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Abstract In radiation shielding, health physics, knowing buildup factors of various materials is necessary. This paper attempts to
perform some Monte Carlo simulations with the most recent cross section data to calculate the buildup factors associated with flux
and energy of several gamma-ray sources (°Co, 137Cs, 192Ir, 73Se and ' Yb) that are commonly employed in industrial radiography
by considering radiation shielding materials: Al, concrete, Fe, Sn, Pb, W and U. Linear attenuation coefficient and flux buildup
factors were compared with the coefficient measured with a CsI(T])-based y-ray spectrometer for ®®Co and 37Cs sources. During
this work, the energy buildup factors were fitted based on Berger’s formula and the related coefficients were determined for each
radionuclide source-shielding material configuration.

1 Introduction

Industrial radiography is a nondestructive method which allows testing components for flaws without interfering with their usefulness.
This technique is one of the inspection methods that are commonly employed for quality control of manufactured products and
monitoring their performance in service, in industry [1, 2].

Gamma-rays from most radioactive sources have a great power of penetrating, which makes them valuable, especially when large
thicknesses or high-density specimens, beyond the range of generally available X-ray equipment, are involved. The radioisotopes
that are commonly used include 60Co, 137Cs, 1921r, 75Se and 19°Yb [3]. The mean energy of these sources is 1.252, 0.662, 0.375,
0.218 and 0.145 MeV, respectively [4]. The sources can be classified according to the energy they emit: high (°*Co), medium (}37Cs
and '°2Ir) and low energy (7>Se and '9°Yb). In other words, the °Co is most energetic source and for shielding need thicker layer of
the shield, while protection of the 169y} is more comfortable and can be done with similar thinner layers. Furthermore, the materials
with higher atomic number have greater value of photoelectric cross section and then can have better shielding against radiation.

People whose jobs relate to radiation, e.g., radiographers, can be affected by ionizing radiation. The received radiation dose
depends on different parameters and conditions, for example, distance, time, working procedure and shielding. Therefore, it is
crucial for higher level personnel to continuously evaluate the extent and intensity of the radiation imposed on each radiographer
employee to guarantee employee’s safety. The most important issue for use of such gamma sources in the industrial radiography is
proper shielding [5].

International atomic energy agency (IAEA) has recommended that the shielding should be such that in controlled areas the dose
equivalent be less than 5 mSv/year and for uncontrolled areas less than 1 mSv/year [6]. The ICRP has proposed limiting radiation
exposure dose for occupational radiation worker is a mean of 20 mSv/year over five years and 1 mSv/year for the public [7]. The
ICRP subscribes the general philosophy of not only keeping exposures under the dose limits, but also preservation all exposure
levels “as low as reasonable achievable” (ALARA).

One of the interactions of photons with matter is the Compton scattering in which secondary scattered photons are produced. The
generation of these secondary radiations impacts the entire process of penetration and diffusion of gamma-rays, since secondary
radiations can reach the detector [8, 9]. When secondary gamma-rays accumulate during the attenuation process, a correction factor
arises which is known as “buildup factor” [10, 11]. Furthermore, the buildup factor is defined as the parameter which arises as an
outcome from multiple gamma-ray photons scattering within a material due to large penetration depth of material and a consequence
of divergence or broad beam of gamma-ray photon [12].

Knowing the dose of photons is important in radiation protection, radiation hazards, external exposure, industrial applications
and other cases where there are photons. Concentrating on the protection of people, one may want to know, at any location where
people might be working or living, or exposed to photons, the exposure and dose rate of the gamma. The buildup factor is the key
part for the occupational exposure evaluation, which is the basis for many advanced dose evaluation methods [13—18].
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Much progress has been made over the years about calculating the buildup factor in various media and for a wide range of
incident photon energy and penetration depth. In principle, the buildup factors can be investigated experimentally [19, 20]. Buildup
factors are usually calculated theoretically by the solving the photon transport equation [21, 22]. Nowadays, with developed gamma
transport and to the well-evaluated accurate values of attenuating coefficients and cross sections, the various buildup factors can be
calculated through the Monte Carlo method [13, 23-25]. Moreover, this approach provides convenient consideration of the gamma
source energy spectrum and effect of the employed materials.

In previous works, the buildup factors have been obtained for monoenergetic photons [26-28]. In this study, the flux and energy
buildup factors for some gamma sources used for industrial radiography, i.e., °°Co, 137Cs, 192Ir, 7Se and '9°Yb are calculated by
Monte Carlo transport code MCNPX, for seven shields. These sources, except '37Cs, emit more than one gamma energy.

2 Materials and methods

For penetration data, a combination of exponential linear attenuation coefficients, the inverse square law and the assumption of
buildup factors to account for single and multiple scattering events were considered [29]. In gamma-ray transmission through a
material, the photon flux reached the detector (&) at r distance from a point source follows:

® = B(ur, E) D, e (D

where @y is the flux reached the detector in the lack of the material (i.e., a vacuum between source and detector), w is the linear
attenuation coefficient for the source photons, and B(urE) represents the buildup factor which scores for photons scattered by
the shield into the detector. The flux reached the detector ($) may be broken up into two parts, contributed by the uncollided or
unscattered ($,) and collided or scattered (&) photons:

d=d, + D, 2)

The buildup factor can include several types: number, energy deposited, exposure and flux buildup factor. The flux buildup factor
(BFr) of an isotropic point source, emitting one photon per second, placed in the center of a spherical medium with a radius of r
can be defined as the ratio of detector record due to both unscattered and scattered radiation over the detector record because of
unscattered radiation only:
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Similarly, energy buildup factor (Bg) can be obtained from:
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where f; refers to the intensity of emitted photons by source having energy E; [11, 12]. Generally, buildup factor depends on photons’
energies, source geometry (parallel beam or point isotropic source) and geometry of the attenuating medium (finite, infinite, slab,
etc.).

This study was carried out on the buildup factors of five radionuclide gamma sources, i.e., 60Co, 137Cs, 1921, 5Se and 19°Yb for
seven shields: Al, concrete, Fe, Sn, Pb, W and U.

2.1 Monte Carlo calculations

Calculations were performed with the MCNPX code [30] and cross sections were obtained from the latest cross section library
MCPLIBO2 [31]. The elemental composition and the density of shielding materials were obtained from “Compendium of Material
Composition Data for Radiation Transport Modeling” [32]. The elemental composition of concrete was 51.260% O, 36.036% Si,
5.791% Ca, 3.555% Al, 1.527% Na, 1.378% Fe and 0.453% H, whose density was 2.25 g/cm3. At the first step, calculating the
linear attenuation (u(E)) was performed for each configuration of the source shield. To obtain this parameter, a slab of each shield
with 1 cm thickness was exposed to each plane gamma source, while emitting a parallel beam (Fig. 1). Then, parallel photons (1)
are tallied on the slab’s exit surface with a current tally (F1) associated with a cosine card.
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Fig. 1 Simulated setup for
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In this case, the buildup factor of Eq. (1) is unit, and also outputs of MCNPX are normalized per photon emitted by the source
(per history); then, the w( em~1) for 1 cm thickness of each shield can be calculated based on:

w(Z, E) = —1n(I) 5

Finally, using the obtained p(E) values, the flux and energy buildup factors of these radionuclide gamma sources were calculated
using Eqgs. (3) and (4), respectively.

In computing the shield thickness, it has been assumed that the radiation source is a point source. It is possible to treat a line
source or other large radiation source as a point source, if the distance from the source is more than twice its maximum dimension.
The deviation induced in the results due to above assumption is not more than 4% [33].

The simulated geometry contains an isotropic point source at the center of a sphere. For each source, calculations were made
for penetration depth up to 10 mean free paths (mfp). To achieve buildup factor values, the surface flux tally (F2) in the MCNPX
code was used for calculation of total flux (®) and the group flux in the j energy bin (9;); then by Egs. (3) and (4), buildup factors
of flux and energy were determined, respectively. All MCNPX calculations were done up to suitable histories (10%) which give an
admissible relative statistical error (<0.5%).

2.2 Measurements

Using the '37Cs and ®°Co sources in a lead shield with a 5 mm-diameter collimator, several transmission experiments were carried
out. At first, the measurement was for obtaining the linear attenuation coefficient of lead and iron irradiated by '37Cs and °°Co point
radioactive sources (370 MBq). This experiment consists of a measuring head, including a source container for each source, and
a CsI(T)) scintillation detector (@ 3.81 cm x 3.81 cm) sited in the shield. The sample layers of lead and iron with thicknesses of
1.0 cm, and sizes of 20 x 20 cm? were placed between the source and the detector. The distance between the detector and the source
was 50 cm.

Since for obtaining the p value based on the Beer—Lambert law the incident and transmitted photons must be parallel, the
gamma-ray beam transmission was collimated using a narrow geometry array. The general configuration of the geometry is shown
in Fig. 2.
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Fig. 3 Schematic view of the 50cm
experimental setup for
measurement of buildup factor
with collimator
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Table 1 Calculated linear 60y 137 g 192, 755e 169y,
attenuation coefficient (u(E)) by
MCNPX " Error L Error n Error w Error W Error
(em™1) (em™1) (em™1) (em™1 (em™1
Al 0.1484 0.0001 0.2018 0.0001 0.2611 0.0002  0.3333 0.0002 0.4476 0.0001
Concrete  0.1283 0.0001 0.1746 0.0001 0.2256 0.0002  0.2874 0.0002  0.3840 0.0002
Fe 0.4198 0.0003  0.5779 0.0003 0.7840 0.0003  1.2049 0.0005 1.7178 0.0002
Sn 0.3699 0.0003  0.5506 0.0003  0.9685 0.0004  1.8898 0.0007 2.9061 0.0004
Pb 0.6580 0.0002 1.2290 0.0002 2.7287 0.0004  5.0059 0.0012 10.2524 0.0008
w 1.0594 0.0003 1.8461 0.0002 3.5801 0.0006  7.6604 0.0007 13.7584 0.0008
U 1.2090 0.0007 2.4472 0.0003 4.6485 0.0010 10.4317 0.0014 17.7819 0.0014

In the following, the flux buildup factor is measured based on the relation between the incoming gamma-rays and gamma-rays
passing through the spherical materials. In these experiments, the '37Cs and ®°Co sources are placed at the center of lead and iron
spheres. For ®°Co source, radii of the iron sphere were 7.15 and 11.91 cm and lead sphere had radii of 4.56 and 7.60 cm. For
measurement with 137 Cs source, the iron sphere with radii of 5.19 and 8.65 cm and lead sphere with radii of 2.44 and 4.07 cm were
used. These selected radii are equal to 3 and 5 mfp of each source-shield configuration. The CsI(T1) detector was placed at a 50 cm
distance from the center of sphere (gamma source). For each sphere, the buildup factor was measured based on two statuses: with
collimator between sphere and detector and without collimator. A schematic view of geometry used for buildup factor measurement
with collimator is shown in Fig. 3.

3 Results and discussion

The wu(E) coefficient for each configuration of the source shield was calculated according to Monte Carlo simulation, in this work,
and is presented in Table 1.

Using the results of Table 1, the flux and energy buildup factors of gamma sources used for industrial radiography, i.e., ®°Co,
137¢g, 19211, 758e and 169Yb, positioned at the center of seven spherical shields (Al, concrete, Fe, Sn, Pb, W and U) with different
radius from 1 to 10 mfp, are calculated. The findings of flux buildup factors are illustrated in Figs. 4, 5, 6, 7 and 8 for 60Co, 137(s,
1921, 75Se and '99Yb sources, respectively.

The obtained results show that this factor increases with the width of the shield for each source. This is because that the increase in
the penetration depth increases the interaction of gamma radiation photons with material resulting in generating a lot of low energy
photons due to Compton scattering process. The values of this factor for aluminum and concrete are very close to each other. By
comparing the results, it is obvious that the buildup factor for each shield increases by decreasing the mean energy of gamma source,
excluding at penetration depths 1 and 2 mfp; in the way, the ' Yb and %°Co have the highest and lowest amount of this factor for
all materials. For 19°Yb, the flux buildup factors are found to be in the range 0.64—384.79 at penetration depths 1-10 mfp. The flux
buildup factors of ©°Co source varied in the range 1.56-43.78. It may be seen that the buildup factor for each source increases with
decrease in the atomic number of shield material; however, the aluminum and uranium have the maximum and minimum values
of buildup factor among the others, respectively. The reason is that Compton scattering is the most dominant type of scattering for
low-Z materials, especially for gamma-rays with medium energy. The buildup factors for uranium exposed to the '3’Cs have roughly
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slight changes from 1.40-3.99 at penetration depths. The small buildup factors are also due to the dominance of photoelectric effect
which results in the complete removal of low energy photons thereby not allowing them to buildup in the medium. Thus, uranium,
lead and tungsten (with the high atomic number) show the lowest buildup factors.
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Fig. 7 Flux buildup factors for 180 5 T T T T T T T T T T E
dlfgcszrent spherical shields exposed ®3e source
to /2 Se source E — Al
150 E
E ---e---Conce E
E --~-Fe
o 120 Sn 3
_g E -<-Pb ;
R E W
3 E E
] E
o E E
X 604 T« E
= E L7
30 3 /,’ g 3
E / A7 E
) ‘__/_jér -4 g 7
04 === + e 3
T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11
mfp
Fig. 8 Flux buildup factors for 400 . . T T T T e
different spherical shields exposed 16 E
Tooomt Sp p E Yb source E
to YD source 350 3 —Al E
------ Conc
300 4 --+-Fe 3
_ Sn
5 2501 <~ Pb 3
5] 3 E
e 3 W E
g_ 200 3 " 3
3 1503 3
X E E
= E E
L 100 3 3
50 3 3
03 - E
T T T T T T T T T T

Furthermore, the calculated energy buildup factors are listed in Tables 2, 3, 4, 5 and 6 associated with relative statistical errors
for different sources and shields.

For identical source and similar penetration depth of each shield, the values of energy buildup factors are lower than the amount
of flux buildup factor.

There are several algebraic expressions that have been used to represent energy buildup factor. Among the most popular is an
expression referred to as Berger’s form of the buildup factor, given by:

B(ur, E) =1 + a(E) ur "W 6)

where a(E) and b(E) are attributed to constant coefficients of the specific energy and shield material [34].

The results for energy buildup factor were fitted based on Eq. (6), and coefficients a(E) and b(E) of the B were calculated for
various gamma sources and shields. An example fitting to get coefficients a(E) and b(E) is shown in Fig. 9 for °2Ir source inside
the lead shield.

The quantified values of coefficients a(E) and b(E) are listed in Table 7.

The Berger fitting computational method was compared with MCNPX for energy buildup factor in the all shields. Figure 10
shows that the energy buildup factors in various materials obtained by Berger fitting and MCNPX at different penetration depths
are in very good agreement.

The absolute deviation in MCNPX results of energy buildup factor by Berger fitting is in the range 0.20-4.22%, 0.24-4.87%,
0.005-4.12%, 0.009-1.79% and 0.022-1.71% for %°Co, 37Cs, 1*’Ir, 7Se and '®Yb, respectively. The comparative analysis of
energy buildup factor for photon sources at various penetration depths shows that the Berger fitting method can be employed safely
for computation of buildup factors of the selected materials.
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Table 2 Energy buildup factors for different spherical shields exposed to 60Co source with relative error

mfp(ur) Al Concrete Fe Sn Pb W U

Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er
1 1.7318  0.0001 1.7310  0.0001 1.6861 0.0001 15794 0.0001 1.4128 0.0001 1.4573 0.0001 1.3586 0.0001
2 2.6567 0.0001 2.6542  0.0001 24992 0.0001 22076 0.0001 1.7995 0.0002 1.9024 0.0002 1.6786 0.0002
3 3.7246  0.0002 37192 0.0002 3.4298 0.0002 2.8977 0.0002 2.1937 0.0003 23639 0.0003 1.9975 0.0003
4 4.9279  0.0003 49165 0.0003 44731 0.0003 3.6505 0.0003 2.6050 0.0004 2.8496 0.0004 23271 0.0005
5 6.2624  0.0004 6.2439  0.0004 5.6279 0.0005 4.4688 0.0005 3.0408 0.0007 3.3663 0.0006 2.6732 0.0007
6 7.7315  0.0006 7.6956  0.0006 6.8949 0.0007 5.3531 0.0008 3.5052 0.0010 3.9164 0.0010 3.0460 0.0011
7 9.3208  0.0009 9.2705  0.0009 8.2633 0.0010 6.3112 0.0012 4.0045 0.0016 4.5072 0.0015 3.4466 0.0017
8 11.0422 0.0014 10.9729 0.0014 9.7396 0.0016 73340 0.0019 4.5360 0.0025 5.1349 0.0023 3.8675 0.0027
9 12.8804 0.0022 12.8160 0.0022 11.2999 0.0024 8.4458 0.0029 5.0989 0.0038 5.7996 0.0036 4.3176 0.0042
10 14.8348 0.0033 14.7366 0.0034 129139 0.0037 9.5753 0.0044 5.6606 0.0060 6.4899 0.0055 4.7787 0.0066
Table 3 Energy buildup factors for different spherical shields exposed to 137¢Cs source with relative error
mfp(ur) Al Concrete Fe Sn Pb w U

BEg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er
1 1.9340  0.0001 1.9341  0.0001 1.8358 0.0001 1.6038 0.0001 1.3423 0.0001 1.4018 0.0001 1.2846 0.0001
2 3.2613 0.0001 3.2622  0.0001 2.8722  0.0001 2.2334 0.0001 1.6388 0.0002 1.7655 0.0002 1.5207 0.0002
3 4.9243  0.0002 4.9270  0.0002 4.1098 0.0002 29172 0.0002 19301 0.0003 2.1306 0.0003 1.7484 0.0003
4 6.9169  0.0002 6.9209  0.0002 5.5541 0.0003 3.6588 0.0004 2.2233 0.0005 2.5050 0.0005 1.9753 0.0005
5 9.2529  0.0004 9.2575  0.0004 7.2137 0.0004 4.4620 0.0006 2.5271 0.0008 2.8912 0.0007 2.2096 0.0008
6 11.9332  0.0005 11.9396 0.0005 9.0901 0.0006 5.3259 0.0009 2.8396 0.0012 3.2951 0.0011 2.4480 0.0013
7 149674 0.0008 14.9796 0.0008 11.1742 0.0010 6.2474 0.0013 3.1665 0.0019 3.7212 0.0017 2.6972 0.0020
8 18.3542 0.0012 18.3784 0.0012 13.4631 0.0014 7.2419 0.0020 3.5062 0.0029 4.1597 0.0027 2.9491 0.0032
9 22.0839 0.0018 22.1565 0.0018 16.0030 0.0022 8.2918 0.0031 3.8580 0.0046 4.6298 0.0042 3.1859 0.0051
10 26.1922  0.0027 26.1970 0.0027 18.7228 0.0033 9.4031 0.0048 4.2353 0.0072 5.1150 0.0065 3.5040 0.0080
Table 4 Energy buildup factors for different spherical shields exposed to 192y source with relative error
mfp(ur) Al Concrete Fe Sn Pb w U

Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er
1 2.1291 0.0001 2.1286  0.0001 1.9206 0.0001 1.5438 0.0001 1.1693  0.0001 1.1516  0.0001 1.0616  0.0002
2 3.8836 0.0001 3.8822 0.0001 3.0920 0.0001 2.2287 0.0002 1.5145 0.0002 1.4453  0.0002 1.2735 0.0003
3 6.2875 0.0002  6.2817 0.0002  4.6060 0.0002  3.2351 0.0003  2.1792 0.0003 1.9987  0.0004 1.4081 0.0004
4 9.4539 0.0002  9.4387 0.0002  6.5877 0.0003  4.7784 0.0004  3.3398 0.0005  2.9319 0.0005 1.9769  0.0006
5 13.5583 0.0003 13.5335 0.0003  9.2037 0.0004  7.1794 0.0005 5.3058 0.0006 4.4463 0.0007 2.8783 0.0009
6 18.8563  0.0005 18.7937 0.0005 12.6891 0.0006 10.9402 0.0007  8.6012 0.0008  6.8628 0.0009  4.2851 0.0012
7 25.6429 0.0007 25.5711 0.0007 17.3300 0.0009 16.8127 0.0010 14.1169 0.0011 10.7203 0.0013  6.4886 0.0016
8 344228 0.0010 34.2652 0.0010 23.5599 0.0013 26.0001 0.0013 23.4614 0.0014 16.9312 0.0017 10.0046 0.0022
9 45.6195 0.0014 453119 0.0014 31.7990 0.0019 40.4034 0.0017 39.4000 0.0018 26.9972 0.0022 15.6735 0.0029
10 59.8547 0.0021 59.6359 0.0022 43.0185 0.0027 63.0749 0.0023 66.7777 0.0023 43.3596 0.0029 24.8800 0.0039
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Table 5 Energy buildup factors for different spherical shields exposed to 73Se source with relative error

mfp(ur) Al Concrete Fe Sn Pb W U

Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er
1 22519 0.0001 22510 0.0001 1.8651 0.0001 1.3352 0.0001 1.0784 0.0002 1.1231 0.0002 1.0501 0.0002
2 42912 0.0001 4.2862 0.0001 3.1886 0.0001 2.1342 0.0002 1.1771 0.0003  1.2772 0.0003  1.1554 0.0003
3 7.3182  0.0002 7.2996  0.0002 5.3159 0.0002 3.4701 0.0003 1.3127 0.0005 1.7593 0.0004 1.2001 0.0005
4 11.6973 0.0002  11.6378 0.0002 8.7214 0.0003 5.6688 0.0004 1.8136 0.0007 2.5587 0.0006 1.6278 0.0007
5 17.9389 0.0003  17.8077 0.0003  14.1145 0.0004 9.3340 0.0005 2.6912 0.0010 3.9260 0.0008 2.3893 0.0010
6 26.7678 0.0004  26.5023 0.0004 22.5640 0.0005  15.5484 0.0006 4.2063 0.0013  6.3194 0.0011 3.7063 0.0014
7 39.1848 0.0006  38.6950 0.0006  35.7440 0.0007 26.2618 0.0008  6.8126 0.0017 10.5198 0.0014  5.9609 0.0018
8 56.4641 0.0009  55.6294 0.0009 56.1843 0.0009 44.8854 0.0011 11.2570 0.0022 17.9859 0.0017  9.7780 0.0024
9 80.5345 0.0012  79.0683 0.0012  87.7491 0.0013  77.8297 0.0014 18.8703 0.0028 31.1673 0.0022 16.2542 0.0030
10 113.3858 0.0017 111.2897 0.0017 136.6147 0.0017 136.7750 0.0017 31.9182 0.0036 54.5957 0.0028 27.3065 0.0039
Table 6 Energy buildup factors for different spherical shields exposed to 169yb source with relative error
mfp(ur) Al Concrete Fe Sn Pb W U

Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er Bg Rel. Er
1 22561 0.0001 2.2563 0.0001 1.7196  0.0001 1.1323 0.0002 1.1061 0.0002  1.1233 0.0002  1.0803 0.0002
2 4.5900 0.0001 4.5796 0.0001 3.1318 0.0002 1.6975 0.0003  1.1963 0.0003  1.2813 0.0003 1.1742 0.0004
3 8.7079 0.0002 8.6563 0.0002 5.5747 0.0002 2.7086 0.0004 1.5682 0.0005 1.5820 0.0005 1.2304 0.0006
4 15.7293 0.0002  15.5685 0.0002 9.8107 0.0003 45312 0.0005 2.5063 0.0007 2.5564 0.0007 1.6287 0.0008
5 27.4422 0.0003  27.0291 0.0003 17.1650 0.0004 7.8931 0.0006 4.2856 0.0008 4.4032 0.0008 2.5534 0.0011
6 46.6538 0.0004  45.7393 0.0004 299413 0.0005 14.2149 0.0008 7.6172 0.0011  7.8591 0.0010 4.1634 0.0014
7 77.8355 0.0005  75.8886 0.0005  52.1290 0.0006  26.2256 0.0009 13.8201 0.0013 14.2966 0.0013  6.8997 0.0018
8 127.9892 0.0006 124.1999 0.0006  90.7647 0.0008  49.0863 0.0012 25.3059 0.0016 26.2104 0.0016 11.4972 0.0024
9 208.2540 0.0008 201.0756 0.0009 158.4860 0.0010 93.0687 0.0014 46.5964 0.0019 48.3109 0.0019 19.2115 0.0030
10 3359561 0.0011 322.7651 0.0011 276.5032 0.0013 177.7362 0.0017 85.7270 0.0024 89.1128 0.0023 32.3750 0.0039

Fig. 9 A typical fitting plot

representing the Bg as a function

of ur (Eq. (6)) for 1921t source
inside the lead shield

Energy buildup factor

70

60

50

40

30

20

sl b b b b b b

B.= 1+a(E) pr e”¥
a(E)= 0.09808 £ 0.00319

b(E)=0.42026 + 0.00338
Chi*2 = 0.9426

o

Therefore, for each source of gamma-rays and the desired thickness of shield material, the energy buildup factor can be reproduced
from Eq. (6) and presented coefficients in Table 7.
Validating the Monte Carlo simulations was performed with experiment. The linear attenuation coefficients were obtained through
measurements with the CsI(Tl) y-ray spectrometer, where they are listed and compared with the u values calculated by Monte Carlo
calculation in Table 8. It can be seen that the p values calculated with MCNPX codes, shown in Table 1, are in agreement with the
measured linear attenuation coefficients.
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Table 7 Coefficients of the Berger 60Co 137 1921, 755e 169y,

equation for energy buildup

factors a b a b a b a b a b
Al 0.7936  0.0563  1.0766  0.0860  1.0630  0.1711  1.0162  0.2402  0.8437  0.3668
Conc  0.7923  0.0558 1.0778 0.0860  1.0602  0.1709  1.0226  0.2375 0.8510  0.3619
Fe 0.7152  0.0519 0.8684  0.0721  0.6207 0.1906  0.5028  0.3279  0.3959  0.4177

Sn 0.5607  0.0429  0.5712  0.0387 0.2188 0.3340  0.1890  0.4229 0.1113  0.4983

Pb 0.3632  0.0248 0.2950 0.0083  0.0981  0.4203 0.0376  0.4409 0.0504 0.5125
w 0.4123  0.0284 0.3538 0.0145 0.1021 03723 0.0544 04587 0.0517 0.5138
U 03039  0.0212 02413  0.0020 0.0564 03744 0.0322  0.4403 0.0377 0.4423
Fig. 10 Comparison of energy 80 I T I T T T T T T T
buildup factors for 92Ir obtained Al Conc. Fe sn 3
from Berger fitting and MCNPX 70 §|—=—Fitting —*—Fitting —<— Fitting —#— Fitting 3
calculations j|——MCNP - <= MCNP —--~MCNP --<---MCNP g3
60 A
5 Pb w u
5 3 Fitting Fitting —— Fitting 3
g %0 E MCNP MCNP ==~ MCNP /
Qo E 3
§ 40 3 3
2 304 E
> 3 3
o 207 E
f= E E
10 4 3
0
T T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10 M
mfp
Table 8 The measured p and 60Co 137
relative difference with calculated
value Hexp (cm) £ Ap W x 100 Hexp (cm) £ Ap "‘“}’T‘xi;ca" x 100
Fe 0.4254+0.012 1.22 0.563+0.017 2.65
Pb 0.651+0.014 1.08 1.2124+0.011 1.40

The results of experiment for flux buildup factor of ©°Co and '*’Cs sources are arranged in Table 9, which includes uncertainty
of each measurement, and percentage of relative differences in the experimental and computational results of this factor.

The relative differences between results of calculations and experiment are less than 4%, where it is reasonable and acceptable.
The main Monte Carlo simulation error is statistical error, although the cross sections used in the calculation may also have errors.
The significant error causes of the experiment are systematic errors, in which the uncertainty in activity of the source was more
important.

4 Conclusions

The flux and energy buildup factors were calculated for different point isotropic sources used for industrial radiography (°°Co,
137, 19211, 75Se and 199YDb) placed in the center of seven shields, (Al, concrete, Fe, Sn, Pb, W and U) from 1 to 10 mfp using
MCNPX code. The buildup factors are obtained very accurately by considering different interactions that are possible to occur
between gamma photons and the medium matter with latest available cross section.

Buildup factor increases with increase in mean free path (material thickness) for the same gamma source. As thickness increases,
the probability of photon scattering increases. For the same material thickness, the gamma sources with lower mean energy have
larger buildup factor. For the photon in the range of 0.1 to 1.3 MeV, the cross section of Compton scattering reduces with increase in
the energy. For the same gamma source and shield thickness, the materials with lower atomic number have greater buildup factor.
This is because that the Compton scattering cross section almost decreases by increasing the atomic number. The values of buildup
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factor for aluminum and concrete are close to each other. This may be due to the closeness of their effective atomic number. The
results of experiment and Monte Carlo calculation for linear attenuation coefficient and flux buildup factor are in good agreement, as
the relative differences are less than 3 and 4%, respectively. The outlined buildup factors of this study can be useful in applications
of radiation shielding against gamma sources used for industrial radiography.
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