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Abstract

The linear attenuation coefficient (LAC), mean free path (MFP), half-value layer (HVL), and the
radiation protection efficiency (RPE) parameters of Lombok pumice powder from 3 different regions
(ljobalit, Setangi beach, and Lingsar) have been analyzed. The radiation parameter analysis was carried out
to determine the pumice that potential as a raw material of radiation shielding composite. The Monte Carlo
simulation using the GEANT4 toolkit was applied to analyze those parameters using a gamma-ray
transmission measurement for the photon energies of >Co, 133Ba, >*Mn, ¥’Cs, ®Co, ®Zn, %Na and “°K.
The GEANT4 simulation results were compared to the XCOM theoretical calculation and show that the
linear attenuation coefficient parameter has a good agreement with the XCOM results based on the
determination coefficient of the correlation graph (R? = 0.998) between those 2 approaches methods.
Setangi beach pumice has a smaller LAC parameter than Ijobalit pumice and Lingsar pumice. The MFP
and HVL parameter of the Setangi beach pumice indicate the absorption ability of gamma photons is low.
In the low gamma energy 0.122 MeV, ljobalit pumice and Lingsar pumice have more than 50 % RPE and
are better used as a raw material of radiation shielding composite.
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Introduction

The use of radiation for non-destructive material testing in the industry and radiologic application in
the medical field is always equipped with an adequate protection system such as radiation shielding usage.
Radiation shielding is a barrier material applied to protect equipment or the body against excessive radiation
exposure from a given radiation source or undesirable radiation. Lead (Pb) is the most shielding material
that effectively reduces photon radiation intensity, but it is hazardous and toxic to human health [1,2].
Nowadays, investigation of new lead-free shielding materials becomes a critical concern such as polyboron
material [3], natural rock like basalt, marble, granite, and limestone [4], palladium alloy [5], glasses with
different oxides [6], alternate materials in concrete [7], alloys of iron-boron [8], tungsten carbide [9], and
epoxy composites [10].

The ability to absorb gamma-ray or x-ray radiation, non-toxic, abundant presence, and inexpensive
are several considerations in selecting the shielding materials. Pumice is a type of natural rock produced
from volcanic eruptions. Its presence is quite abundant, especially in areas that have a history of the largest
volcanic eruptions such as Lombok, Indonesia. It can be used as a substitute material for cement [11], fire
resistance composites [12], removal of heavy metals [13], and a fine aggregate base material for lightweight
concrete [14]. Based on its elements content, pumice can potentially be used as a raw composite material
of radiation shielding. Therefore it is essential to know the shielding characteristics of pumice powder as a
pure material such as linear attenuation coefficient (LAC), mean free path (MFP), half-value layer (HVL)
of the material, and radiation protection efficiency (RPE) parameters.

Investigation of those radiation shielding parameters can be conducted by using Numerical Monte
Carlo (MC) simulation approach. The MC simulation predicts the interaction results of photon and material
based on probability density functions through random number generation. This simulation is quite
effective and widely employed successfully, such as in the interrogation of experimental results and
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validation of bulk-material irradiation [15], wood density analysis [16], analysis of the presence and
orientation of slits [17], photon absorption [18], and analyzing polymer and plastic shielding properties
[19]. The numerical Monte Carlo (MC) simulation that can be employed is GEANT4. GEANT4 is an
object-oriented program of interaction and particles passage through matter that have capabilities for
detector and physics modeling simulation in radiation [20]. The program is used for accurate simulation in
nuclear medicine and radiation protection [21].

In the present study, we investigated a LAC, MFP, HVL, and RPE of Lombok pumice for several
gamma-ray energies based on the MC simulation approach using the GEANT4 toolkit. We compared it to
the theoretical calculation using the XCOM cross-section program. The purpose of this study was to find
Lombok pumice which has the potential as a raw material for radiation shielding composites based on those
radiation parameters.

Materials and methods

Pumice samples are collected from 3 different locations, i.e. ljobalit (East Lombok region), Setangi
beach (North Lombok region), and Lingsar (West Lombok region). This study prepared pumice in powder
form through a manual grinding process, as shown in Figure 1.

N

Figure 1 Lombok pumice powder samples from ljobalit, Setangi beach, and the Lingsar region.

Determination of the radiation parameter, i.e., the linear attenuation coefficient (x) for both Monte
Carlo GEANT4 experimental simulations and XCOM, requires data of density and the constituent element
composition of pumice. The density (p) of the pumice sample (powder form) was determined using a
pycnometer based on the pumice mass and volume measured by the following formula:

_ mass sample mass
volum (solvent mass — solvent mass trapped insample

) X Psolvent

(€3]

Acetone (CsHsO) with a density of 0.79 g/cm® is used as a solvent. Table 1 shows the density values of
pumice powder samples. The density is not significantly different from the specific gravity value [22].
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Table 1 Pumice powder sample density.

Density (g/cm?®)
Sample Number - - - -
ljobalit Setangi beach Lingsar
1 2.48587 2.21862 2.49601
2 2.48662 2.22200 2.48028
3 2.48500 2.22963 2.47015
Paverage 2.48583 + 0.00055 2.22342 +0.00414 2.48215 + 0.00924

Meanwhile, energy dispersive x-ray spectroscopy (EDS) test was conducted to find a constituent

element composition of a pumice sample. According to these sample composition and density,
E

determination of the mass absorption coefficient (_ﬂ( )J is done using XCOM 3.1 program for the photon
Yo

energies of ’Co (0.122 MeV; 0.1365 MeV), **¥Ba (0.356 MeV), *Mn (0.835 MeV), ¥'Cs (0.662 MeV),

80Co (1.173 MeV; 1.333 MeV), ©Zn (1.1155 MeV), 2Na (0.511 MeV; 1.275 MeV) and “°K (1.461 MeV).

The linear attenuation coefficient (x) was calculated using the following formula:

W(E) = (@Jm
P )

and for the MFP and HVL parameters [23],

Ixe‘”xdx

MFP=°OO—=i ©)
'[e"‘xdx
0

HvL =12 )

U

The experimental simulation was carried out to investigate the gamma photon interacting with the
pumice sample. The gamma-ray transmission measurement simulation (Figure 2) using the Monte Carlo
GEANT4 9.5 program is conducted to obtain a linear attenuation coefficient to determine the others
parameter. In this simulation, the dimensions of the Nal(TI) scintillation detector used were 3 in. x3 in. as
in the previous research [17]. The density and composition of the pumice from the x-ray diffraction
spectroscopy test are used to define the material composition variable in the simulation, besides its
dimension. The distance between the gamma source surface and the detector surface is 15 cm. Meanwhile,
pumice is placed 10 cm in front of the Nal(TIl) scintillation detector (Figure 2(b)). Energy spectrum
simulation measurements were carried out for 107 beams on (history) gamma photon with the beam directed
towards the pumice sample and using the Penelope interaction model. The simulation output in the
histogram form of the detected energy spectrum distribution was adjusted to the experimental model and
analyzed using ROOT 5.34 for the Gaussian fitting height of the peak energy spectrum detected.
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Figure 2 GEANT4 simulation visualization of gamma-ray transmission; (a) The detection of gamma
photon beam source by scintillation detector Nal(TI) and (b) Detection of gamma photons that have passed
through the pumice.

The linear attenuation coefficient 4(E) based on the transmission method is calculated using the Beer-
Lambert formula:

r

where I(E) is the gamma-ray intensity that penetrates the pumice block, Is(E) is the intensity gamma-ray
source detected without the presence of pumice block, and r is the thickness of pumice block [17]. The
effectiveness of pumice in absorbing the photon also can be analyzed from the radiation protection
efficiency (RPE) parameter by the following formula [5].

RPE=(1—ILJ><100 % (6)

S

The intensity without and with the pumice block present is determined from the peak height results from a
Gaussian fitting curve.

Results and discussion

Composition of pumice elements

Identifying the elements that make up the pumice sample can be observed through energy peaks in
the graph of the X-ray diffraction spectroscopy result in Figure 3. As shown in the ljobalit sample test
result (Figure 3), the Lombok pumice sample has a higher silica element, about 26 - 32 % (Table 2). In
Table 2, a large percentage of oxygen (50 - 55 %) is identified due to most elements that make up pumice
which is incorporated with the oxygen element in the oxides form. The elements bound with oxygen include
Al, Si, Fe, Ca, K, Na, and Mg in Al,O3, Fe;03, SiO,, Ca0, K;0, Na,O and MgO.
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Figure 3 Diffraction spectroscopy test result of ljobalit pumice sample.

Table 2 Elements composition of pumice from x-ray diffraction spectroscopy result.

Element ljobalit pumice Setangi beach pumice Lingsar pumice
Percent mass (%) Percent mass (%) Percent mass (%)
C - - 2.93
@] 50.59 54.16 51.26
Na 3.24 3.65 231
Mg - 0.58 0.68
Al 8.7 7.02 7.71
Si 31.63 30.16 26.17
Cl - 0.77 0.08
K 3.33 2.02 2.46
Ca - 1.64 2.80
Fe 2.51 - 3.42
Cu - - 0.18

The identified elements are similar to Yaltay et al. [24] and Ismail et al. [25] research results, except
for the composition of each element in the pumice sample due to differences in local geological processes
of the pumice formation. As know that pumice came from volcanic eruptions, so the magma source and
evolution of the crystallization process could be the reason for the difference in the elemental content and
its composition [26,27]. Further studies in the geochemical review are needed for this case.

Radiation parameters of pumice

According to the X-ray diffraction spectroscopy result, we have calculated the pumice sample’s mass
absorption coefficient parameters using XCOM for several gamma-ray energy sources. The parameter
values of those 3 different samples are presented in Table 3. The mass absorption coefficients decrease
with the increase of the energy source. This fact can be explained based on the material parameters of
interaction probability (cross-section) which are influenced by the atomic number (Z) and energy of the
incident photons which are related to the dominant radiation interaction that probably occur, such as the
interaction of photoelectric, Compton scattering, or pair production. The atomic numbers influence the
electron density per unit mass as a significant factor affecting the mass attenuation coefficient. Furthermore,
the radiation parameters are obtained using Egs. (2) - (4), as a graph related to the photon energy as shown
in Figure 4. The curve on the linear attenuation coefficient (LAC) graph is obtained by fitting using the 3-
parameter logarithm function y =a—bIn(x+c) where a, b and c are constants. Meanwhile, the MFP and

HVL curves use a quadratic polynomial fitting y =ay +a;X+a, x2 where ao, a1, and a, are constants.
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Table 3 Mass absorption coefficient (cm?/g) pumice using XCOM.
Mass absorption coefficient (cm?/g)
Photon energy (MeV)
ljobalit Setangi beach Lingsar
0.122 0.14770 0.14560 0.14930
0.1365 0.14110 0.13970 0.14220
0.356 0.09906 0.09919 0.09914
0.511 0.08560 0.08576 0.08564
0.662 0.07651 0.07667 0.07654
0.835 0.06882 0.06896 0.06884
1.1155 0.05982 0.05995 0.05984
1.173 0.05832 0.05845 0.05834
1.275 0.05591 0.05603 0.05593
1.333 0.05466 0.05477 0.05467
1.461 0.05215 0.05225 0.05216

Table 4 Gaussian fitting curve height of GEANT4 simulation result.

Photon Energy

Gaussian peak height fitting

(MeV) No pumice ljobalit pumice Setangi beach pumice Lingsar pumice
Height  Error  Height  Error  Height Error Height Error
0.122 1267830 622.182 617646 434.147 677866 459.843 610392  432.130
0.1365 147879 228.623 75729.4 14348 81615.7 159.802 75091 147.406
0.356 291547 174.366 181631 137.455 190950 139.851 181726 137.325
0.511 1227810 829.973 811149 678.607 848094 693.342 812926  678.764
0.662 1456000 788.872 1009910 642.647 1049470 667.621 1009340  655.117
0.835 405865 229.616 291250 194.500 301493 197.390 291577 194.927
1.115 239504 154.643 178700 131.614 184593 134.103 178709 133.140
1.173 301418 283.029 225561 245.996 234136 253.263 227419  244.698
1.275 247797 237.126 189091 206.909 194556 209.039 189271 206.777
1.333 238796  237.387 183376 207.277 189694 204.879 183287 207.291
1.461 444533 95487 343534 82.836 353459 84.972 34392.2  83.771
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Table 5 RPE of pumice sample.

RPE (%)
Photon Energy (MeV) - ; ; - - - X
ljobalit pumice Setangi beach pumice Lingsar pumice
0.122 51.28 46.53 51.86
0.1365 48.79 44,81 49.22
0.356 37.70 34.50 37.67
0.511 33.94 30.93 33.79
0.662 30.64 27.92 30.68
0.835 28.24 25.72 28.16
1.115 25.37 22.93 25.38
1.173 25.17 22.32 24.55
1.275 23.69 21.49 23.62
1.333 23.21 20.56 23.25
1.461 22.72 20.49 22.63
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Figure 4 Radiation parameter graph based on XCOM.
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According to the radiation parameter values of Lombok pumice samples (Figure 4), the linear
attenuation coefficient, MFP, and HVL of pumice from the ljobalit and Lingsar region have similar
characteristics in the gamma photon energy analyzed. This can be observed in the constant value of the
curve fitting of the data on the graph. Meanwhile, the pumice from Setangi beach has a lower linear
attenuation coefficient parameter than the other 2 types of pumice. Therefore, the MFP and HVL of Setangi
beach pumice are more significant than the 2 others. This value indicates that the absorption ability of
gamma photons is low.

GEANT4 simulation

The simulation result of Monte Carlo GEANT4 is in the form of an energy spectrum distribution
histogram. Figure 5 shows the distribution of the energy spectrum detected Nal(TI) scintillation detector
in the transmission measurements method with the 5°Co source and without pumice block. It can be seen in
Figure 5(a) that there is a decrease in the height of both peaks of detected ®°Co gamma-ray energy (1.173
MeV and 1.333 MeV), which through a pumice block samples (ljobalit pumice). Table 4 shows the peak
height of each gamma photon energy curve which is detected based on the Gaussian curve fitting (Figure

(5b)).
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Figure 5 %°Co energy spectrum distribution of gamma-ray transmission measurement method and a
Gaussian curve fitting peak height; (a) ®Co energy spectrum distribution and (b) Gaussian curve fitting of
1.33 MeV ®Co energy.

The curve characteristic of linear attenuation coefficient, MFP, and HVL was determined based on
the peak height of the gamma-ray energy spectrum and using the Beer-Lambert formula Eqg. (5). Using the
curve fitting pattern of the 3-parameter logarithm function and the quadratic polynomial which is the same
as the XCOM result, the radiation parameter curve, and associated constants are obtained as shown in
Figure 6. The increase in the source photon energy implies a diminishing in the value of the linear
attenuation coefficient. This characteristic is due to the higher probabilities of passing through material for
an incoming photon with higher energy.
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Figure 6 Radiation parameter graph based on GEANT4 simulation.

The required thickness of absorber material (shielding) to reduce the incoming gamma photon
intensity can be evaluated based on the HVL value. As shown in Figure 6, the increase in the value of the
HVL parameter linearly corresponds to the enlarging of the energy incoming gamma photon. The HVL
parameter of ljobalit pumice has a thickness almost the same as that of Lingsar pumice. The HVL value of
Setangi Beach pumice is greater than the other 2 types of pumice. These results are also confirmed by the
value of RPE, which is calculated using Eq. (6) and summarized in Table 5. At low photon energy of 0.122
MeV, the RPE of ljobalit and Lingsar pumice were above 50 %, namely 51.28 % and 51.86 %, respectively.
Meanwhile, Setangi beach pumice is 46.53 % of that energy. In the energy of 1.461 MeV, the RPE of
ljobalite and Lingsar pumice is greater than 22 %, while Setangi beach pumice is 20.49 %. Based on these
results, ljobalit pumice or Lingsar pumice has a better quality of shielding material parameters. The high
value of RPE is caused by the type and amount of pumice-forming elements such as Fe and Al elements
(Table 2). The presence of pumice constituent elements in a certain amount can make a significant
contribution in reducing the intensity of gamma photons. Therefore, increasing the RPE is conducted by
adding the materials containing Fe and Al elements.

Table 6 shows the linear attenuation coefficients for different gamma-ray energies using the
GEANT4 simulation and the XCOM cross-section program. The linear attenuation coefficient (LAC)
obtained using the Monte Carlo GEANT4 is almost similar to those of the XCOM result. This relation can
be observed in the slope constant of the correlation graph ~ 1.030 and 1.044 (Figure 7). The difference in
obtaining values may occur due to the number of simulation histories and also the orientation direction
setup of the gamma photon beam associated with the source type model in the simulation.
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Table 6 Linear attenuation coefficient of Lombok pumice sample.
Linear attenuation coefficient (x) (cm™)
Photon energy obali beach -
(MeV) ljobalit Setangi beac Lingsar
GEANT4 XCOM GEANT4 XCOM GEANT4 XCOM
0.122 0.3596 0.3672 0.3131 0.3237 0.3655 0.3706
0.1365 0.3346 0.3507 0.2972 0.3106 0.3388 0.3530
0.356 0.2366 0.2462 0.2116 0.2205 0.2364 0.2461
0.511 0.2073 0.2128 0.1850 0.1907 0.2062 0.2126
0.662 0.1829 0.1902 0.1637 0.1705 0.1832 0.1900
0.835 0.1659 0.1711 0.1486 0.1533 0.1654 0.1709
1.1155 0.1464 0.1487 0.1302 0.1333 0.1464 0.1485
1.173 0.1450 0.1450 0.1263 0.1300 0.1409 0.1448
1.275 0.1352 0.1390 0.1209 0.1246 0.1347 0.1388
1.333 0.1320 0.1359 0.1151 0.1218 0.1323 0.1357
1.461 0.1289 0.1296 0.1146 0.1162 0.1283 0.1295
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_'5' 025
- 0.20
0.15 O UOBALIT
Linear Fit of XCOM
0.10 T T T T T 1
0.10 0.15 0.20 0.25 0.30 035 0.40
GEANT4
0.409 rgqsation y=a+bx
035 jor e e ™
0.304
g 025
=
0.204
S
0.10 T T T T T 1
0.10 0.15 0.20 025 030 035 0.40
GEANT4
0.404 Equation y=a+b%
L e e
0.30
g 025
=
020
015 A LINGSAR
Linear Fit of XCOM
0.10 T T T T T 1
0.10 0.15 0.20 0.25 0.30 035 0.40

GEANT4

Figure 7 Graph correlation of linear attenuation coefficient between GEANT4 and XCOM.
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Conclusions

Monte Carlo GEANT4 simulation approach with gamma-ray transmission method successfully
applied in analyzing radiation parameters of the pumice. The value of pumice radiation parameters depends
on the radiation energy and material composition. Setangi beach pumice has a smaller linear attenuation
coefficient (LAC) than ljobalit pumice and Lingsar pumice. The MFP and HVL parameter indicates that
the absorption ability of gamma photons of Setangi beach pumice is low compared to the 2 other pumice.
According to the RPE, ljobalit pumice and Lingsar pumice are better used as a raw material of radiation
shielding composite, especially for energy 0.122 MeV (> 50 %) or less. The determination coefficient value
(R%~0.998) of the linear attenuation coefficient curve indicates a match between GEANT4 and XCOM.
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