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Abstract:

The buildup factor (BF), half value layer (HVL), effective atomic numberz,,,, and
mass attenuation coefficientu,, were calculated for poly vinyl alcohol (PVA)
polymer (as matrix element) reinforced by Sodium Tungstate Na,WQO, with different
ratio  (10-50wt%) as a function of shield thickness, in the wide gamma ray energy
range (10 — 10%) MeV using XCOM-code, and measured at energies (0.356,
0.6616, 1.253) MeV by using (**3Ba, *'Cs, %°Co) radioactive sources and gamma
spectrometry SAM940™ detector. We note from the results that mass attenuation
coefficient increases with increase thickness and on other hand it's increase with
increased the weight fraction of Sodium Tungstate in sample. Obtained
experimental coefficients were compared with the calculated values from XCOM-
code where found agree between them. It is observed that the BF values for all the
selected samples decrease very rapidly with increasing photon energy, and shows
decreases of BF with increases the effective atomic number Z.(, of the shielding

material, likes the behavior of mass attenuation coefficient with Z,¢¢. Also, the

buildup factor is variation with weight fraction (wt%) of Sodium Tungstate-PVA
samples with constant gamma ray energy. The results are in the graphical form and
it valid the gamma absorption law.
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1- Introduction

Photons of gamma and X-ray widely used in
radiotherapy and medical imaging. The
problem of reducing flux deposition in the
body and their biological effects is very
important in shielding analysis. Then the
protection of the body from unnecessary
radiation exposure when working in a
radiation area is a priority for every health
physicist 2. So the protective shields of
radiation which has become an important
part in our daily life is one of the important
things, especially after the great scientific
progress which began to concentrate on the
subject of the use of radioactive materials
and other sources of radiation in medical and
agricultural fields as well as other scientific
fields such as building of nuclear reactors F1.
Polymers-supported mineral have been used
to replace the lead metal in the shielding of
medical devices, especially that are used in
nuclear medicine after that possessed a small
shielding property when compared to the
lead as well as the polymers characterized by
being non-toxic and easy configuration and
low-cost materials. The high-density
composite materials have similar behavior of
heavy metals when increasing the proportion
of material supported in composite material
[4]

With the advancement of technology, there is
a constant need to develop materials (such
that materials) which can be used under a
hostile environment of high radiation
exposure and can act as good radiation shield
Bl Then this material should have some
important  properties such as  high
attenuations coefficient and high density and
other properties [ °. Water has good
shielding capability for neutrons. But its
liquid state at room temperature is the issue.
Polymers and plastic materials are rich in H-
atom content, solid state at room temperature
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and low density in comparison to the
conventional shielding materials I,

The aim of this work has been undertaken to

evaluate applicability of PVA as gamma-ray
radiation shielding.

2-Theoretical Background

2-1 Attenuation coefficient and effective
atomic number:
The study of the properties of a substance

shielding against gamma rays is mainly
depend on the calculation of radiation
attenuation coefficient values and buildup
factor of radiation [,

A parallel beam of monoenergetic gamma-
ray or X-ray photons is attenuated in matter
according to the Lambert—Beer law:

| =lpe™"* 1)

where lo and | are the incident and
transmitted intensities, X is the thickness (cm)
of the absorbing medium and p (cm™) is the
linear attenuation coefficient. The linear
attenuation coefficient for a compound or mixture
is given by:

Hmix = M1+ Hp + (2)
For photons in an attenuating medium, the
mass attenuation coefficient, (um = W/p),
where p is the density of the sample, is more
fundamental  importance  than  linear
attenuation coefficient because all mass
attenuation coefficients are independent of
the density and physical state (gas, liquid or

solid) of the absorber. The mass attenuation

coefficient for a compound or mixture is given by
(4]
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where wi and(%)l-are the weight fraction and

mass  attenuation  coefficient of the
constituent element i, respectively.

This coefficient is useful because only the
atomic composition of the attenuator is taken
into account and not the individual density of
the material. The mass attenuation coefficient
is a measure of the average number of
interactions between incident photon and
matter that occur in a given mass-per-unit
area per thickness of the material. It is
distinguished sharply from the absorption
coefficient which is always a smaller
quantity, and absorption coefficient measures
the energy absorbed by the medium. The
values of mass attenuation coefficient can be
used to determine the total atomic cross-
section (a,) by the following relation ],

Hm
o 4
Ny ZA—; 4)

(o
where
Na: is Avogadro's number
A is atomic weight of constitute element of
mixture. Also, the total electronic cross-
section (o,;) for the element is expressed by

the following formula [8]:

1 iAi
0o 3 S o ()i (5)

where fi is the number of atoms of element i
relative to the total number of atoms of all
elements in mixture, Z; is the atomic number
of the ith element in mixture. Total atomic
cross-section and total electronic cross-
section are related to effective atomic
number (Zer) of the compound through the
formula .

Zeff = 2 (6)

Oel

Recently, the theory takes one further step by
inserting analytical expressions for the
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atomic and electronic cross sections in Eq.
(7) below [,

_ YitafiAi(m)i
Leff= ==~ 7
IS S
2-2 Half value layer (HVL)

The thickness of the material that reduces the
photon beam intensity to half of its original
value (lo), i.e. (*2) lo, is called the half value
layer (HVL) and can be calculated using the
following formal 2,

HVL = % (8)

2-3 Buildup factor (BF)

Gamma radiation impinging shielding
material gives rise to two radiation
components within or beyond the shield. At
any given penetration depth, one radiation
component consists of those particles which
have not had an interaction. The number of
these non-interacted particles decreases
exponentially with penetration distance. The
other component consists of those particles
which have had one or more interactions and
still reached that point, as well as those
which were created within the material
through secondary processes 91,

The photon buildup factor is defined as the
ratio of the total photon beam response
"uncollided plus scattered” (e.g., flux, dose
or exposure) to the response of the uncollided
photon beam fraction Y. In general, the
buildup factor depends on the energy of the
photon, the thickness traveled by the photon
in the shield, the geometry of the source
(parallel beam or point isotropic),and on the
geometry of the attenuating medium (finite,
infinite, slab, etc.).The formal definition of B
upon which its calculation is based in [*2:

quantity of interest due to total flux

B (E\X) =

quantity of interest due to unscattered flux

©)
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We can write equation (9) as the following
[13]:

I

7b
B(Ey X) = ——

Iog

(10)

(L) b (L) g fraction intensity for bad and
Iy Iy
good geometry, respectively.

3- Experimental procedure

3-1 Preparation of Samples:

Polyvinyl alcohol (PVA) is a water-soluble
synthetic polymer has formula
[CH2CH(OH)]», it's molecular weight equal
to (40000) supplied from Thomas Baker |,
Mumbai, India. Sodium Tungstate also a
water soluble material (Na;WOgs) its
molecular weight (275.85) supplied from
Sigma Aldrich. Six samples of PVA polymer
prepared in different weight ratio of Na;WO4
(0, 10,20,30,40 and 50) % by dissolving the
mixture in beaker contain 100ml distilled
water then stirred at temperature 75° C for 3
hours until the solution became

homogenous and thick then casting the
solution in circular mold and left to dry in
room temperature for 12 days to remove any
residual solvent.

3-2 Measurement of Density:

The density values are shown in table (1)
where calculated from these equations 4

p=VrXpr+ (1 —=Ve)pm (11)
@ = % x 100% (12)
W, = Wy + Wy, (13)
Where:

W¢: weight fraction for composite material,
Wh: weight fraction for matrix material,
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Wt weight fraction for filler. Either fraction
volume can be calculated from:

1

1y Pr
1+ B

py - density for filler,

Pm density for matrix material,

Vs : The fraction volume.

From table (1), it can be seen that the density
values increase  with  increase the
concentration of Sodium Tungstate in PVA
polymer according to equation (11).

Concentrations Density (g/cm?3)

NaOsW 4.18
PVA 1.10

10% Na0OsW 1.1779
20% NaO4W 1.268

30% Na0sW 1.3721
40% NaOsW 1.495
50% Na0sW 1.643

Table (1) Density of composite material

3-3 System of Measurement and
Radioactive Source:

Measurement was performed using a
SAM940™ gamma ray spectrometer. This
system has Nal(Tl) crystal 2 x 2 inch with
256 channel, the detector measures the
spectrum emitted from radioactive isotopes
and low level Becquerel measurement. The
device works at operation voltage of 600

volts. It is of coarse gain=1, fine
gain=1.1386, Upper Level Discriminator
(ULD) =100 wvolts and Lower Level

Discriminator (LLD) =0.8 volts. SAM940™
operating with Quadratic Compression
Conversion (QCC) which allows for
identification of mixed isotopes in one
second 1. The detector was calibrated by
standard radioactive elements *3’Cs which
has the energy of 0.6616 MeV photopeaks
and activity (5uCi) and a half-life of
(30.07yr), *3Ba with energies of (0.08099,
0.27639, 0.30285, 0.356, 0.3838) MeV
photopeaks and activity (1.057uCi ) and a
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half- life of (10.51yr), i.e. it emits gamma
rays at high probability emission of 0.356
MeV, and %°Co with activity (5uCi) and a
half-life of (5.27yr), which has the energies
of (1.17324, 1.3325) MeV, i.e. it emits
gamma rays at of average energy 1.253 MeV.
3-4 Geometric arrangement of the system:
The detector was shielded with lead cylinder
to reduce the radiation background as low as
possible and two collimators were used to
obtain the good geometric arrangement. By
lifting the collimators, we get the bad
geometric arrangement, as shown in figure
(1), which represents the measurement
system. The distance between detector and
source was 10 cm. while taking the readings
a sufficient number of counts were collected
under photo peak. For each prepared sample,
lyand | intensities which are without and
after investigated sample were measured.

" R
A A
good

-
i ‘H\
bad

1
\

Fig.(1): SAM940™ gamma ray
spectroscopy system for good and bad
geometry.

3-5 Attenuation Coefficient Measurement:

By taking gamma ray beam I, and gamma
ray beam after depositing | in a certain
shielding material then taking natural
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logarithm for this quantity II—O where plotted

on y-axis and thickness material on x-axis,
then calculation slope where represent linear
attenuation  coefficienty  according  to
equation (1).

4- Results and discussion:
4-1 Linear and Mass
coefficients (u;, u.y,)

Fig.(2) — Fig.(4) show linear attenuation
coefficient u calculation from slope for each
ratio (wt%), then divided on density to get
mass attenuation coefficient u,, according to
equation (3). Thereafter theoretical mass
attenuation coefficient calculation from
XCOM program where use energy from 1.0
keV to 1000 GeV, and comparison between
theoretical and experimental values shows as
in Fig. (5) - Fig.(7) for three energies. Values
in table (2) shows experimental absorption
coefficients for samples Sodium Tungstate-
PVA polymer at energy (0.356, 0.6616,
1.253) MeV from (***Ba, '¥Cs, ®Co) at
different ratio then compared with theoretical
values obtained from the XCOM where
found agree between them.

We note from Fig. (8), which explain mass
attenuation coefficient calculating from
XCOM-code on y-axis and energy in (MeV)
on x-axis that mass attenuation coefficient
decreases with increase incident photon
energy with a peak due to photoelectric effect
around the K, L and M-absorption edges, this
may be due to the dominance of different
partial interaction processes (Photoelectric
effect, Compton Scattering, Pair production).

Attenuation
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Wt %
5 | (vgaw0,) | (e | (cm)
0 0.0985 | 0.1095
10 0.189 | 0.12566
133ga 20 021 | o.14182
0.356 30 023 | o0.15798
40 029 | 0.17414
50 0.3295 | 0.1903
0 0.0686 | 0.0846
137¢g 10 0.074 | 0.08779
20 0.081 | 0.09098
0.662 30 0.0846 | 0.09417
40 0.0873 | 0.09736
50 0.0941 | 0.10055
0 0.056 | 0.0621
10 0.0576 | 0.062599
50co 20 0.0596 | 0.063145
1.25 30 0.061 | 0.0637
40 0.0625 | 0.06425
50 0.063 0.065

Table (2): Mass Attenuation coefficient for
sample at different energies.

4-2- Half value layer (HVL) :

Values of HVL have been calculated
according to Eq.(8) and also from XCOM
program. Fig. (9), Show the values of HVL
for samples as a function of photon energy.
HVL decreases with the increase in weight
fraction of Sodium Tungstate and the better
shielding properties are achieved at higher
Sodium Tungstate concentrations. This can
be attributed to increasing values of
Tungstate which has higher atomic number
as compared to other elements.

4-3 Effective Atomic number(Zss):

The effective atomic number Z,q, for each
sample was determined by using the effective
atomic cross section (o,) and total electronic
cross-section (o) according to equation (7).
Fig.(10) shows the variation of Z,, for each
sample with the incident photon energy in
energy range (107 — 10°) MeV from XCOM
program.

The Z.s¢ values show a broad peak and a
maximum value at 0.01 MeV and minimum
at 1 MeV for all Sodium Tungstate - PVA
samples. The variation of Z,r, with photon
energy may be attributed to the relative
domination of the partial processes :
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Photoelectric effect, Compton scattering and
pair production (61 At low energies the
photoelectric effect is dominant and hence
Zosr for the photon absorption is mainly
described by Z.rr for this partial process.
Hence at low energies, where photoelectric
effect dominates, Z,¢, value is more and at
higher energies, where the scattering and pair
production process dominate, the Z. ¢, value
is less.

4-4 Buildup factor (BF):

Variation buildup factor with weight fraction
(wt%) of Sodium Tungstate-PVA samples is
shown in figur (11), where BF values
decreases with the increase in weight fraction
of Sodium Tungstate-PVA polymer. This can
be attributed to increasing values of Sodium
Tungstate which has higher effective atomic
number Z. s as compared to other elements.
The study showed that the BF values
decreases with increases the effective atomic
number Z. of the shield material likes the
behavior of mass attenuation coefficient
withZ.¢r, as shown in figure (12). It is
observed that the BF values for all the
selected Sodium Tungstate-PVA samples
decrease rapidly with Z, (. At photon energy
0.356 (**3Ba) MeV, we can be explained on
the basis of the dominance of the
photoelectric effect for low photon energy
whose cross section depends on atomic
number as Zg;r. At energy 0.6616 MeV
(*¥'Cs), BF values decrease slowly with Z, ¢
because the Compton effects process
becomes dominant, and whose cross section
varies linearly with Z.r and is inversely
proportional to the incident photon energy.
The BF values also decrease slowly with
Zosr at energy 1.253MeV, where the pair
production process starts dominating whose
cross section depends on effective atomic
number as ngf and is proportional to the
incident photon energy.
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Conclusion

® Increasing of the mass attenuation
coefficient with increasing of the
concentration of reinforcement materials
in a sample that used for the prepared
shields.

® decreasing of buildup factor with
increasing of the concentration of
reinforcement materials in a sample that
used for prepared of shields.

® Each of the mass attenuation coefficient
and buildup factor increase with
increasing of used samples thickness.

® Mass attenuation coefficient increases
and buildup factor decreases with
increased effective atomic number and
density of reinforcement material.

® Agreement between experimental and
theoretical result.
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Fig (2): Linear attenuation coefficients for
different ratio of Sodium Tungstate+ PVA
polymer samples at 0.356 MeV.
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Fig (4): Linear attenuation coefficients for
different ratio of Sodium Tungstate+ PVA
polymer samples at 1.253 MeV.
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