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In present work we use Nal(Tl) detector in narrow-beam good geometry set-up for the
gamma ray attenuation studies of some low-Z materials. The parameters such as mass attenu-
ation coefficients, effective atomic numbers and effective electron densities, atomic cross-sec-
tions, electronic cross-sections of materials for graphitic powder, polycarbonate, polyvinyl
chloride, plaster of Paris, gypsum, and limestone were determined using gamma ray sources
57Co, 133Ba, 137Bs, 90Co, and 22Na at energies of 122, 356, 511, 662, 840, 1170, 1275, and
1330 keV. It was observed that the effective atomic numbers and effective electron densities
initially decrease and tend to be almost constant as a function of gamma-ray energy. An at-
tempt was done to check the availability of these low-Z materials at large scales and obtainable
at low cost as gamma ray shielding materials. The investigated data are useful in electronic in-
dustry, plastic industry, building materials, and agriculture fields.
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INTRODUCTION

The investigation of mass attenuation coefficient,
effective atomic number, and electron density of mate-
rials are the most important in the study of radiation in
many fields. Nuclear radiation consists of high-ener-
getic photons. The interaction of gamma rays with mat-
ter is wide spread application in nuclear physics, elec-
tronic industry, material modification, medical science,
coating, paint industry, agriculture industry, efc. The in-
teraction process mainly depends upon the intensity and
the type of absorbing material. The gamma rays have
greater penetrating power and obey different absorption
laws [1]. As the use of radiation is wider for different
applications, it is very important to study the interaction
and absorption of gamma radiations in materials. For
the study of absorption and interaction the basic quanti-
ties are effective atomic number, electron density and
mass attenuation coefficient [2]. The study of attenua-
tion coefficient gives more importance to materials in
the energy range 10-1500 keV. The gamma radiation in
the energy region 200 keV to 1500 keV interacts with
material mainly due to a dominance of photoelectric
and Compton effect photon interaction processes. Mass
attenuation coefficient (1,,) is the measure of the proba-
bility in gamma ray interaction with matter [3]. The
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composite materials are synthesized materials from one
or more constituent materials. The composite materials
are widely used in various fields such as naval, aero-
space, automotive industry, and technology. This is due
to their unique attributes such as non-existence of ero-
sion, rust and high resistibility at high temperature. Ow-
ing to these advances the composite materials are popu-
lar in industrial applications [4].

Over the last 20 years of investigations infusion
research all fusion devices have implemented low-Z
carbon based materials as plasma facing materials, as
they enhance the performance of these materials such
as density, temperature and energy confinement [5].
The devices prepared from low-Z materials have the
excellent thermo-mechanical properties and due to
this will not melt at normal heat. The low-Z elements
show the advanced properties when use carbon as
dopants or coatings [6]. Developing new advanced
materials in recent years for nuclear science has be-
come increasingly critical to high demand on better
shielding in extreme environments. Radiation shield-
ing materials possess good mechanical properties long
term reliability with suitable thermo-physical charac-
teristics [7]. The correct values of mass attenuation co-
efficient are found of immense importance for various
fields such as nuclear diagnosis, radiation protection,
nuclear medicine, radiation dosimetry, radiation bio-
physics, efc. The mass attenuation coefficient data are
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also used in penetration and energy deposition in
shielding and other dosimetric materials. In composite
materials the single number cannot represent the
atomic number, the number for composite materials is
termed “effective atomic number (Z.)” and it varies
with energy. The energy absorption will be calculated
if certain constants are known i. e., effective atomic
number (Z4) and electron density (V) of the materi-
als, therefore the study of effective atomic number and
electron density is very useful for many applications:
in UV-sunlight protection, coatings, paints, electronic
industry as well as medical field [8]. Recently few re-
searchers in our laboratory investigated the values of
mass attenuation coefficient, effective atomic num-
bers, electron densities, total atomic cross-section for
dosimetric materials, fatty acid, minerals, amino acids,
low-Z materials, etc.[9-12]. Many researchers investi-
gated the extensive data on effective electron density,
electron density, atomic cross-section, total cross-sec-
tion for many materials [13-15].

The objective of the experimental work is to in-
vestigate gamma ray attenuation in these samples as
low-Z materials are affordable as compared to high-Z
materials such as lead, mercury which may not prove
useful at large dimensions. Gamma ray attenuation
study is very useful to check the feasibility of the mate-
rials. We have measured the mass attenuation coeffi-
cient (u,,) which was then used to calculate total atten-
uation cross-section (o). The attenuation data for
theoretical calculations is obtained from XCOM pro-
gram using a PC [16, 17]. It shows good agreement
with the experimental data for some low-Z materials.

THEORY

In present work the following equations were
used to determine the mass attenuation coefficient,
atomic cross-sections (o), electronic cross-sections
(o.), effective atomic numbers (Z.4) and effective
electron densities (V.g) and molar extinction coeffi-
cient for low-Z materials.

When a beam of monochromatic gamma pho-
tons is attenuated on matter according to Lam-
bert-Beer law:

I=I,e™ 1)

where, /; and / are the incident and transmitted photon
intensities, respectively, i [cm '] represents linear at-
tenuation coefficient of the material and # [cm] is the
thickness of the target material/sample. Rearrange-
ment of eq. (1) yields the following equation for the
linear attenuation coefficient

u= h{’l‘)] @)

The mass attenuation coefficients u,, of the sam-
ple should be calculated by using the equation

M :ZWi (M) (3)

1
where wj is the weight fraction. The w; can be defined
as follows
_ mid;
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where 4; is the atomic weight of the sample and »; the
number of formula units.

The values of mass attenuation coefficients, eq.
(3), were then used to determine the total attenuation
cross-section (o) by the following relation

Gtot ::um[]\]/vJ (5)
A

where N =3 n; 4;is the atomic mass of the sample and
N, is the Avogadro's number.

Similarly, effective electronic cross-section (o)
for the individual element is given by
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where f; is the fractional abundance of the sample and
Z; — the atomic number of the sample.

The total atomic cross-section and total elec-
tronic cross-section are related with the effective
atomic number. Therefore the equation for Z g can be
defined as

(6)

o
Zogp=—+ (7
€
The equation for N g can be defined as
N
Neg = TA Zefr (®)

EXPERIMENTAL DETAILS

Radioactive sources >’CO, 3°Ba, 1¥7Cs, **Mn,
%0CO, and **Na emitting energies 122, 356, 511, 662,
840, 1170, 1275, and 1330 keV, respectively, were
used for irradiation. The gamma ray photons were de-
tected using Nal(Tl) detector with resolution of
0.101785 to 662 keV. A detailed experimental set-up
of transmission experimental is shown in fig. 1. Sig-
nals from the detector were enlarged and analyzed
with 8K multichannel analyzer. The effectiveness of
Nal(T1) detector is higher at low source energy [18].
The uncertainty in determined experiment is found to
be 1-4 % [19]. To make graphitic powder (c),
polycarbonate (C;sH,s0,), polyvinyl chloride
(C,H4Cl), plaster of Paris (Ca,S,04H), gypsum
(CaSO,4H,0,), and limestone (CaCO;) as radiation
target we used KBr press machine to prepare tablets
having same thickness (0.13 g/cm?). Then we filled
them in a cylindrical plastic container having the same
diameter as that of sample tablets. To determine the di-
ameters of these samples we used a traveling micro-
scope. Transmission experiment was performed with
the empty sample container and it was found that the
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Figure 1. Schematic diagram of experimental set-up

attenuation of photons of the empty containers was
negligible.

To get accuracy in experiment we prepared tab-
lets weighted using sensitive digital balance having
accuracy 0.001 mg for each sample. Samples were
weighed several times and the mean of these samples
weight was taken as mass of the sample. To satisfy the
ideal condition the sample thickness was selected in
the order 2 <In (/,//) <4 [20]. Mass attenuation coeffi-
cients (u/p) for all the samples of low-Z materials were
calculated using eq. (3). The values of mass attenua-
tion coefficients were also obtained using the XCOM
program at all photon energies of current interest[17].

To optimize minor errors we took care of some
conditions that are counting statistics, impurities
added in the sample: The error due to the sample impu-
rities can be high only when large percentage of high Z
impurities is present in the sample-uniformity of the
sample. The non-uniformity of the sample material in-
troduces a fraction of error of about half the root mean

square deviation in mass per unit area, dead time,
proper adjustment of the distance between the detector
and source (30 cm <d < 50 cm), the maximum angle of
scattering was below 30 min of the Nal(TI) detector.
The photon built-up effect was kept minimum by
choosing optimum count rate and the counting. Opti-
mum transmission ratio (in the range 0.1 to 0.5) is ob-
tained using proper selection of samples thickness in
order to minimize photon build-up in the absorber. The
photon built-up depends on the atomic number and the
sample thickness, and also on the incident photon en-
ergy. It is also a consequence of the multiple scattering
inside the sample. In the multichannel analyzer used in
the present study, there was a built-in provision for
dead time correction. The pulse piles of effects were
kept minimum by selecting an optimum count rate and
counting time.

RESULTS AND DISCUSSION

The values of mean atomic number calculated
from chemical formula for graphitic powder,
polycarbonate, polyvinyl chloride, plaster of Paris,
gypsum, and limestone are described in tab. 1. It
shows that the mean atomic number for all low-Z ma-
terials is different. The values of i, [cm?g '] for these
low-Z materials at energies 122, 356, 511, 662, 840,
1170, 1275, and 1330 keV calculated experimentally
using Nal(Tl) detector and theoretically using XCOM
are mentioned in tab. 2 and a typical plot displayed in
fig. 2. Based on these values it can be seen that there is
a small amount of variation in experimentally and the-
oretically calculated values i. e., it shows good agree-
ment. The values for atomic cross-section (o) are dis-
played in tab. 3 and a typical plot is displayed in fig. 3.

Table 1. The mean atomic numbers calculated from the chemical formula for low-Z materials

Low-Z materials Molar mass [gmol’l] Chemical formula Mean atomic number, <Z
Graphitic powder 12.01 C 6
Polycarbonate 2543 CisH;60, 3.6970
Polyvinyl chloride 62.50 CH = CHCI 5.333
Plaster of Parris 77.94 Ca,S,04H; 10.35
Gypsum 136.14 CaS0,2H,0 7.333
Limestone 100.08 CaCO; 10.00

Table 2. Mass attenuation coefficient, 11, [cm’g™'] of low-Z materials

Energy [keV]

Low-Z materials 122 356 511 662 840 1170 1275 1330

Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor.
Graphitic powder 0.142 0.143 | 0.101 0.100 | 0.083 0.085 | 0.075 0.077 | 0.068 0.069 | 0.057 0.058 | 0.055 0.056 | 0.050 0.050
Polycarbonate 0.152 0.153 | 0.105 0.107 | 0.091 0.092 | 0.082 0.083 | 0.073 0.073 | 0.062 0.063 | 0.060 0.060 | 0.056 0.058
Polyvinyl chloride 0.160 0.162 | 0.114 0.115| 0.097 0.097 | 0.086 0.088 | 0.077 0.078 | 0.066 0.067 | 0.058 0.059 | 0.061 0.062
Plaster of Paris 0.170 0.171 | 0.102 0.102 | 0.084 0.086 | 0.077 0.078 | 0.067 0.069 | 0.061 0.060 | 0.056 0.057 | 0.055 0.055
Gypsum 0.17 0.18 |0.104 0.104 | 0.086 0.087 | 0.079 0.080 | 0.070 0.070 | 0.062 0.061 | 0.057 0.058| 0.055 0.056
Limestone 0.280 0.282 | 0.105 0.107 | 0.081 0.082 | 0.073 0.074 | 0.065 0.065 | 0.056 0.058 | 0.052 0.053 | 0.053 0.053
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It can be clearly seen from fig. 3 that there is a certain
variation in atomic cross-section, but as the photon en-
ergy increases the values for atomic cross-section (o)
decreases and at a point they are constant.

The experimental and theoretical values calcu-
lated from XCOM for electronic cross-section (o) of
low-Z materials are displayed in tab. 4. They show
good agreement with the experimental and theoretical
values. Figure 4 shows that only the l ow-Z material
i. e., polycarbonate which is having the highest mass
number shows more electronic cross-sections as com-
pared to other low-Z materials at the same photon en-
ergy and remains constant at a certain point. The val-
ues for effective atomic number (Z,4) are displayed in
tab. 5 and a typical plot in fig. 5. It can be clearly seen
both from the table and figure that the plaster of Paris
and limestone which are having the mean atomic num-
ber near to 10 displays more effective atomic number

Figure 3. Typical plot of o per atom vs. energy for some
low-Z materials
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Figure 4. Typical plot of o, per atom vs. energy for some
low-Z

Table 3. Atomic cross-sections, o (107 m? per molecule) of some low-Z materials

Energy [keV]

Low-Z materials

122 356 511 662 840 1170 1275 1330
Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor.
Graphitic powder 2.855 2.856 | 2.005 2.010 | 1.711 1.713 | 1.544 1.549 | 1.381 1.382 | 1.170 1.172 | 1.130 1.133]1.095 1.097
Polycarbonate 57.990 57.993|40.895 40.898 [34.869 34.871|31.531 31.536|27.855 27.859|23.911 23.91723.030 23.045/22.320 22.325
Polyvinyl chloride |16.850 16.852|11.951 11.954|10.070 10.076| 9.210 9.214 | 8.089 8.094 | 6.980 6.983 | 6.121 6.122| 6.521 6.527

Plaster of Paris

82.300 82.304

49.420 49.425

41.490 41.499

37.800 37.806

33.341 33.348

28.882 28.886

27.431 27.436

26.825 26.830

Gypsum 51.440 51.441{29.860 29.864 |28.085 25.089|22.920 22.922|20.224 20.227|17.518 17.521(16.638 16.641/16.270 16.275
Limestone 46.982 46.984|16.895 16.897 |13.753 13.756|12.309 12.311/10.910 10.915| 9.665 9.669 | 8.874 8.876 | 8.803 8.805
Table 4. Electronic cross-sections, o, (10~® m’ per molecule) of some low-Z materials
Energy [keV]

Low-Z materials 122 356 511 662 840 1170 1275 1330

Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor.
Graphitic powder | 0.420 0.422 | 0.301 0.305 | 0.260 0.262 | 0.236 0.239 | 0.212 0.214 | 0.182 0.183 | 0.175 0.177| 0.324 0.326
Polycarbonate 15.750 15.754|11.109 11.111| 9.471 9.474 | 8.561 8.566 | 7.562 7.566 | 6.490 6.493 | 6.253 6.256 | 6.055 6.061
Polyvinyl chloride | 2.917 2.920 | 2.111 2.113 | 1.790 1.793 | 1.642 1.647 | 1.451 1.453 | 1.259 1.261 |1.104 1.107 | 1.179 1.182
Plaster of Paris 6.694 6.696 | 4.243 4.247 | 3.630 3.632 | 3.350 3.352 | 2.990 2.993 | 2.633 2.636 |2.512 2.515| 2.462 2.465
Gypsum 6.255 6.260 | 3.765 3.768 | 3.202 3.204 | 2.950 2.953 | 2.626 2.627 | 2.395 2.300 |2.189 2.191| 2.142 2.146
Limestone 3.956 3.960 | 1.498 1.501 | 1.243 1.244 | 1.124 1.128 | 1.007 1.011 | 0.905 0.911 | 0.837 0.840|0.8348 0.8350
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at the same energy used for the all low-Z materials, and
remains constant at the energy point.

The effective electron density (V) for low-Z
materials is displayed in tab. 6 and shows good agree-
ment with the experimental and theoretical values.
Figure 6 shows that the plaster of Paris and limestone
shows more effective electron density as compared to
the other low-Z materials; it decreases slightly and re-
mains the same at the energy point. It is clear that Z
and N are related to each-other as values which ini-
tially decrease and then remain constant as photon en-
ergy increases.

CONCLUSIONS

The present experimental study has been under-
taken to get information on mass attenuation coeffi-
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Figure 6. Typical plot of N vs. energy for some low-Z
materials

cient (u,,) and related values of (Z, N, 0, and o)
for six low-Z materials. It is found that x,, is the main
physical quantity to determine the values of N, and
Z for low-Z materials. It can be concluded from the
present work that the low-Z materials used in this in-
vestigation are of use in dosimetry, radiation protec-
tion, etc. Present investigation should be useful in
medical application as low-Z materials are composed
of C, H, N, and O constituent elements. Also, low-Z
materials doped with the high Z elements can be used
as radiation shielding materials and are available at
low cost. The values introduced in the present investi-
gation can be used in many applications as electronics
industry, construction, plastic industry, agriculture in-
dustry, efc. as a gamma ray shielding materials.

Table 5. Effective atomic number, Z . of some low-Z materials

Energy [keV]
Low-Z materials 122 356 511 662 840 1170 1275 1330
Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor.
Graphitic powder 6.751 6.753 | 6.570 6.575 | 6.514 6.516 | 6.472 6.474 | 6.434 6.435 | 6.381 6.381 | 6.364 6.368 | 6.360 6.361
Polycarbonate 3.675 3.677 | 3.679 3.680 | 3.680 3.680 | 3.680 3.681 | 3.680 3.682 | 3.681 3.683 |3.685 3.683 | 3.682 3.683
Polyvinyl chloride | 5.770 5.771 | 5.652 5.656 | 5.620 5.619 | 5.590 5.592 | 5.565 5.568 | 5.532 5.535 |5.523 5.525| 5.520 5.521
Plaster of Paris 12.292 12.290|11.631 11.636|11.421 11.425|11.275 11.276|11.145 11.142(10.950 10.957|10.905 10.908 10.850 10.884
Gypsum 8.211 8.216 | 7.920 7.923 | 7.825 7.829 | 7.758 7.761 | 7.699 7.70 | 7.611 7.615 |7.590 7.592| 7.580 7.581
Limestone 11.801 11.864|11.250 11.251|11.051 11.053]10.911 10.914{10.785 10.787[10.611 10.613|10.566 10.567/10.544 10.545
Table 6. Effective electron densities, Ny (10%°) for low-Z materials
Energy [keV]
Low-Z materials 122 356 511 662 840 1170 1275 1330
Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor. | Exp. Theor.
Graphitic powder 3.385 3.386 | 3.296 3.297 | 3.266 3.267 | 3.245 3.246 | 3.227 3.228 | 3.199 3.199 |3.192 3.193| 3.190 3.192
Polycarbonate 3.200 3.201 | 3.203 3.204 | 3.204 3.203 | 3.202 3.204 | 3.204 3.205 | 3.203 3.205 | 3.205 3.206| 3.204 3.206
Polyvinyl chloride | 3.337 3.338 | 3.271 3.272 | 3.251 3.250 | 3.234 3.235| 3.220 3.221 | 3.202 3.201 |3.194 3.196| 3.192 3.194
Plaster of Paris 3.581 3.582 | 3.390 3.391 | 3.329 3.330 | 3.284 3.286 | 3.245 3.247 | 3.193 3.194 |3.176 3.179| 3.170 3.172
Gypsum 3.448 3.450 | 3.325 3.327 | 3.285 3.288 | 3.254 3.259 | 3.231 3.232 | 3.197 3.198 |3.185 3.188| 3.182 3.183
Limestone 3.570 3.571 | 3.386 3.386 | 3.321 3.320 | 3.281 3.284 | 3.245 3.246 | 3.192 3.194 |3.179 3.180| 3.176 3.177
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Pamewap P. BOCAJIE, Tamajor K. TAUKBAJL, IIpaBuna I1. IIABAP, Marxas H. POJE

MNMPOYYABAILE UHTEPAKIINJA U OCOBUHA TAMA 3PAYEIHA
MATEPUJAJIA CA HUCKUM ATOMCKUM BPOJEM Z

Y wucrpaxuBamwy kopumrher je Nal(Tl) geTekTop m mocTaBKa TeOMeTpHje YCKOT CHOMA 3a
npoyyaBame ocoOmHa cinabijbera ramMa 3pavyera MaTepHjaja ca HHUCKMM aTOMCKHM OpojeM Z. 3a
UCIUTHBAHE MaTepujane, KOoju cy o0yxXBaTanu rpacuTHH Mpailak, MoJInKapOOHaT, TOJTUBUHII XJIOPHI,
runc u3 [Tapusa, runc u Kkpeuwax, ogpebenu cy cnegehu napamerpu: MaceHu KoeuUUjeHT cnabibema,
e eKTHBHI aTOMCKH OpOj, e(heKTHBHA I'YCTHHA €JIEKTPOHA, AaTOMCKHI e(PUKaCHY NpeceK 1 eeKTPOHCKA
edukacuu npecek. Kao uzsopu rama 3pauema kopuihenu cy >'Co, 1**Ba, 1*"Bs, ®*Co u ?’Na, na eneprujama
122, 356, 511, 662, 840, 1170, 1275 n 1330 keV. YoueHo je na e(heKTUBHA aTOMCKHU OpOjeBU U e(heKTHBHE
I'YCTHHE €JIEKTPOHA HajIpe OMajajy, a MOTOM TeKe J1a 3ajipXKe CKOPO KOHCTAHTHY BPEHOCT Y 3aBUCHOCTH
Ofl eHepruje rama 3pauema. [IpoBepeHa je OCTYMHOCT OBUX MaTepHjaja y BeIMKAM KOJMYMHAMa, Kao
MaTepHjana HUCKHMX IIeHa 3a 3alITUTy Off rama 3padema. [loOMjeHH Mojamy MOTy ce YNoTpeOuTH y
€JIEKTPOHCKO] HWHAYCTPHUjU, UHAYCTPUjU IJIACTHKE, MPOU3BOAKU TrpabeBHHCKUX Martepujata U y
HOJHOTIPUBPE/IH.

Kmwyune peuu: macenu xoepuyujenit caabmersa, AiioMcKU eqpuKacHu ipecek, eeKiliuéHU ailloMCKU
6poj, mailiepujan ca HUCKUM AllloMCKUM Opojem Z




