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This work proposes a mathematical function for describing the dependence of mass attenua-
tion coefficients vs. energy for composite materials in the range of 100 keV to 2 MeV. The ob-
tained results show that the proposed function is capable of accurately describing the data
with a coefficient of determination of approximately 1 for all investigated materials. Using
the proposed mathematical function, the mass attenuation coefficients were interpolated and
compared with the results from the Monte Carlo simulation. The results show good agree-
ment when the simulated to interpolated mass attenuation coefficient ratios are in the range
from 0.95 to 1.05. Moreover, the values of interpolated mass attenuation coefficients have
also been compared with the experimental data in the previous works which indicates that

most of these ratios range from 0.9 to 1.1.

Key words: mass attenuation, Monte Carlo simulation, fitting function, composite material

INTRODUCTION

Gamma radiation is widely applied in many fields
such as industry [1-3], agriculture [4, 5] and medicine
[6-8]. Since a gamma-ray has high energy and can easily
penetrate into matter, it is used in many applications, es-
pecially structural investigations of material [9-11], test-
ing tube defects [12, 13], determining material thickness
[1], and determining liquid density [14]. However, the
widespread use of a radioactive source brings hidden
hazards to human health. Recent works on radiation
shielding found new materials for reducing radiation
hazards. These works focus on investigating the attenua-
tion properties of various types of composite materials
such as glass material groups, including PbO-BaO-B,0,
glass systems [15], gadolinium-based oxide and
oxyfluoride glass systems [16], borate-tellurite-silicate
glass systems [ 17]; the mixture material group, including
Portland cement [18], cement and concrete [19], granite
[20], and the polymer material group, including Kapton
and polymethyl methacrylate (PMMA) [21]. Previous
works have examined the shielding properties of com-
posite materials for only certain energies, therefore
studying the change of shielding properties in a wide
range of gamma-ray energy is very necessary.

The mass attenuation coefficient (MAC) is the
most important parameter for evaluating the shielding
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properties of materials. This parameter depends not
only on the composition of material, it also depends on
radiation energy. The works related to these problems
were performed. However, proposing a mathematical
function, for describing the dependence of MAC vs. en-
ergy for composite materials in a certain energy range,
has not been considered in the previous works.

In this work, a mathematical function was pro-
posed which is appropriate to describe the change of
MAC vs. energy for composite materials in the energy
range from 100 keV to 2 MeV. For energies under 100
keV, it is very difficult to find a function for describing
the energy dependence of MAC due to the absorption
edges from constituent elements. In fact, the energy
range of 100 keV to 2 MeV is large enough to cover the
energies emitted from common isotope sources in the
environment. Moreover, gamma-ray sources having
energy ranging from 100 keV to 2 MeV are widely used
in radiography, density and thickness gauges. There-
fore, it is reasonable to study the attenuation feature of
materials in this energy range.

For studies on radiation shielding properties of
composite materials, it is extremely useful and signifi-
cant to have a mathematical function which describes
the change of MAC vs. energy. And more importantly,
it allows quick and accurate calculations of MAC at
concerned energies using the interpolated method.

The reliability of the proposed function was
evaluated via coefficients of determination, R?, and in-
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terpolated the MAC corresponding to various ener-
gies. The comparative results between the interpolated
MAUC, the simulated MAC and the experimental data
were used as the basis for validating the proposed
function.

MATERIALS AND
COMPUTATIONAL METHOD

Materials

The composite materials used in the present
works were divided into two groups. The first group in-
cludes the composite materials in which MAC de-
creases sharply with the increase of energy (group A).
This group includes PbO-BaO -B,0; glass systems
[15], gadolinium-based oxide and oxyfluoride glass
systems [16], and borate-tellurite-silicate glass systems
[17]. The second group includes the mixture and poly-
mer materials in which MAC decreases steadily with
the increase of energy (group B). This group includes
Portland cement [ 18], cement and concrete [19], granite
[20], Kapton and PMMA [21]. The chemical composi-
tion and density of these materials were presented in
tabs. 1 and 2. The effective atomic number of the mate-
rials are in the range from 3 to 23. With a total of 30
samples, the obtained data is reliable enough for evalu-
ating the suitability of the fitting function.

Theoretical background

When a narrow beam of gamma rays passes
through matter, its intensity is attenuated according to

the Lambert-Beer law. Mathematically, the intensity
of the transmitted photon beam is defined as follows

I(x)=1ye Wrrx (1)
where [ and [ are the intensities of the incident and
transmitted photon beam, respectively, (u/p) is the
MAUC, and p and x are the density and thickness of tar-
get, respectively.

From eq. (1), the MAC can be rewritten

(u /p>=lln(l°j
px 1

To determine the MAC, the ratio 1,/ is required.
It is important that the intensity 7 of the photon beam
transmitted through matter without interacting is
obligatory. The spectrum recorded by the detector
should be the attenuated spectrum of the transmitted
photon beam (known as primary photons). Any contri-
bution of secondary photons to the recorded spectrum
will decrease the accuracy of results. The common so-
lution for limiting the contribution of the secondary
photons is to use a detector collimator of a small inner
diameter. Another solution used in our previous works
is the advanced spectrum analysis technique [1]. By
using this technique, the secondary component was
considerably removed from the obtained spectra.

2)

A mathematical function of
the mass attenuation coefficient vs. energy

In this work, we propose a mathematical func-
tion for fitting the MAC corresponding to various en-
ergies for composite materials. This function (known
as the Generalized Hyperbola function) is defined as
follows

(u/p)=a- )

(1+cE)?

Table 1. Chemical composition of composite materials of group A (materials with MAC decrease sharply with the increase

of energy)
Gadolinium-
PbO-Ba0-B,0; glass system based oxide and | Borate-tellurite-silicate glass system
Chemical (xPbO-(50-x)Ba0-50B,03) [15] oxyfluoride glass | (xBi;03-(80-x)B,03-5Te0,-15Si0,)
(weight %) systems [16] [17] (weight %)
(weight %)
Refetred PL| P2 | P3| P4| PS | P6 | P7T|PS | PO | LI L2 | Bl |B2|B3|B4|B5|B6
PbO 5 10 | 15 | 20 | 25 30 | 35| 40 | 45 - - - - - - - -
BaO 45| 40 | 35 | 30 | 25 20 |15 10 | 5 - - - - - - - -
BO; | 50| 50 | 50 | 50 | 50 50 | 50 | 50 | 50 45 45 30 | 25 20 | 15 | 10 | 5
Li,O - - - — - - - | - — 30 30 - - - - - -
SrO - - - - - - - | - - 10 10 - - - - - -
Gd,0; | — - - - - - - | - - 15 - - - - - - -
GdF; - - - - - - - | - - - 15 - - - - - -
Bi,0; - - - - - - - | - - - - 50 | 55| 60 | 65 | 70 | 75
TeO, - - - - - - - | - - - - 5 5 5 5 5 5
SiO; - - - - - - - | - - - - 15 15|15 ] 15| 15| 15
][);r;lsll%’ 4.3184.460|4.602|4.744| 4.886 |5.028 |5.17(5.312|5.454] 3.27 3.03 [4.98(5.09|5.19|5.31 |5.56|5.77
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Table 2. Chemical composition of composite materials of group B (materials with MAC decrease steadily with the increase

of energy)
Portland Cement | Concrete Kf?lt?n PMMA
Chemical Granite [20] (weight %) Chemicallcement [3 8] Element|  [19] , [19] . (CoHoN, (CS[CZ)ZII!IS)n
(weight %) (weight %) (weight %) (we%ﬁﬁ ” (weight %)
Rif)egfd Gl |G2| G3 | G4 | G5 |G6 | G7 | G8 Cel Ce2 Ce3 Pol P02
SiO, (79.92(73.87/77.21|76.41|77.52|79.29|78.47/77.33)] F 0.2807 H - 0.9 2.6362 8
AlLO; |15.99]14.79/15.45| 15.3 |15.52|15.87|15.71|15.48 Na,O 0.7298 C - 0.2 69.1133 60
K,O [3.24|6.24|3.34|3.83(2.7913.01|2.06(2.69| AlLO; | 3.8535 (6] 37.0 53.6 20.9235 32
CaO |0.28/2.07]2.13(241]2.15|1.56|1.99(2.07| SiO, 5.9856 N - - 7.3270 -
FeO ]0.24|1.36/0.86/0.91(0.94|0.01]0.81|1.09| P,Os | 23.0198 Na - 0.5 - -
Fe,O; 10.17]0.98(0.63 | 0.66|0.69 |0.01/0.59|0.80| SO; 0.1052 Mg 0.4 0.2 - -
TiO, [0.06(0.20|0.17 10.21]0.18|0.12]0.12{0.27 Cl 4.6588 Al 20.9 1.3 - -
- — - - - — — - - K,0 0.0226 Si 2.1 36.7 - -
- - - - - - - - - CaO 1.0155 S - 0.1 — —
- - - - - - - - - TiO, | 55.2113 K - 0.3 - -
- - - - - - - - — | Cr0; | 0.3903 Ca 279 5.6 - -
- — - - - — - — - MnO 0.0446 Fe 11.7 0.6 - —
- - - - - - - - — | Fe,0; | 0.0974 - - - - -
- - - - - - - - - NiO 0.0330 - - - - -
- - - - - - - - - ZnO 0.0060 - - - - -
- - - - - - - - - | RbO 0.0036 - - - - -
- - - - - - - - - SrO 0.1541 - - - - -
- - - - - - - - — | As;O5 | 0.0043 - - - - -
- — - - - — — - - BaO 0.0688 - - — — —
- — - - - — - - — | V,0s | 0.03048 - - - - -
I[)gir;rsll,tz}]’ 2.62|2.67|2.66 |2.66|2.65]2.62|2.64|2.71 2.067 1.28 2.25 1.42 1.19

where a [em’g '], b [em’g '], ¢ [keV '], and d are the
parameters obtained by fitting eq.(3) with the MAC,
corresponding to various energies, and £ is the energy
of gamma-ray photons.

The validation of the fitting function is based on
the R? value. Normally, this parameter is used to evalu-
ate the agreement of the fitting function with the data.
However, the R? parameter shows how close the data is
to the fitted curve. A high value of R? is not enough for
stating whether the fitting function is totally suitable.
Hence, the obtained fitting function was used to inter-
polate the MAC at various energies and used to com-
pare the Monte Carlo simulated results and experi-
mental data. This comparative data is the basis for
validating the proposed function.

The Monte Carlo simulation

The Monte Carlo simulation using the MCNP5
code [22] was used to calculate the MAC with the aim
of validating the interpolated results obtained from the
fitting function. The MCNP5 code allows the building
of the simulation model to be familiar with the real
model of experimental arrangement. Using the avail-
able library of the MCNP5 code, we can simulate the

interaction of the photon beam with matter. The ob-
tained spectrum is the pulse height spectrum (PHS)
when using Tally F8 in the MCNPS5 code. From the ob-
tained PHS, we can calculate the intensity of the pho-
ton beam before and after going through matter. From
this, we can calculate the MAC at various energies.

The parameters declared in the input file of the
MCNPS5 code include parameters of source, parame-
ters of the measured material and specifications of the
detector. These blocks are described in detail in fig. 1.
The specifications of the Nal(TI) scintillation detector
used in this work were validated in our previous works
[23, 24].

The obtained PHS from the simulation is in the
form of a histogram. To obtain the spectrum in the
form of Gauss, we apply the FT8 GEB card in the
MCNP code by using the FWHM (full width at half
maximum) function. Mathematically, FWHM is de-
fined as follows

FWHM =a+ bV E + cE? 4)
where @ =-0.0137257 MeV, b= 0.0739501 MeV'"?, ¢ =
=-0.152982 MeV ' [1] are the parameters, which were
obtained by fitting eq. (4) with the experimental FWHM
data. Depending on the type of materials, simulations run
with 10” or 2-10” source particles and the relative error of
simulation was kept below 0.5 %.
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Figure 1. Schematic diagram of the cross-sectional view of the arrangement in the Monte Carlo simulation for

determining the MAC

Spectrum analysis method

The inner diameter of the detector collimator
was enlarged greater than usual (up to 9.5 cm). This in-
creases the accumulated counts when using the
low-strength source in the experimental measurement.
Additionally, the detector collimator of a larger inner
diameter will reduces the measuring time. This is very
important for the Nal(Tl) detector because of its insta-
bility to change in environmental temperature during
operation [25]. Enlarging the detector collimator will
increase the contribution of secondary photons and
hence decreases accuracy of the calculated results
when using the Lambert-Beer equation. To overcome
this problem, we have applied the advanced spectrum
analysis technique [1] to eliminate the secondary
events.

This technique consists of using the Gauss func-

tion ,
A (x—xp)
G(x)= exp| — (5)
o2 252
and 4™ order polynomial function
poly (x)=a, +a; (x—x;)+a, (x—x, )+
+a;(x—xy) +a,(x—xp)" 6)

The simulated spectra were analyzed by using
Colegram software [26]. The spectrum analysis proce-
dure is presented in fig. 2.

RESULTS AND DISCUSSION

This work aimed to find the most suitble function
for describing the energy dependence of MAC for com-
posite materials in the energy range of 100 keV to 2 MeV.
The data of MAC at various energies was obtained by
NIST [27]. The obtained results were presented in tab. 3.
This data was fitted with eq. (3) by using the ORIGIN
software. The obtained results are presented in tab. 4.

The results as shown in tab. 4 indicate that the
proposed fitting function is perfectly suitable when the

Full-energy peak was fitted by
Gaussian distribution

Background was fitted by 4™/
order polynomial function //

Counts/channel

Channel

Figure 2. The spectrum analysis procedure

coefficient of determination, R?, is approximately 1
for most of the investigated materials. For a more care-
ful evaluation of the fitting function, the data given in
tab. 4 was used to interpolate the MAC at certain ener-
gies. The obtained results were compared with the cal-
culated results from the Monte Carlo simulation (see
tab. 5) and experimental data in previous works.

Figs. 3(a)-3(f) show the change of MAC vs. en-
ergies for composite materials of group B. It is shown
that the MAC decrease steadily with the increase of
energy. Figure 4 reveals that the most simulated to in-
terpolated MAC ratios [(1/p)gn/(1t/P)ine] Of materials
of group B mostly range from 0.95 to 1.05. Especially
for polymer materials consisting of Kapton and
PMMA, this ratio only ranges from 0.96 to 1.03 (the
maximum relative deviation between simulated and
interpolated results of 4.3 %). These obtained results
once again confirm that the proposed mathematical
function is totally suitable.

The simulated to interpolated MAC ratios
change with materials in group A in a wider range
which is mainly from 0.9 to 1.1 (see fig. 5). For this
group, the MAC decrease sharply with the increase of
energy and after that they are nearly unchanged, see
figs. 6(a)-6(c). Previous experience shows that inter-
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Table 3. The MAC at various energies obtained from NIST [27]
[ka] 122 145 | 279 | 320 | 391 511 662 835 | 1115 | 1173 | 1275 | 1332 | 1408 | 1836
MAC [cm’g ']
Group A
P1 ]0.7624|0.5182(0.1668/0.1416|0.1157/0.0930]0.0780|0.0678|0.0573{0.0557|0.0532|0.0520{0.0505(0.0443
P2 [0.8597|0.5816]0.1789|0.1502|0.1209|0.0958|0.0795|0.0686|0.0578|0.0561|0.0536|0.0523|0.0508|0.0445
P3 ]0.9570|0.6450/0.1910|0.1588]0.1262|0.0985|0.0810|0.0695|0.0582|0.0566|0.0539|0.0527(0.0511|0.0448
P4 |1.0540|0.7084]0.2031|0.1673]0.1314/0.1013|0.0826|0.0704|0.0587|0.0570|0.0543|0.0530{0.0514|0.0450
Pgﬁ;?i(;;g;?3 P5 |1.1520|0.7718/0.2151|0.1759{0.1366|0.1040/0.0841|0.0713|0.0592(0.0574/0.0547|0.0533|0.0517(0.0453
P6 [1.2490|0.8352(0.2272|0.1845]0.1419|0.1068|0.0856|0.0722(0.0596|0.0578|0.0550|0.0537{0.0520|0.0455
P7 |1.3460|0.8986|0.2393|0.1931]0.1471|0.1095|0.0871|0.0731]0.0601|0.0582|0.0554|0.0540{0.0523|0.0458
P8 [1.4440|0.9620/0.2514|0.2016]0.1524|0.11230.0886|0.0740/0.0606/0.0587|0.0557|0.0543|0.0519|0.0460
P9 |1.5410|1.0250]0.2634|0.2102/0.1576|0.1151/0.0901 |0.0749]0.0611|0.0591]0.0561|0.0546|0.0522|0.0462
Gadolinium- based L1 ]0.3948/0.2898|0.1302|0.1168]0.1018]0.0869(0.0755]0.0670|0.0575]0.0560/0.0536|0.0524|0.0509(0.0445
oxide and oxyfluoride
glass systems L2 ]0.3603/0.2683|0.1266|0.1143]0.1004]0.0862(0.0752]0.0668|0.0575]0.0560(0.0536|0.0524|0.0509(0.0445
Bl |1.6040/1.0590(0.2639/0.2095|0.1559]0.1138/0.0892(0.0742|0.0607|0.0587]0.0558|0.0544|0.0527|0.0463
B2 |1.7470/1.1490/0.2793]0.2201|0.1620|0.1167|0.0905{0.0749|0.0609|0.0589(0.0559/0.0545|0.0536/0.0464
Borate-tellurite-silicate| B3 |1.8900|1.2400{0.2947/0.2307[0.1681]0.1196]0.0919]0.0755|0.0611|0.0590/0.0560|0.0545(0.0529|0.0465
glass system B4 [2.0330/1.3310/0.3102]0.24130.1742/0.1225/0.09330.0762|0.0612/0.0592/0.05610.0546|0.0529 0.0466
BS |2.1770|1.4210(0.3256|0.2519]0.1803]0.1254/0.0946 |0.0768|0.0614/0.0593/0.0562|0.0547|0.0530(0.0466
B6 |2.3200]1.5120]0.3410/0.2626|0.1864|0.1283]0.0960{0.0774/0.0616|0.0594|0.0563]0.0547|0.0530/0.0467
Group B
G1 |0.1536]0.1423]0.1103]0.1045|0.0965|0.0863|0.0770{0.0692|0.0601|0.0586(0.056210.0549|0.0534/0.0466,
G2 |0.1566]0.1441]0.1105]0.1046|0.0965|0.0862|0.0769{0.0691]0.0600|0.0585(0.0561]0.0548|0.0533/0.0465
G3 |0.1551]0.1433]0.1104/0.1046|0.0965|0.0863|0.0770{0.0692|0.0600|0.0586(0.0561]0.05490.053310.0466,
Granite G4 10.1553]0.1434/0.1104{0.1046|0.0965|0.0863|0.0770{0.0692(0.0600{0.0586|0.0561|0.0549(0.0533|0.0465
G5 10.1551]0.1432/0.1104{0.1046|0.0965|0.0863|0.0770{0.0692(0.0600/0.0586|0.0561|0.0549(0.0533|0.0466,
G6 10.1536(0.1424/0.1103{0.1046]0.0965|0.0863|0.0770{0.0692(0.0601]0.0586|0.0562|0.0549(0.0534|0.0466,
G7 10.1546|0.1430/0.1104{0.1046]0.0965|0.0863|0.0770{0.0692(0.0601/0.0586|0.0561|0.0549(0.0534|0.0466
G8 0.1553]0.1433]0.1104/0.1046|0.0965|0.0863|0.0770{0.0692|0.0600|0.0585(0.0561|0.0549|0.053310.0465
Portland cement Cel |0.1666|0.1487|0.1101]0.1042]0.0960/0.0859]0.07670.0690|0.0599|0.0594/0.0560|0.0548|0.0533|0.0466
Cement Ce2 |0.1648|0.1472|0.1091]0.1032]0.0951/0.0851|0.07600.0683|0.0594/0.0579]0.0551|0.0543|0.0528|0.0462
Concrete Ce3 |0.1491{0.1394|0.1102{0.1047]0.09680.0869|0.07760.0698|0.0607|0.059210.0568|0.0555(0.0539|0.0471
Kapton Pol 0.1445]0.1379]0.1119|0.1064]0.0985|0.0885/0.0791{0.0711(0.0619]0.0603|0.0578|0.0565|0.0549(0.0478
PMMA Po2 0.1521]0.1451]0.1177{0.1120{0.1037|0.0931]0.0832]0.0748|0.0651]0.0634|0.0608|0.0594|0.0578|0.0502]

polating the MAC in the range at which they remain al-
most unchanged is the reason for the difference be-
tween the simulated and interpolated MAC.

In addition, when comparing the interpolated
MAC with experimental data [21] of the polymer ma-
terials (PMMA and Kapton), we have realized that the
maximum relative deviation between them is very
small at about 5.6 % (this value is 4.3 % for the simula-
tion). This seems to be related to the type of materials.
Indeed, the polymer is a large molecule with a very
simple chemical composition due to multiple repeat-
ing units. Hence, a high accuracy of MAC for both the

simulation and experiment could be more easily
achieved. Meanwhile, the remaining materials con-
sisting of granite, Portland cement, cement are a mix-
ture of elements and compounds and therefore it is
very difficult to precisely determine their weight and
chemical composition. This caused difficulties in cal-
culating the theoretical (NIST data) and simulated
MAC, but nevertheless the experimental to interpo-
lated MAC ratios [(t/p)ey,/(1/p)in] are mostly in the
range from 0.9 to 1.1 for both groups of materials (see
fig. 7).
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Table 4. The calculated results of fitting parameters for 30 various materials

Group A 2 < d S
Pl 0.05411 —373518.6658 2.54556 0.43452 0.997
P2 0.05305 ~103058.0587 151816 0.44196 0.999
P3 0.05535 ~555725.6419 2.18145 0.41806 0.998
P4 0.05349 ~281823.2905 1.86657 0.43082 0.999
PbO-Ba0-B203 glass
system P5 0.05377 ~320071.5653 1.78642 0.42627 0.999
P6 0.05381 —521605.72 2.049 0.42362 0.999
P7 0.05612 —532252.4281 1.57967 0.40637 0.999
P8 0.05429 —456009.8201 1.69765 0.41849 1.000
P9 0.05418 —427470.6094 1.56429 0.41648 1.000
Gadolinium- based L1 0.0489 —42235.26454 9.85431 0.6013 0.995
oxide and oxyfluoride
glass systems L2 0.04776 —24770.26346 11.66105 0.63888 0.995
BI 0.05462 —364877 1.35475 0.41325 1.000
B2 0.05602 255615 1.00888 0.40413 1.000
Borate-tellurite-silicat B3 0.05451 —331486 1.11167 0.40611 1.000
© glass system B4 0.05441 ~298306 0.99947 0.40342 1.000
B5 0.05441 -310213 0.95562 0.40074 1.000
B6 0.05424 ~314257 0.91473 0.39887 1.000
Group B
Gl —0.06357 —0.44867 0.18277 4.13108 1.000
G2 —0.05198 —0.68008 0.8527 3.80194 1.000
G3 ~0.05935 ~0.58548 0.53665 4.0235 1.000
Granite G4 -0.05773 -0.59957 0.57647 3.97463 1.000
G5 —0.05965 —0.57116 0.48651 4.0311 1.000
G6 -0.06027 —0.4167 0.13035 4.01652 1.000
G7 —0.06147 —0.5417 0.39985 4.08431 1.000
G8 —0.05854 —0.59245 0.55627 3.99915 1.000
Portland cement Cel 0.00452 -3.96103 6.61614 2.08402 0.998
Cement Ce2 0.00323 —4.14483 7.97755 2.11055 0.998
Concrete Ce3 —0.06045 —0.56844 0.45498 4.03376 1.000
Kapton Pol —0.02068 —0.2308 0.0106 2.48059 1.000
PMMA Po2 —0.02184 —0.24298 0.01059 2.48036 1.000
CONCLUSION lated spectra using Colegram. N. T. K. Anh, L. D. Nhat

With 30 investigated samples, we have suc-
ceeded in finding the mathematical function which de-
scribes the dependence of MAC vs. energy in the range
from 100 keV to 2 MeV. The excellent agreement of
the proposed function was indicated in terms of the co-
efficient of determination of approximately 1 for most
materials. In addition, the interpolated MAC from the
fitting function were also compared with the experi-
mental and simulated data that shows good agreement.
The obtained results of this work provide a different
approach for evaluating the shielding properties of
composite materials.

AUTHORS' CONTRIBUTIONS

The idea for this work was put forward by H. D.
Tam. N. T. K. Anh and L. D. Nhat analyzed the simu-

and H. T. T. Ngan made the Monte Carlo input files us-
ing the MCNPS5 code. The manuscript was prepared by
H. D. Tam.

REFERENCES

[1] Tam, H. D, et al., Advanced Gamma Spectrum Pro-
cessing Technique Applied to the Analysis of Scatter-
ing Spectra for Determining Material Thickness, J
Radioanal Nucl Chem., 303 (2015), 1, pp. 693-699

[2] Thanh, T. T., et al., Verification of Compton Scatter-
ing Spectrum of a 662 keV Photon Beam Scattered on
a Cylindrical Steel Target Using MCNPS5 Code, App!
Radiat Isot., 105 (2015), Nov., pp. 294-298

[31 Nguyen, V. H,, ef al., A Semi-Empirical Method for
Measuring Thickness of Pipe-Wall Using Gamma
Scattering Technique, J Radioanal Nucl Chem., 308
(2016), 3, pp. 1011-1016



N. T. K. Anh, ef al.: A Mathematical Function for Describing the Dependence of ...

Nuclear Technology & Radiation Protection: Year 2019, Vol. 34, No. 1, pp. 47-56

53

Table 5. The MAC at various energies obtained from the Monte Carlo simulation
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Figure 3. The energy dependence of MAC for materials of group B including PMMA (a), Kapton (b), concrete (c),
Portland cement (d), cement (e), granite (f)
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Hryjen Tn Knm AHX, Jlam dyj HAT, Xo Tu Tyjer HI'AH, Xoanr Iyk TAM

MATEMATHUYKA ®YHKIMNJA KOJA OIIUCYJE 3ABUCHOCT MACEHOT
ATEHYAIIMOHOI' KOE®OUIINIJEHTA O EHEPTUJE KO KOMITIO3UTHUX
MATEPMUJAJIA, Y EHEPTETCKOM OIICET'Y O1 100 keV 1O 2 MeV

Y oBOM pajy fAar je mpepyor MareMaTHuke (PYHKIMje Koja OIUCYje 3aBHCHOCT MAaceHOT
aTeHyallOHOT Koe(uIjeHTa Ofl CHepruje 3a KOMIIO3UTHE MaTepujaje y orncery enepruja on 100 keV no
2 MeV. [lobujenn pe3ynTaTh MOKa3yjy fa NpeiiokeHa pyHKIHja mMa MOTYhHOCT TaYHOT ONMUCHBAHa
mojilaTaka ca Koe(UuIMjeHTOM OjTyunBamba R2, MpuONMKHO jeHAKUM jeIUHUIM 32 CBE WCIUTUBAaHE
Mmartepujane. Kopucrehn npemmoxkeHny MateMaTHuky (DYHKIWjY, MAaceHU aTeHyal[MOHU Koeq)mm]eHTn
UHTEPIOJINPAHN Cy, a JIOGI/I_]GHC BPEHOCTH ynopeljeHe ca pesyaratuma MoHTe Kapno cUMyJIalmja.
INopebeme pe3ynTara ykasyje Ha BUCOKY KOpeJalyjy Kajia je OHOC pe3yiiTaTa CUMyJanija u pe3yiaTara
naTepnonanuje m3meby 0.95 u 1.05. llltaBumne, BpegHOCTH MaceHWX aTEeHyalMOHMX KoeduiujeHara
NOOMjEHNX WHTEPIONAlMjoM ynopehbeHu cy ca eKcrepuMeHTaTHAM pe3yiTaTuMa TOOHjEHUM Y PaHUjUM
pangoBuMa u BehuHa ogHoca pesynrarta y omcery je ox 0.9 o 1.1.

Kmwyune peuu: macenu aitienyayuonu koegpuyujenit, Monitie Kapao, ¢uitiosare pynkuyuje,
KOMUOUIUHU Maillepujan



