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Abstract

We developed a novel technique to obtain 3D-imaging of elemental distribution based on multi-angle RBS mea-

surement and micro-beam scanning. Since cross-sections of RBS are too small to obtain 3D-imaging, it is necessary to

measure scattered particles with large solid angle detectors. Hence, the RBS profiles from each scattering angle are

superposed and a true depth profile cannot be obtained. Recently, a large solid angle X-ray detector array consisting of

45 detector elements was installed at the TIARA facility of Japan Energy Research Institute. Each detector element

measures X-rays as well as scattered particles. For this utilization, we introduced a technique to superpose RBS profiles

and applied it to the surface analysis of an ant�s head.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The technique to investigate the profile of ele-

ments using the energy spectrum of protons or a
particles backscattered by target nuclei (RBS) is

being widely used in the field of surface material

physics. It is expected that 3D-images can be ob-

tained with RBS by means of scanning beams.
Recently, RBS technique combined with micro-

PIXE have been applied to the analysis of mineral

and industrial samples [1–5], where the samples

contained very large amount of elements. Other

techniques to obtain 3D-images include micro-

PIXE CT [6–8] and the combination of STIM-CT

[9] and micro-PIXE CT where the sample is ro-

tated during measurement.

The peak profile of backscattered particles from
light and heavy nuclei are separated in the RBS

energy spectrum. Therefore, the part of RBS

spectrum due to heavy elements can be distin-

guished from the main elements: hydrogen, carbon

and oxygen in the biological samples. Moreover,
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3D-images can be obtained by scanning the sample

with a micro-beam.

Recently, a large solid angle X-ray detection

system (EURISYS MEASURES Co., Ltd.) was
installed at the TIARA facility of Japan Energy

Research Institute. This array of 45 X-ray detec-

tors measures X-rays as well as scattered particles

[10]. As the energy profile of backscattered parti-

cles from heavy nuclei overlap each other, they

cannot be separated by RBS, however the main

element yields can be determined by PIXE analy-

sis.
In this paper, we propose a new technique to

obtain the elemental profile of biological samples

on the basis of RBS analysis with the multi-de-

tector system enhanced by simultaneous PIXE

analysis.

2. Proposed technique of superposing RBS spectra
obtained at different measuring angles

The main components of biological samples are

hydrogen, carbon, nitrogen and oxygen. The en-

ergy of particles backscattered by these light nuclei

is much smaller than the RBS energy of heavy

nuclei like potassium and phosphorus. Therefore,

a depth profile of potassium and phosphorus in
biological samples can be obtained from the high

energy part of the RBS spectrum.

Table 1 shows the depth investigated by 2 MeV

protons as a function of measuring angle for po-

tassium in a protein rich biosample, which is lim-

ited by oxygen. The range of proton energies is

selected considering the penetration depth of the

sample and 2 MeV is adopted for the PIXE anal-
ysis. It is seen from this table that the distribution

of potassium can be investigated to a depth of 7 lm
at the measuring angle of 160�.

Fig. 1 shows the relation between the RBS cross-

sections at 150� and potassium Ka X-ray pro-
duction cross-sections for 2 MeV incident protons

as a function of elemental atomic numbers. As far

as the cross-section is concerned, the sensitivity of

RBS analysis becomes superior to that of PIXE

analysis above strontium. However, in the case of

heavy nuclei, the RBS energies are very close and

the profiles cannot be separated. Moreover, in the

case of a thick sample, their RBS profiles overlap
strongly even for light elements. Since the con-

centration of heavy elements such as copper and

iron is trace in comparison to the large amounts of

phosphorus, potassium, chlorine, calcium, the

contribution of those heavy elements in the RBS

spectrum of the biosample is negligibly small. As a

consequence one observes only the 3D-images of

phosphorus and potassium here.
It is seen from Fig. 1 that the cross-section of

RBS for phosphorus and potassium is two orders

Table 1

Depth investigated by 2 MeV protons as a function of measuring angle for potassium in biosample, which is limited by oxygen

Scattering angle (degrees) Scattered energy at O surface (MeV) Scattered energy at K surface (MeV) Depth (lm)

120 1.655 1.851 3.91

130 1.626 1.838 4.99

140 1.601 1.826 5.89

150 1.580 1.817 6.61

160 1.566 1.810 7.14

170 1.557 1.805 7.46
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Fig. 1. RBS cross-sections at 150� and Ka X-ray production

cross-sections for 2 MeV proton as a function of elemental

atomic number.
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of magnitude smaller than the K X-ray cross-

section. Therefore one must improve the RBS

count rate and the RBS measurement is thus

carried out by a multi-detector array. Finally the

RBS profiles are superposed.

Assuming that a small amount of a heavy ele-

ment with an atomic number Z is distributed in
the cytoplasm as a function qðzÞ of depth z, we
introduce a relation between qðzÞ and the RBS

energy spectrum ðdNR=dEÞðE; hÞ. In Fig. 2, a pro-

jectile with incident energy E0 and mass m passes

through a sample losing a part of its energy and is

subsequently backscattered by a nucleus with a

atomic number Z and mass M at a position z,
where the projectile energy changes kinematically
from E1 to E2. Then, the projectile penetrates the

sample and arrives at a detector in which the

projectile energy E is observed. In these pro-

cesses, we obtain the following relations for range

RðEÞ,
RðE0Þ ¼ zþ RðE1Þ; ð1Þ

RðE2Þ ¼
z

cosðp� hÞ þ RðEÞ: ð2Þ

We use an empirical formula for the range RðEÞ:
RðEÞ ¼ aEc; ð3Þ
where a depends on material but c takes a constant
value (�1.75 above E > 1 MeV). The relation be-
tween E1 and E2 is given by,

E2 ¼ GðhÞE1; ð4Þ
where

GðhÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 cos2 hþ 1� d2

p
þ d cos h

1þ d

 !2

and

d ¼ m
M

:

From the Eqs. (1)–(4), we obtain a relation be-

tween z and E:

z ¼ aðEc � ðGðhÞE0ÞcÞ
1� GðhÞc cos h cos h: ð5Þ

Assuming Rutherford cross-sections, the RBS

energy spectrum ðdNR=dEÞðE; hÞ is presented by

the equation:

dNR

dE
ðE; hÞ ¼ qðzÞ dz

dE
Np

drR

dX
dXD ð6Þ

with

dz
dE

¼ acEc�1 cos h
1� GðhÞc cos h

and

drR

dX
¼ ð1þ d2 þ 2d cos hcÞ3=2

j1þ d cos hcj
ð1þ dÞzpZe2

2ð1� cos hcÞE1

� �2

;

where

cos hc ¼ cos h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� d2 sin2 h

p
� d sin2 h

and

E1 ¼ Ec
0

�
� z
a

�1
c
:

Np, dXD, zp and e are the number of incident par-
ticles, detector solid angle, the atomic number of

the projectile and the charge unit, respectively.

In accordance with Eqs. (5) and (6), we can

derive a distribution of qðzÞ for the element Z from

the RBS energy spectrum /ðh;EÞ. The distribu-

tions qðzÞ at each angle can be superposed on each

other to improve the count rate statistics.

3. Experiment and results

The experiment was carried out by using the
micro-beam system and the large solid angle X-ray
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Fig. 2. Schematic diagram illustrating relation between pene-

trating depth z and projectile range RðEiÞ.
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detection system shown schematically in Fig. 3.

The array consists of 45 detector elements in five

elements assembled like a lamp shade in the vac-

uum box with 12 lm Be windows. The signals
from the preamplifiers are split as input into the

main amplifiers for RBS and those of PIXE. RBS

signals and PIXE signals are labeled with the

micro-beam position information and are stored

in the computer memory. In this experiment, only

16 detectors at 148–168� were employed for RBS

measurements (blue) and one detector at 150� for
the PIXE measurement (orange).

Energy calibration for the detector array was
carried out by RBS measurement of a 0.1 lm thick

gold foil, because the RBS energy from gold nuclei

only weakly depends on the scattering angle. From

this calibration, we obtained an average value of

energy resolution for the detectors of 3%.

Fig. 3. Schematic diagram of the detection geometry of a large solid angle X-ray detection system.
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Fig. 4. RBS spectrum of the ant�s head at 158.2�.
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We applied our method to analyze the elemental

profile of the head of a very small ant pasted with

araldite to a Mylar backing. Scan area was 500

lm� 500 lm and measurements with 200 pA were
carried out for 1 h using a 2 lm micro-beam. The

surface of the head was defined as x–y plane and

z-axis was taken in the inward direction from the

surface. Fig. 4 shows the RBS spectrum at 158.2�
and Fig. 5 shows the simultaneous PIXE spec-

trum. In these figures, the spectra are summed in

the x–y plane. The contribution of RBS from

heavier elements is recognized above oxygen. A
composition peak of phosphorus and sulfur and

the potassium peak appear strongly in the PIXE

spectrum. This evidence that a combination of

RBS and PIXE has considerable merits. The en-

ergy resolution of the X-ray detector was 350 eV at

potassium Ka X-ray (3.313 keV).

4. Discussion and conclusion

It is seen from Fig. 5 that the contribution of

phosphorus + sulfur is much larger than the one of

potassium. Fig. 6 shows the 2D micro-PIXE image

of phosphorus + sulfur of the ant�s head. A high

concentration of phosphorus or sulfur corre-

sponds to the top of the head of ant.
Other regions of strong concentration are the

contribution of sulfur contained in the araldite

paste. It is thus concluded that the elemental

concentration on top of the head is mainly due to
phosphorus or sulfur nuclei. The energy range of

RBS for phosphorus and oxygen nuclei near the

surface is presented in Fig. 4. It is evident that the

profile of phosphorus is obtained from the surface

to a depth of slightly less than 7 lm.

Using Eqs. (5) and (6), we calculated the depth

profiles from the RBS data at each angle and

summed them with respect to angles. Fig. 7 shows
a 21

2
D-image of phosphorus + sulfur using super-

posed RBS data in two parts 6a(x–y plane in-

tegrated over z above oxygen) and 6b(z-axis of
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Fig. 5. PIXE spectrum of the ant�s head.

Fig. 6. 2D micro-PIXE image of phosphorus+ sulfur yields.
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depth). Again it is recognized that phosphorus or

sulfur is strongly enhanced at the surface of the

ant�s head at the upper side in Fig. 7(a). The strong

concentration at the lower side in Fig. 7(a) is

uniformly distributed inward from the surface and

corresponds to the araldite paste. These are pre-

liminary data but final data will have better sta-

tistics by one order of magnitude. At present the
energy resolution is 60 keV resulting in a resolving

power of about 1 lm in the direction of depth. By

improving of energy resolution to 30 keV, the

spatial resolution will be less than 1 lm.
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