is the main method for the diagnostic of breast cancer and the 
main imaging modality internationally recommended for breast screening survey programs 
(Tung et al 2010, Camargo-Mendonza et al 2011, Sree et al 2011). The safe use of mam-
mography requires a thorough quality assurance programme which addresses technical and 
clinical aspects and various guidance documents currently exist (IAEA 2011, Reis et al 2013). 
Mammography uses low energy x-ray beams to enhance the differential attenuation of breast 
tissues and breast lesions and to increase contrast (Bushberg et al 2002). In mammography 
the quantity of interest that relates to risk is the mean glandular dose (MGD). MGD is derived 
from the entrance surface air kerma (ESAK) modified by conversion factors (Dance et  al 
2000) that take into account the target and filter combination (T/F), the half-value layer (HVL) 
of the x-ray beam, as well as characteristics of the breast, namely compressed breast thickness 
and composition (proportion of glandular tissue).

The IEC 61267 standard (IEC 61267 2005) and IAEA Technical Report Series no. 457 
(IAEA 2006) recommend the use of the RQR-M and RQA-M beam series as reference 
radiation beams for mammography produced with x-ray tubes with a molybdenum target 
and filter combination (or Mo/Mo). At the laboratory for metrology of ionizing radiation 
(LMRI) at Instituto Superior Técnico (IST) the x-ray tube available to produce low-energy 
x-ray beams operates with a tungsten target, a situation common to a large number of metrol-
ogy laboratories. Taking into account this reality Kessler (2006) at the Bureau International 
des Poids et Mesures (BIPM) suggested an alternative method to produce reference beams 
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for mammography based on similar low-energy x-ray beams produced with a W target and 
additional 60 µm Mo filtration (or W/Mo). Moreover, the European Protocol on Dosimetry 
in Mammography (EUR 16263 1996) recommends that thermoluminescence (TL) detectors 
should be calibrated with a radiation beam quality (HVL) as close as possible to 0.4 mm Al 
and this was also considered.

Thermoluminescence dosimetry (TLD) is an interesting method for dosimetry in medical 
applications due to the small size of the detectors and their low effective atomic number (Zeff) 
similar to that of soft biological tissues Zeff  =  7.4 (Horowitz 1984, McKeever 1985, Kron 
1999, Zoetelief et al 2000, IAEA 2006). TL detectors of the lithium fluoride Zeff  =  8.14 and 
lithium borate Zeff  =  7.4 families were used for this study. Commercial samples of LiF:Mg,Ti, 
LiF:Mg,Cu,P and Li2B4O7:Mn, commonly known as TLD-100, TLD-100H and TLD-800, 
respectively, as well as single crystals of Li2B4O7:Mn and Li2B4O7:Cu were used. In the 
selection of these materials factors like reliability of TLD-100, hypersensitivity of TLD-100H 
and potential low energy dependence of TLD-800 were taken into account (Horowitz 1984, 
McKeever et al 1995, Hsu et al 2008, Tung et al 2010).

In this paper the results obtained in the characterization of the radiation fields at LMRI and 
the characterization of lithium fluoride and borate TL dosemeters in terms of linearity, repro-
ducibility, energy dependence in clinical fields and fading are presented. The methodology 
suggested by the IAEA (2006) was used for the measurement of ESAK and MGD and related 
uncertainty assessment.

2. Materials and methods

2.1. Characterization and dosimetry of the radiation beam

The low-energy x-ray tube available at LMRI is a Philips model MCN-165 type. The radiation 
beam was characterized in terms of field size (Oliveira et al 2015), homogeneity, HVL and 
dosimetry (Oliveira et al 2012) and the results were compared with requirements of standard 
protocols (ISO 4037-1 1996, IAEA 2006, Kessler 2006). A lead collimator with 18.2 mm 
diameter opening was designed, constructed and placed before the transmission ionization 
chamber (PTW model 7861) to monitor the beam and meet the dimensions defined in the 
calibration certificate of the parallel-plate ionization chamber. A cylindrical ionization cham-
ber (PTW model 23331) was used to scan the measurement plane normal to the central axis 
of the radiation field, horizontally and vertically. Sets of high-purity Al filters (>99.9%, from 
Goodfellow, USA) were used to determine the HVL following the method described in the 
ISO 4037-1 standard (ICRU Report 10b 1964, ISO 4037-1 1996). A parallel-plane ionization 
chamber (PTW model 34068) calibrated at BIPM was used for the measurement of air kerma, 
taking into account pressure, temperature and humidity corrections for environmental refer-
ence conditions. The experimental setup used is presented in figure 1.

2.2. Characterization of TL detectors

Tissue equivalent TL detectors of the lithium fluoride and borate families were investigated 
for use in low-energy x-ray fields typical of mammography beams. All detectors followed 
an initialization procedure before being considered ready for use which consisted of three 
irradiation and readout cycles using a 90Sr/90Y irradiator (Vinten, UK). The detectors were 
readout in a Harshaw 4500 reader (Thermo Electron Corporation, Ohio, USA) following lin-
ear heating cycles with optimized time-temperature profile (TTP) parameters determined for 
each type (table 1).

M J Fartaria et alPhys. Med. Biol. 61 (2016) 6384
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2.2.1. Readout and external annealing cycles and glow curve shapes. Standard annealing 
and readout cycles reported in the literature for each material were tested (Horowitz 1984, 
McKeever 1985, McKeever et al 1995). For each TL variety the parameters were selected with 
the aim to eliminate the low-temperature peaks with higher fading rates, produce a simplified 
glow curve composed of the main dosimetry peak(s) and smooth the glow curve analysis 
process. The need to reduce the re-use annealing time of a large quantity of detectors and 
simultaneously obtain an acceptable residual signal was also considered. In order to optimize 
the TL response and the quality of the glow curve for each material, the readout parameters 
(e.g. pre-heat temperature and time, heating rate, maximum readout temperature attained and 
time at maximum temperature) were studied.

2.2.2. Sample size. The commercial versions of LiF:Mg,Ti, LiF:Mg,Cu,P and Li2B4O7:Mn, 
respectively known as TLD-100, TLD-100H and TLD-800 rods, with 6  ×  1  ×  1 mm3 dimen-
sions from Thermo Electronic Corporation (Ohio, USA) were used. Single crystal samples of 

Figure 1. Experimental set-up: (1) x-ray tube; (2) side window; (3) additional filtration 
of 0.06 mm molybdenum; (4) lead collimator with a 18.2 mm aperture; (5) monitor 
ionization chamber; (6) x-ray beam cone; (7) plane-parallel ionization chamber placed 
at the measurement plane defined at a window to detector distance of 50 cm.

Table 1. Parameters for the readout and annealing cycle used for each detector studied.

Detector type:
LiF:Mg,Ti 
(TLD-100)

LiF:Mg,Cu,P 
(TLD-100H)

Li2B4O7:Cu  
(sc)

Li2B4O7:Mn  
(TLD-800, sc)

Reading cycle (TTP)
Linear heating rate  
(°C · s−1)

5 5 8 8

Maximum temperature 
(°C)

300 255 300 300

Time at max. 
temperature (s)

6 10 3 3

Annealing cycle
High temperature, time 400 °C, 60 min 240 °C, 10 min 300 °C, 15 min 300 °C, 15 min
Cooling rate Natural Natural Natural Natural
Low temperature, time 100 °C, 2 h NA NA NA
Pre-readout 
temperature, time

100 °C, 10 min 130 °C, 10 min 100 °C, 5 min 100 °C, 5 min

NA—not applicable; sc—single crystal.

M J Fartaria et alPhys. Med. Biol. 61 (2016) 6384
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Li2B4O7:Mn and Li2B4O7:Cu with approximate dimensions of 5  ×  5  ×  1 mm3 were also used, 
kindly provided by the Institute of Electron Physics of the Ukrainian Academy of Sciences 
(Uzhgorod, Ukraine). The number of dosemeters of each available material varied consider-
ably. For the commercial detectors, three hundred TLD-100 were used and sixty for both TLD-
100H and TLD-800. For the single crystals only seven samples of each type were available. 
The LiF materials will be considered as reference materials and deserved special attention.

2.2.3. Efficiency correction coefficients. Three annealing, irradiation and readout cycles spe-
cific to each detector type were performed. The final individual efficiency correction coeffi-
cient (ECC) was derived from the average of the three ecc obtained in each cycle.

2.2.4. Irradiations at LMRI. Except when otherwise stated all irradiations for the character-
ization studies were performed at LMRI using an x-ray beam produced with 28 kVp tube 
voltage and W/Mo target and filter combination with 4 mGy in terms of air kerma free in 
air. Plastic sachets (0.13 mm thick) of 1  ×  3 cm2 size were prepared containing samples of 
all TLD varieties, e.g. six rods of each type for TLD-100, TLD-100H and TLD-800 and one 
sample of each single crystal. The centre of the plastic sachet was positioned in the centre of 
the x-ray beam so that all detectors were simultaneously irradiated in order to produce results 
that are directly comparable.

2.2.5. Linearity. Irradiations were performed at 0.3, 0.5, 1.0, 2.0, 4.0, 8.0, 10.0, 12.0 and  
15.0 mGy. This range was selected as it is representative of a range of ESAK values found in 
digital mammography examinations (Warren-Forward and Duggan 2004). The parameters of 
the linear fit were also used to determine the reader calibration factors (RCF) for each mat-
erial. In the case of LiF materials, the irradiations were repeated at different periods to evalu-
ate eventual sensitivity losses.

2.2.6. Reproducibility. For each TL material five readout, irradiations with 4 mGy and anneal 
cycles were performed.

2.2.7. Energy dependence at LMRI. In a second experiment the tube potential was set at 25, 
28, 30, 35 and 40 kVp and the dosemeters irradiated at 8 mGy.

2.2.8. Fading. Three sets of dosemeters were considered for each period of 4 and 8 d storage 
at 40 °C. The irradiation dose value was 4 mGy. The irradiation condition varied between all 
three sets: one was irradiated before the storage period, another one at the end of storage and 
the last one was not irradiated to control the background dose (Delgado et al 1992). Follow-
ing the respective storage periods all three sets were readout at the same time. The storage 
temperature and periods were chosen in order to induce changes on full and empty traps, 
respectively, in irradiated and non-irradiated dosemeters (Alves et al 1999).

2.2.9. Energy dependence in clinical beams and cross calibration. Mammography sets used 
at clinical facilities produce x-ray beams with radiation qualities depending on the selected 
settings e.g. tube voltage, T/F combination and to a lesser extent on the equipment design. In 
all units the stability of the tube output was verified using a calibrated Unfors semiconductor 
dosemeter (formerly Unfors Instruments, presently Unfors RaySafe, Sweden). All possible 
variations in the response of the dosemeters for the different radiation qualities used at clinical 
facilities were taken into account. An energy dependence correction factor was established for 
each TL material and T/F combination based on the entrance surface air kerma measured with 
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the TL dosemeters and the Unfors reading. The results were normalized to the reference beam 
(28 kVp and W/Mo).

2.2.10. Measurements at clinical facilities. Plastic sachets identical to the ones used for the 
irradiations at LMRI were prepared containing four rods of each type for TLD-100, TLD-
100H and TLD-800 and one sample of each single crystal. The TL detectors were irradiated 
on the surface of a standard tissue-equivalent mammography phantom of semicircular PMMA 
slabs 45 mm thick, positioned at 4 cm from the chest wall detector edge and laterally centred 
(IAEA 2006). The ESAK is derived from the average of the measurements M (obtained from 
the dosemeter set ecc corrected and background subtracted), considering the specific RCF 
obtained for the W/Mo beam (RCFW/Mo) modified by the kQ, kf and B factors that respectively 
represent the radiation quality, fading and backscatter factor, as shown in equation (1). kQ is 
a factor that corrects for the difference in the response of the dosemeter calibrated at LMRI 
using the W/Mo beam and the quality Q delivered by the clinical beam produced by the mam-
mography unit (IAEA 2006). According to the Dance method (Dance et al 2000), the MGD 
is obtained from the ESAK using two additional factors s and g, that respectively represent 
a spectral correction for the selected T/F combination and the correction for a breast 45 mm 
thick with 50% glandularity, as shown in equation (2).

M
k k

B
ESAK RCFW/Mo

Q f= ⋅ ⋅
⋅

 (1)

s gMGD ESAK= ⋅ ⋅ (2)

3. Results and discussion

3.1. Characterization and dosimetry of the x-ray beams

An x-ray beam produced at 28 kVp with W/Mo combination and 5 mA was used. The hori-
zontal and vertical normalized air kerma profiles measured at 50 cm (tube window-to-detector 
distance) are presented in figure 2. The full width at half maximum defines a radiation field 
with 84 mm diameter. The maximum variation of the beam intensity measured at the plateau 
within 4 cm of the central axis of the beam is less than 1%. Variations of 1% and 3% were 
observed for the horizontal and for the vertical profiles, respectively, and the difference of 2% 
was due to the heel effect (Oliveira et al 2015).

The tube voltage selected varied from 23 to 50 kVp. For each kVp value the first HVL in 
terms of mm Al was determined and the results are shown in table 2. The average air kerma 
per monitor units and respective uncertainty as well as the effective energy derived from the 
HVL are also presented.

The HVL values obtained varied from 0.36 to 0.55 mm Al across the range of the tube 
voltages selected and the corresponding effective energies varied between 15.6 and 18.5 keV. 
It can be observed that for the range of tube voltages considered the HVL values are close to 
0.4 mm Al, which is in agreement with the recommendations (EUR 16263 1996). The stand-
ard uncertainty for the measurement of air kerma listed in table 2 was estimated according to 
the Guide to the expression of uncertainty in measurement (BIPM 2009). All the factors with 
direct influence on the measurements were considered in the uncertainty assessment, classi-
fied into type A (statistical) and type B (other means of evaluation) categories, and are men-
tioned in table 3. For the type A uncertainties a normal probability distribution function (pdf) 
was considered whereas for the type B a rectangular pdf was taken into account. The estimated 
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total uncertainty with a confidence level of 95% (or coverage factor, k  =  2) was found to be 
0.42%, well below the 3.2% maximum recommended value by the IAEA (2006).

3.2. Characterization of thermoluminescence detectors

3.2.1. Readout and external annealing cycles and glow curve shapes. The optimized read-
out, pre- and post-annealing cycle parameters listed in table  1 were always used for each 
TL detector. The glow curves obtained following irradiation to 4 mGy and readout with the 
respective TTP are shown in figure  3 for comparison: (a) LiF:Mg,Ti (TLD-100 rod), (b) 
LiF:Mg,Cu,P (TLD-100H rod), (c) Li2B4O7:Mn (TLD-800 rod), (d) Li2B4O7:Cu single crys-
tal and (e) Li2B4O7:Mn single crystal. For all materials studied it can be observed that the 
heating rates used (5 °C · s−1and 8 °C · s−1) produce full glow curves centred in the display, 
the main peak’s maximum intensity is reached while the temperature is increasing and the 
main peak is fully emptied before the highest temperature in the TTP is attained. In the case of  

Figure 2. Radiation field size in terms of normalized air kerma at the measurement 
plane (window-to-detector distance of 50 cm): horizontal (open symbols and dashed 
line) and vertical (closed symbols and continuous line) profiles.

Table 2. Characterization and dosimetry of the x-ray beam produced with a W/Mo 
target and filter combination at different tube potentials: 1st HVL, air kerma per monitor 
units, respective uncertainty and effective energy.

Tube potential 
(kVp)

Additional Mo 
filtration (mm)

1st HVL 
(mm Al)

Air kerma 
(mGy u.m.−1)

Effective 
energy (keV)

23 0.06 0.359 8.012  ±  0.033 15.6
25 0.06 0.369 8.149  ±  0.034 15.8
28 0.06 0.387 8.182  ±  0.034 16.1
30 0.06 0.396 8.210  ±  0.034 16.2
35 0.06 0.427 8.252  ±  0.034 16.7
40 0.06 0.463 8.285  ±  0.034 17.3
50 0.06 0.549 8.416  ±  0.037 18.5

M J Fartaria et alPhys. Med. Biol. 61 (2016) 6384
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both LiF varieties, TLD-100H is nearly 10 times more sensitive than TLD-100. In the case of 
the borate single crystals with the same volume, Li2B4O7:Cu seems to be nearly 5 times more 
sensitive than Li2B4O7:Mn.

Comparing the similar shaped glow curves of both TL-800 rods and Li2B4O7:Mn single 
crystal, the weak signal of the former was due to the different sensitive volume (rod to 
single crystal volume ratio of 6:25). The shift of the peak maximum towards higher temper-
atures observed in the single crystals was also ascribed to the larger sensitive volume in the 
single crystals and eventual higher thermal inertia. However, for the dose range used in our 
experiments (0.3–15 mGy) the TLD-800 rods showed an unstable and weak TL-signal when 
compared to the TLD-100 rods that was attributed to its emission wavelength in the range 
of 600 nm (McKeever 1985, McKeever et al 1995) away from the optimum sensitivity of 
the photomultiplier tube (PMT) in our reader8 around 420 nm. This did not affect the read-
outs of the other detectors with approximate maximum emission wavelengths of 425 nm 
for LiF:Mg,Ti, 410 nm for LiF:Mg,Cu,P and 368 nm for Li2B4O7:Cu (McKeever 1985), 
nor the single crystal Li2B4O7:Mn with large sensitive volume. The same PMT was used 
throughout the experiments and its gain was kept constant. As the use of TLD-800 rods did  
not prove efficient it was abandoned. In the remaining the results presented and discussed 
will refer to TLD-100 rods, TLD-100H rods, Li2B4O7:Cu and Li2B4O7:Mn single crystals 
in this order.

3.2.2. ECC distribution. The distributions of the ecc for each batch of TLD-100 and 
TLD-100H detectors is presented in figure 4, varying between 0.80–1.25 and 0.80–1.40, 
respectively. Gaussian distribution curves were determined despite the reduced batch size 
of the TLD-100H material, providing variabilities of 8 and 10%, for TLD-100 and TLD-
100H, respectively. The larger value observed for TLD-100H was due to the lower num-
ber of detectors in the batch, e.g. 60 dosemeters compared to 300 of the TLD-100 batch. 
Due to the small number of the borate single crystals available their distribution is not 
presented.

Table 3. Uncertainty budget of air kerma true value at LMRI (all values in %).

Source of uncertainty
Type 
A (%) pdf

Type 
B (%) pdf

Parallel-plate ionization chamber:
  Measurement 0.006 Norm. 0.004 Rect.
  Positioning 0.016 Rect.
Monitor chamber:
Measurement 0.030 Norm. 0.008 Rect.
Temperature 0.010 Rect.
Air pressure 0.005 Rect.
Humidity 0.023 Rect.

Combined standard uncertainty for the 
experimental set up (k  =  2)

0.09

Combined standard uncertainty reported by 
the BIPM certificate (k  =  2)

0.41

Final combined standard uncertainty for 
irradiations at LMRI (k  =  2)

0.42

pdf—probability distribution function; Norm.—normal; Rect.—rectangular.

8 Hamamatsu, ‘Photronics tubes and related products catalogue’, Hamamatsu, Japan (2010).
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3.2.3. Linearity. The results obtained in the range 0.3–15 mGy are presented in table 4. The 
fits are described by the slope, intercept and square of the correlation coefficient (R2) obtained 
from linear regression analysis using the least square method. All materials showed a linear 

Figure 3. Time temperature profiles and glow curves of TL detectors irradiated in a 
x-ray beam with 28 kVp and W/Mo combination to 4 mGy in terms of air kerma free in 
air, following the pre- and post-annealing cycles listed in table 1: (a) LiF:Mg,Ti (TLD-
100 rods); (b) LiF:Mg,Cu,P (TLD-100H rods); (c) Li2B4O7:Mn (TLD-800 rods); (d) 
Li2B4O7:Cu single crystal and (e) Li2B4O7:Mn single crystal.

Figure 4. Distribution of the individual efficiency correction coefficients (ECC) for 
each batch: TLD-100 (white bars and continuous curve) and TLD-100H (dark bars and 
dashed curve).
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behaviour with good correlation as indicated by the R2. For both LiF varieties the linearity 
measurements were repeated three times, at different stages, providing slopes (or RCF) that 
varied less than 3%.

As previously observed in the analysis of the glow curves, the RCF values obtained for 
each material indicate that TLD-100H is 10 times more sensitive than TLD-100 and in the 
case of the borate single crystals Li2B4O7:Cu is 5 times more sensitive than Li2B4O7:Mn. A 
simple comparison between fluorides and borates suggests that for the experimental setup 
used, Li2B4O7:Mn is nearly 20 times less sensitive than TLD-100, while Li2B4O7:Cu is as 
sensitive as TLD-100. However the volume of the single crystals is nearly 4 fold that of rods, 
that is, in our setup, Li2B4O7:Cu is 4 times less sensitive than TLD-100. For the borates the 
linear regression does not intercept the origin and this was attributed to the reduced sample 
size, that is, while for fluorides the irradiated set consisted of six detectors, for the borates 
only one detector.

3.2.4. Reproducibility. The reproducibility of each TL type was measured for the reference 
beam (28 kVp W/Mo, 4 mGy) and repeated 5 times. The results normalized to the average 
are shown in figure 5. All materials present a reproducible behaviour with variations within 
the intervals  ±0.8, ±1.4, ±2.7 and  ±3.4 of the mean respectively for TLD-100, TLD-100H, 
Li2B4O7:Cu and Li2B4O7:Mn. The reproducibility experiment as described herein was peri-
odically checked and following 10 cycles a sensitivity decrease of around 2% and 4% was 
observed, respectively for TLD-100 and TLD-100H. These values were considered as inputs 
for the stability of the RCF in the uncertainty assessment.

3.2.5. Energy dependence at LMRI. In figure 6 the tube potential varied from 25 to 40 kVp 
corresponding to a HVL between 0.37 and 0.47 mm Al, and in turn, to an effective energy 
between 15.8 and 17.3 keV. The dosemeters were irradiated with 8 mGy. The readings obtained 
were normalized to the average. In general, there is a higher variation on the results as com-
pared to figure 5. There seems to be a tendency for an increase with the effective energy of the 
beam, particularly for the single crystal Li2B4O7:Cu. Similar observations were indicated by 
Hsu et al (2008) and Tung et al (2010). Maximum variations observed were contained within  
the intervals  ±2.3, ±1.8, ±6.3 and  ±5.5%, respectively for TLD-100, TLD-100H, Li2B4O7:Cu 
and Li2B4O7:Mn. The signal to noise ratio measured following irradiations at 8 mGy repre-
sented 0.4%, 0.05%, 0.9% and 3.4% of the main signal for TLD-100, TLD-100H, Li2B4O7:Cu 
Li2B4O7:Mn, respectively.

3.2.6. Fading. The results obtained following storage at 40 °C are presented in figure 7. 
Closed symbols represent the dosemeter sets that were stored at 40 °C for 4 and 8 d after 
irradiation. The open symbols represent the other two sets stored at 40 °C for the same peri-
ods and irradiated prior to readout. The other sets were not irradiated and used to control 
background. All were readout at the same time and the results were normalized to prompt 
measurements.

Table 4. Linear regression parameters for each TL detector in the range 0.3–15 mGy.

TL material Slope (mGy · nC−1) Intercept (mGy) R2

TLD-100 0.037 1.3  ×  10−4 0.9993
TLD-100H 0.003 3.7  ×  10−3 0.9989
Li2B4O7:Cu 0.032 −0.165 0.9967
Li2B4O7:Mn 0.163 −0.400 0.9975
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Both lithium fluoride materials show small variations with storage at this temperature even 
for the longest storage period. The average variation observed was  ±2% for 4 d storage and less 
than 4% for 8 d at 40 °C for TLD-100. These findings are supported by previous studies (Alves 
et al 1999, Pereira et al 2015). For the borate single crystals the average variation is higher, 
approximately  −12% and  −8% for Li2B4O7:Cu for 4 and 8 d storage respectively, whilst the 
corresponding values for Li2B4O7:Mn are  −5% and  −6%. Li2B4O7:Mn appears more stable 
than Li2B4O7:Cu, as suggested by other authors (McKeever 1985, McKeever et al 1995). Further 
work to investigate the effect of other storage temperatures and periods is being considered.

The workplace environment at our laboratory and at clinical facilities where the measure-
ments were performed is temperature controlled around 22 °C. The dosemeters irradiated 
at the clinics were always readout on the day following the irradiations. The TTP and the 
re-use cycles were designed in order to avoid the influence of the low-temperature and high-
fading rate peaks. On the other hand, the experiments were performed with storage periods 
at 40 °C and storage periods as long as 8 d suggestive of worst case scenarios. However such 
high temper atures were never attained during the field work for dose assessments. Taking 
these factors into consideration, this experiment allowed the characterization of the fading 
and sensitivity changes experienced by the TL materials. However it does not reflect a real 
situation endured by the detectors. Although the fading correction factor kf was estimated and 
considered in the assessment of the total uncertainty budget, it was considered unnecessary 
for routine work.

Figure 5. Reproducibility of TL detectors following 5 cycles (28 kVp, W/Mo, 4 mGy). 
From top to bottom: TLD-100 (circle), TLD-100H (square), Li2B4O7:Cu (triangle) and 
Li2B4O7:Mn (rhombus).
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3.2.7. Energy dependence in clinical beams (cross calibration). The radiation qualities pro-
duced by dedicated mammography units differ from the reference beam used at LMRI mainly 
due to the different tube voltages and T/F combinations and, to a lesser extent, to variations in 
the design of the x-ray source. In order to take these aspects into account equation (1) consid-
ers kQ a quality correction factor (cross calibration) (IAEA 2006). The kQ factor was exper-
imentally determined for each TL material using all the measurements performed at clinical 
facilities, for each T/F combination. In this way all possible variations due to the differences 
in tube voltages and equipment design were taken into account. At each clinical facility the 
stability of the tube output was verified with the Unfors dosemeter. All devices showed a 
stable behaviour with maximum variations lower than 1.4%. The TL materials were irradiated 
in automatic exposure control (AEC) mode and their reading in terms of ESAK compared to 
the Unfors dosemeter (cross calibration). The average kQ obtained for each T/F combination 
and each TL material are presented in table 5 as well as the number of irradiations performed.

The uncertainty of the kQ factor takes into account the different tube voltages and equip-
ment design. All the beams were investigated with samples of fluorides and not so much with 
borates (due to the reduced sample size) and the kQ factors obtained for TLD-100 and TLD-
100H seem to be closer to unity. That for Li2B4O7:Mn is farthest from unity while Li2B4O7:Cu 

Figure 6. Energy dependence at LMRI (25–40 kVp and W/Mo beam). From top to 
bottom: TLD-100 (circle), TLD-100H (square), Li2B4O7:Cu (triangle) and Li2B4O7:Mn 
(rhombus).
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presents an intermediate behaviour. The largest uncertainty was observed for Rh/Rh quality 
which in our sample study was the less frequently used T/F combination.

3.2.8. Uncertainty of the measurement of ESAK. The expression for the measurement of 
ESAK is given by equation (1) and in the assessment of the combined standard uncertainty 
listed in table 6 the Guide (BIPM 2009) and the assumptions described below were considered.

The contribution to the uncertainty due to the measurements of the TL readout is in the 4th 
decimal digit generally of the order of 10−3% and was neglected when compared to the other 
components. The TL readout is then corrected by the respective ecc and background sub-
tracted to obtain the average M . The TL sets were all composed at random so it is considered 
that the contributions to the uncertainty due to the dispersion of the TL sets are included in 
the RCF. The component to the uncertainty due to the RCFW/Mo was derived from the linear-
ity measurements, the reproducibility results obtained in figure 5, as well as its decrease with 
time, squared and summed. For this component a normal pdf was assumed. The kQ comp-
onent to the uncertainty is given for each material by the relative standard deviations derived 
from table 5. For the case of TLD-100 varied between  ±1.0% and  ±4.4%; for the TLD-100H 
material between  ±1.4% and  ±3.0%; for the Li2B4O7:Cu single crystal between  ±3.2% 
and  ±7.9%; and for the Li2B4O7:Mn material between  ±2.2% and  ±8.7%. The highest 
value was considered and rectangular probability distribution functions were assumed. The 

Figure 7. Fading and sensitivity changes following storage at 40 °C during 4 and 8 d. 
From top to bottom: TLD-100 (circle), TLD-100H (square), Li2B4O7:Cu (triangle) and 
Li2B4O7:Mn (rhombus). Closed and open symbols respectively represent storage after 
and before irradiation.
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contrib ution to the uncertainty due to the backscatter factor B was determined taking into 
account its dependence on the HVL of the mammography beams that varied between 0.313 
and 0.575 mm Al. In this range the corresponding tabulated B factors (IAEA 2006) showed 
a linear behaviour varying from 1.08 to 1.12. According to the calibration certificate of the 
Unfors dosemeter an uncertainty of 5% is expected which corresponds to an uncertainty in the 
determination of the B factor of  ±0.3%. For this deviation a rectangular probability distribu-
tion function was assumed. The kf component to the uncertainty was derived from the results 
in figure 7. However, taking into account that dosemeters were always irradiated and read the 
following day, the contribution to fading can be neglected.

As explained throughout this paper there is more information for the fluorides than for the 
borates. The total combined uncertainty with a confidence interval of 95% is then 5.1% and 
3.6%, respectively for TLD-100 and TLD-100H. These values are well below  ±10% rec-
ommended by the IAEA (2006) and the European Commission (EUR 16263 1996) for the 
measurement of ESAK. For the single crystals it is somehow higher, around 9.3% and 10.3%, 
respectively for Li2B4O7:Cu and Li2B4O7:Mn but still acceptable and in accordance to the 
guidance documents.

3.2.9. Assessment of MGD. In figure 8 four estimates of MGD obtained as described herein 
are presented, each obtained in different mammography units and irradiated with different 
radiation qualities or T/F combinations.

For the uncertainty in the measurement of the MGD the values mentioned in table 6 were 
considered combined with the uncertainty in the g factor of  ±2.6% assuming a rectangular 
pdf, yielding a combined standard uncertainty of 7.3%, 6.4%, 10.7% and 11.5%, respectively 

Table 5. kQ correction factors obtained for each type of TL material in clinical beams 
normalized to the reference beam (W/Mo) at LMRI (cross calibration) (IAEA 2006, 
Kessler 2006).

Target and filter  
combination

Number of cases 
LiF–Li2B4O7 TLD-100 TLD-100H Li2B4O7:Cu Li2B4O7:Mn

Mo/Mo 14–9 1.03  ±  0.09 1.05  ±  0.03 1.11  ±  0.07 1.13  ±  0.06
Mo/Rh 6–4 1.05  ±  0.02 1.01  ±  0.04 1.06  ±  0.14 1.17  ±  0.04
Rh/Rh 3–3 1.03  ±  0.07 0.99  ±  0.06 1.01  ±  0.16 1.15  ±  0.20
W/Rh 8–4 1.01  ±  0.06 0.92  ±  0.03 1.07  ±  0.11 1.15  ±  0.09

Table 6. Uncertainty budget for the estimate of ESAK.

Source of uncertainty pdf
TLD-
100

TLD-
100H Li2B4O7:Cu Li2B4O7:Mn

Reproducibility Normal 0.3 0.5 0.9 1.1
Linearity and stability, RCFW/Mo Normal 1.2 1.7 ND ND
Energy dependence, kQ (worst case) Rectangular 2.5 1.7 4.6 5.0
Fading correction, kf Rectangular 1.2 1.2 6.9 2.9
Backscatter factor, B Rectangular 0.2 0.2 0.2 0.2
Combined uncertainty, (k  =  2) 5.6 4.3 16.7 11.8

Combined uncertainty, excl fading (k  =  2) 5.1 3.6 9.3 10.3

pdf—probability distribution function; ND—not determined.
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for TLD-100, TLD-100H, Li2B4O7:Cu and Li2B4O7:Mn. For each radiation quality it can 
be observed that the MGD values obtained with each TL variety are close and all within 
the measurement uncertainties. As expected, the larger uncertainty values correspond to the 
borates.

4. Conclusion

At LMRI a reference x-ray beam produced with a W target, additional Mo filtration and oper-
ated in the low energy range typical of mammography was implemented using the method 
suggested by BIPM (Kessler 2006). The combined uncertainty for the measurement of air 
kerma free in air was 0.42%. The beams produced at LMRI were used for the characterization 
of four tissue equivalent TL detectors of LiF:Mg,Ti (TLD-100), LiF:Mg,Cu,P (TLD-100H), 
Li2B4O7:Cu and Li2B4O7:Mn for use in mammography radiation fields. The dosemeters were 
characterized in terms of linearity, reproducibility, energy dependence at LMRI, fading and 
energy dependence in clinical beams used for cross calibration, using TLD-100 and TLD-
100H as reference materials. All parameters determined in the characterization process were 
taken into account and used in the assessment of the combined standard uncertainty for the 
measurement of ESAK (and MGD) according to the Guide to the expression of uncertainty in 
measurement. The method for the assessment of ESAK and further MGD in dedicated mam-
mography units at hospitals and private clinics was tested and examples are provided.

All dosemeter materials tested are adequate to the measurement of ESAK and estimate of 
MGD. Taking into consideration a total combined uncertainty lower than  ±10% for ESAK 
the best results were obtained with LiF:Mg,Cu,P (TLD-100H) followed by LiF:Mg,Ti (TLD-
100), although both single crystals provided also reasonable results. On the one hand a more 
thorough study was performed with both fluoride materials than with the borate single crys-
tals, however the sample size of the latter conditioned the uncertainty assessment. Despite this 
fact, the four materials seem adequate for use in mammography dose assessment.
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Figure 8. Four mean glandular dose measurements obtained with TL detectors in 
mammography units operated in AEC mode. The uncertainty bars were obtained as 
described in the text. From left to right: Mo/Mo, Mo/Rh, Rh/Rh and W/Rh combinations. 
TLD-100 (circle), TLD-100H (square), Li2B4O7:Cu (triangle) and Li2B4O7:Mn 
(rhombus).
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