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ABSTRACT

The accuracy of the photoatomic cross-section data is of great importance in the field of radiation
protection, particularly in the characterization of radiation shielding materials. With the release of the
latest and probably the most accurate photoatomic data library, EPDL2017, the need to re-evaluate all the
existing and already established mass attenuation coefficients (MACs) of all radiation shielding materials
arises. The MACs of several polymers, alloy-based, glasses, and building materials used in a nuclear
medicine facility were investigated using the EPDL2017 library embedded in EpiXS software and were
compared to MACs available in the literature. The relative differences between MACgpixs and MACxcom
were negligible, ranging from 0.02% to 0.36% for most materials. However, for material like a glass
comprising of elements Te and La evaluated near their corresponding K-edge energies, the relative dif-
ferences in MACs increased up to 1.46%. On the other hand, a comparison with MACs calculated based on
EPDL97 (a predecessor of EPDL2017) revealed as much as a 6.61% difference. Also, it would seem that the
changes in MACs were more evident in the materials composed of high atomic number elements
evaluated at x-ray energies compared to materials composed of low atomic number elements evaluated
at gamma-ray energies.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

For the past half-century, nuclear medicine is continuously
evolving as multidisciplinary sciences advance, new techniques are
developed, and new technologies emerge. Due to the numerous
beneficial uses of radiation, the number of radionuclides being
studied and utilized in medicine continues to increase. It was
estimated by the International Atomic Energy Agency (IAEA) that
the number of nuclear medicine examinations worldwide in 2014 is
averaging by 35 million per year. This makes medical exposure the
leading human-made source of radiation exposure [1].

Depending on the type of exam, nuclear medicine can be an
arduous procedure that requires prolonged and continuous expo-
sure of the patient to ionizing radiation. Whether for diagnosis,
evaluation, or therapy of diseases, nuclear medicine procedures can
be time-consuming. Radiotracers could take several hours to days
to travel through the body and accumulate in the area of interest
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while it can take several hours to perform imaging. Moreover,
nuclear medicine also involves exposure to the medical physicist,
nuclear medicine physicians, technologists, carers and comforters
of patients undergoing procedures, and members of the public
[2,3].

No matter how small, exposure carries risks of unwanted health
and environmental effects, especially for continuous exposure [4].
To ensure that the occurrence of deterministic effects is prevented,
the probability of stochastic effects is minimized to an acceptable
level, and the damage to the nearby environment is avoided, ma-
terials possessing excellent radiation shielding properties are of
great importance in nuclear medicine. The efficacy of such mate-
rials in shielding radiation at various energies is usually gauged by
their mass attenuation coefficients (MACs). MAC is a constant that
describes the fraction of radiations reduced per unit mass from a
radiation beam by an absorber or material. It is used to quantify
radiation penetration and energy deposition in shielding and other
dosimetric materials. Thereby, the MACs of countless polymers
[5—7], alloys [6,8,9], ceramics [10,11], glasses [12—14], concretes
[15—17], and other materials [4,18,19] have been determined to
assess their radiation shielding capabilities.
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The MAC can be obtained through an experiment and calcula-
tions using simulation programs. The experiment is conducted by
measuring the narrow x-ray and gamma-ray transmission to the
material [13,20—23]. However, this method is associated with
handling x-ray equipment and radioactive sources, which requires
adherence to the radiation safety protocols. Due to the steep re-
quirements, relatively few research studies on radiation shielding
have been conducted experimentally. On the other hand, the most
common way of obtaining MAC is via computer programs such as
XCOM, WinXCom, MCNP, Geant4, and PENELOPE [14,24-28].
Although calculations using computer programs have the advan-
tage of investigating the radiation shielding capabilities of the
material without the risks of radiation exposure, the accuracy is
highly dependent on their photoatomic data library. On this matter,
it should be emphasized that the EPDL97, the data library of Monte
Carlo-based simulation codes (MCNP5, Geant4, PENELOPE, etc.)
was developed in 1997, while the NIST-XCOM library, the data li-
brary of most photon attenuation software (XCOM, WinXCom, Phy-
X/PSD, etc) was last updated in 2010. With the advancement of
science and technology, the study of past experiments, and ana-
lyses of previous data stimulate the improvements, in theory,
simulations, and experiments that give birth to more precise data.
Presumably, a new photoatomic data library has more accurate
atomic information than the old data libraries.

In 2017, the International Atomic Energy Agency Nuclear Data
Services (IAEA-NDS) released the most up-to-date and official
ENDF/B-VIII electron and photon data library, EPICS2017 [29] to

Table 1

The elemental compositions of several materials used in nuclear medicine facilities.
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replace all earlier versions of EPICS data libraries. Among the three
sub-libraries of EPICS2017, new photoatomic data can be found in
the Evaluated Photon Data Library (EPDL2017). In this new data
sub-library, the subshell binding energies have been adjusted that
resulted in an improved photoelectric cross-section, anomalous
scattering factors, and coherent scatter [30]. Research has already
been conducted that uses the EPDL2017 library in radiation
shielding parameters calculation and the results were compared
with the experimental data, Monte Carlo-based simulation codes,
and photon attenuation software [31—35]. However, these re-
searches involved extraction and interpolation of EPICS2017 library
for calculation which is a complicated process. Furthermore,
although the initial assessment shows MACs evaluated with
EPDL2017 are in good agreement with MACs derived from other
methods, this is only true for a limited number of materials and
energies involved in those studies.

Recently, windows-based application software for photon
attenuation based on EPDL2017 of ENDF/B-VIIl and EPDL97 of
ENDF/B-VI.8 photoatomic data library was developed [36]. In this
study, the EpiXS software was used in calculating the MAC
(MACkpixs) at x-ray and gamma-ray energies. The results were
compared with the MACs evaluated with the old photon data li-
braries from literature to give more information on how the new
photoatomic data library may affect the MACs calculations of
several multi-element materials commonly employed in nuclear
medicine facilities.

Elemental Composition (wt%)

Polymers*

4.08
5.01
7.43

Polyetherimide
Polysulfone
Polyether ketone
Poly (ether sulfone) 3.47
Poly (butylene terephthalate) 5.49

H(
H(
H( (76.48), 0 (16.09)
H(
H(
Poly (ethylene isophthalate) H (4.20
H(
H(
H(
H(

(65.45), 0 (29.06)
(62.50), O (33.30)
Poly (butyl methacrylate) 9.92), C(67.57), O (22.50)
Poly (phenylene oxide) 6.71 (79.97),0(13.32)
Polymethyl pentane 14.37), C(85.63)
High-density Polyethylene 14.37), C (85.63)

C
C
C
C
C
C
C
C

(74.99), N (4.73), O (16.20)
(73.28), 0 (14.46), S (7.25)

(62.06), 0 (20.67), S (13.81)

Alloy-based"*

FeCr(5%) Co (0.03), C (57.21), H (4.38), 0 (33.78), Fe (2.38), Cr (2.22)

FeCr(10%) Co (0.03), C (54.69), H (4.18), O (32.29), Fe (4.56), Cr (4.24)

FeCr(15%) Co (0.03), C (52.38), H (4.01), O (30.93), Fe (6.55), Cr (6.10)

Tungsten Carbide W (98.65), C (1.35)

Glasses?

A e (51.87), B (3.77), Zn (16.27), La (2.33), O (25.76)

B e (50.47), B (3.67), Zn (15.83), La (4.58), O (25.46)

d Te (49.11), B (3.57), Zn (15.41), La (6.75), O (25.17)

D e (47.80), B (3.47), Zn (14.99), La (8.85), O (24.89)

E e (46.53), B (3.38), Zn (14.60), La (10.88), O (24.62)

Rocks/Concrete®

Feldspathic basalt 0 (44.35), Na (2.92), Mg (2.40), Al (6.71), Si (23.94), P (0.17), K (0.77), Ca (7.87), Ti (1.41), Mn (0.13), Fe (9.32)
Compact basalt 0 (44.54), Na (3.28), Mg (2.06), Al (6.33), S (24 50), P (0.24), K (0.83), Ca (6.44), Ti (1.70), Mn (0.13), Fe (9.96)
Volcanic rock 0 (43.43), Na (3.89), Mg (2.46), Al (6.15), Si (22.21), P (0.37), K (1.17), Ca (8.66), Ti (2.17), Mn (0.21), Fe (9.30)
Pink granite 0 (48.76), Na (3.83), Mg (<0.01), Al (5.5), Si (35.83), P (0.02), K (4.10), Ca (0.50), Ti (0.10), Mn (0.02), Fe (1.32)
Sandstone 0 (52.67), Na (0.01), Mg (<0.00), Al (2.81), Si (43.70), P (0.02), K (<0.00), Ca (0.22), Ti (0.07), Mn (0.01), Fe (0.49)
Dolerite 0 (44.00), Na (2.98), Mg (2.29), Al (6.47), Si (22.98), P (0.15), K (0.26), Ca (7.08), Ti (2.25), Mn (0.17), Fe (11.39)
Concrete 0 (45.56), Na (4.18), Mg (2.97), Al (4.18), Si (12.21), K (1.93), Ca (24.96), Ti (0.02), Fe (1.60), S (0.22), H (0.87), C (2.56)
2 More et al. [20].

b Akman et al. [38].

¢ AbuAlRoos et al. [37].

4 Lakshminarayana et al. [24].

e

Obaid et al. [39].
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Fig. 1. Comparison of cross-sections from ENDF/B-VIII (EPDL2017) and the ENDF/B-VIL.8
(EPDL97).
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Fig. 2. Comparison of cross-sections from ENDF/B-VIII (EPDL2017) and the XCOM.

2. Materials and method
2.1. Materials used in nuclear medicine facilities

Ten thermoplastic polymers [20], a lead-free tungsten carbide
material [37], three FeCr doped polyester composites alloy [38], five
lead-free TeO,—B,03—Zn0—La,03 glasses [24], and seven types of
concrete and rocks [39] employed in nuclear medicine facilities
were used in this study. The MACs of these materials were evalu-
ated using the EpiXS software's EPDL2017 library at x-ray
(15—100 keV) and gamma-ray (122—1332 keV) energies. These
materials were chosen because their ionizing radiation shielding
properties had already been determined using an experiment
(narrow beam transmission setup), photon attenuation software

Nuclear Engineering and Technology 54 (2022) 3440—3447

(XCOM, WinXCom), and Monte Carlo-based simulation codes
(MCNP, Geant4, PENELOPE). The elemental compositions of the
materials of interest are presented in Table 1.

2.2. EpiXS software

EpiXS is a new software with embedded EPDL2017 of ENDF/B-
VIII and EPDL97 of ENDF/B-VL8 libraries designed for shielding,
dosimetry, and photon attenuation calculations. This software can
provide the MAC (partials, total), as well as other fundamental
photon attenuation parameters including cross-sections (partials,
total, electronic), linear attenuation coefficients (partials, total),
mean free paths, half-value layers, effective atomic numbers
(direct, interpolation), effective electron densities (direct, interpo-
lation), ratios of Compton cross-sections to total cross-sections (no
coherent), equivalent atomic numbers, G-P fitting parameters
(exposure or energy absorption), and buildup factors (exposure or
energy absorption) at any specific energies between 1 keV and
100 GeV. EpXS employs the interpolation principles specified by
each photoatomic library. Moreover, it has a simple interface and
allows for quick interactive graphing and data tabulations, making
it an excellent tool for comparing and extracting data from data
libraries. Because of its efficient set of algorithms, any photon pa-
rameters for a material entry spanning all 100 elements in a broad
energy grid can be generated in less than 1 s for a material entry
covering all 100 elements in a broad energy grid. Additionally,
EpiXS can display X-ray absorption edge energies using EPICS2017
or EPDL97.

The total MAC or (%) is expressed as

By Ny
(E)T = aTizfiAzf

where Ny is Avogadro's number, f; and A; are the corresponding
atom fraction and atomic mass of the ith element, and o7 is the total
atomic cross-section. ot is calculated by summing up the partial
cross-sections of photoelectric (gpg), coherent (o), incoherent
(Gincon)» PAIr production in the nuclear field (gpp_y), and pair pro-
duction in electron field (opp_g ).

(1)

(2)

0T =0pE + Ocoh + Tincoh + OPP—N + OpP_E

3. Results and discussion

The ot is directly proportional to the MAC which means that any
changes in the or will affect the calculation of MAC. Thus, evalu-
ating the EPDL2017 and determining its difference from EPDL97
and XCOM libraries will give insights into how the already estab-
lished MACs of several multi-element materials in the literature be
altered for using the most up-to-date atomic data library.

The EPDL2017 photoatomic cross-sections of all the material's
elemental composition included in this study are mapped and
compared with EPDL and XCOM at various x-ray and gamma-ray

Table 2
Comparison of K-edge energies and the corresponding photoelectric cross-sections.
EPDL2017 EPDL97 XCOM
Element K-edge cross-section K-edge cross-section K-edge cross-section
(keV) (barns/atom) (keV) (barns/atom) (keV) (barns/atom)
Te 31.82 7724 31.81 7733 31.81 7723
La 38.93 6203 38.94 6198 38.92 6245
w 69.53 3285 69.69 3262 69.53 3297
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Table 5
Comparison of MACgpixs (cm?/g) from MACexp, MACxcom, and MACyienpx - glass [24].
Glass 15 keV 20 keV 30 keV
EpiXS WinXCom MCNP5 Geant4 Penelope EpiXS WinXCom MCNP5 Geant4 Penelope EpiXS WinXCom MCNP5 Geant4 Penelope
A 41.6169 41.6090 41.6013 41.5940 41.0156 19.1316 19.1580 19.1402 19.1250 18.8761 6.3092 6.4010 6.3329 6.3320 6.2568
B 42.0540 42.0440 42.0339 42.0290 41.4355 19.3368 19.3630 19.3472 193300 19.0743 6.3803 6.4721 6.4047 6.4033 6.3262
C 424764 42.4650 424440 424500 41.8388 19.5351 19.5610 19.5387 19.5280 19.2646 6.4490 6.5409 6.4723 64722 6.3928
D 42.8846 42.8710 42.8482 42.8560 42.2318 19.7268 19.7520 19.7288 19.7190 19.4500 6.5153 6.6075 6.5404 6.5389 6.4576
E 43.2796 43.2650 432432 43.2490 42.6119 19.9122 19.9370 19.9104 19.9040 19.6294 6.5796 6.6719 6.6050 6.6033 6.5203
Glass 40 keV 50 keV 60 keV
EpiXS WinXCom MCNP5 Geant4 Penelope EpiXS WinXCom MCNP5 Geant4 Penelope EpiXS WinXCom MCNP5 Geant4 Penelope
A 12.2505 12.2600 12.2382 12.2360 12.1743 6.8181 6.8080 6.8077 6.8080 6.7746 42143 4.2020 42036 4.2054 4.1826
B 12.5124 12.5250 12.5021 12.4990 12.4347 6.9686 6.9591 6.9570 6.9582 6.9239 4.3087 4.2963 42977 4.2993 4.2760
C 12.7655 12.7800 12.7526 12.7530 12.6833 7.1140 7.1048 7.1053  7.1033  7.0665 43999 4.3870 43903 4.3900 4.3651
D 13.0101 13.0280 12,9995 12.9980 129269 7.2546  7.2456 72450 7.2436  7.2062 44881 4.4748 44770 4.4777 4.4524
E 13.2468 13.2670 13.2354 13.2360 13.1645 7.3906 7.3819 73789 73793  7.3423 4.5734 4.5597 45625 4.5626 4.5375
Glass 80 keV 100 keV
EpiXS WinXCom MCNP5 Geant4 Penelope EpiXS WinXCom MCNP5 Geant4 Penelope
A 1.9768 1.9710 1.9651 1.9709 1.9624 1.1179 1.1140 1.1106 1.1144 1.1098
B 2.0209 2.0144 2.0098 2.0146 2.0060 1.1420 1.1382 1.1358 1.1383 1.1336
C 2.0634 2.0567 2.0527 2.0569 2.0477 1.1653 1.1613 1.1590 1.1614 1.1563
D 2.1046 2.0976 2.0950 2.0978 2.0884 1.1878 1.1836 1.1811 1.1837 1.1786
E 2.1444 2.1372 2.1348 2.1374 2.1281 1.2096 1.2053 1.2027 1.2053 1.2003
Table 6
Comparison of MACgpixs (cm?/g) from MACexp, MACxcom, and MACyienpx — construction/rocks [39].
Construction/Rocks 122 keV 356 keV 511 keV
EpiXS Exp. XCOM EpiXS Exp. XCOM EpiXS Exp. XCOM
Feldspathic basalt 0.167 0.182 0.167 0.100 0.101 0.100 0.086 0.087 0.086
Compact basalt 0.167 0.181 0.167 0.100 0.098 0.100 0.086 0.087 0.086
Volcanic rock 0.167 0.180 0.167 0.100 0.110 0.100 0.086 0.089 0.086
Pink granite 0.155 0.167 0.155 0.100 0.110 0.100 0.086 0.089 0.086
Sandstone 0.153 0.151 0.153 0.100 0.099 0.100 0.086 0.086 0.086
Dolerite 0.169 0.175 0.169 0.100 0.099 0.100 0.086 0.084 0.086
Concrete 0.166 0.154 0.166 0.101 0.102 0.102 0.087 0.087 0.087
Construction/Rocks 662 keV 1170 keV 1275 keV
EpiXS Exp. XCOM EpiXS Exp. XCOM EpiXS Exp. XCOM
Feldspathic basalt 0.077 0.078 0.077 0.058 0.059 0.058 0.056 0.056 0.056
Compact basalt 0.076 0.078 0.077 0.058 0.059 0.058 0.056 0.057 0.056
Volcanic rock 0.076 0.080 0.077 0.058 0.059 0.058 0.056 0.056 0.056
Pink granite 0.077 0.080 0.077 0.058 0.06 0.058 0.056 0.057 0.056
Sandstone 0.077 0.077 0.077 0.059 0.056 0.059 0.056 0.054 0.056
Dolerite 0.076 0.077 0.076 0.058 0.056 0.058 0.056 0.055 0.056
Concrete 0.078 0.078 0.078 0.059 0.058 0.059 0.057 0.057 0.057
Construction/Rocks 1330 keV
EpiXS Exp. XCOM
Feldspathic basalt 0.055 0.056 0.055
Compact basalt 0.055 0.056 0.055
Volcanic rock 0.055 0.056 0.055
Pink granite 0.055 0.056 0.056
Sandstone 0.056 0.053 0.056
Dolerite 0.055 0.054 0.055
Concrete 0.056 0.055 0.056

Figs.1 and 2. The cross-section data of EPDL2017 and EPDL97 were
obtained using the EpiXS software. In both figures, the elements are
arranged in increasing atomic numbers from left to right. The dif-
ferences between the two versions of the EPDL libraries are
noticeable at lower energies where the photoelectric effect is
dominant as shown in Fig. 1. Furthermore, the differences are
relatively higher (~0.6%) for elements Te, La, and W at energies near
their corresponding K-edge energies. These findings are expected
because the subshell binding energies have been modified in
EPDL2017, which in turn improved the photoelectric cross-sections.

Noticeably, similar to Fig. 1, the differences between EPDL2017 and
XCOM are also quite apparent (~2.3%) for elements Te, La, and W at
energies near their corresponding K-edge energies (see Fig. 2).
Table 2 shows the differences in the K-edge energies and the cor-
responding cross-sections of the elements Te, La, and W from three
data libraries.

Comparisons of MACgpixs and MAC evaluated from experiments
(MACEXP), XCOM (MACXCOI\/[), WinXCom (MACWil’lXCOm)v MCNP
(MACMCNP)v Geant4 (MACGeanm)v and PENELOPE (MACPENELOPE) of
different multi-element materials used in nuclear medicines
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Fig. 3. Comparison of MACgpixs from MACexp, MACwinxcom, and MACyicnpx - Polyether
ketone [20].
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Fig. 4. Comparison of MACgpixs from MACexp, MACxcom, and MACyienpx - alloy-based
FeCr(15%) [37,38].

facilities are summarized in Tables 3—6. These materials under
review include ten polymers comprising of H, C, N, O, and S; four
alloy-based comprising of Co, C, H, O, Fe, Cr, and W; five glasses
comprising of Te, B, Zn, La, O, and seven construction building
materials comprising of O, Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe, S, H, and
C. Additionally, the changes in MAC calculations using EPDL2017 for
polyether ketone (polymers), FeCr-15% (alloy-based), Glass A, and
pink granite (rocks) are highlighted in Figs. 3—6.

In most materials under investigation, the relative difference
between MACgpixs and MACxcowm is negligible, ranging from 0.02%
to 0.36%. The same assessment is also true between MACgpixs and
MACwinxcom Since the WinXCom software is based on the XCOM
library. However, it is not true for the material comprising elements
Te, La, or W evaluated near their corresponding K-edge energies. A
good example is the material Glass A in which a relative difference
of 1.46% is measured between MACgpixs and MACwinxcom evaluated
at 30 keV as shown in Fig. 5. More than 50% of this glass is
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Fig. 5. Comparison of MACgpixs from MACwinxcom, MACmcnps, MACGeants, and MACpe.
nelope — glass A [24].
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Fig. 6. Comparison of MACgpixs from MACwinxcom and MACgyp — pink granite [39].

composed of elements Te and La contributing to the relatively
higher differences in the calculated MACs. Another example of the
material with element W under examination is the tungsten car-
bide in Table 4. It was evaluated at energies far from its K-edge
energy, thus the difference in MAC calculation is not noticeable.

In the case of Glass samples, the relative difference of MACgpixs
to other Monte Carlo-based simulation codes (MACnicnp, MACGeant4s
and MACpeNgLopg) iS as much as 6.61%. As discussed earlier, the
relatively high difference mainly comes from the noticeable
changes in glass samples composition Te and La cross-sections in
the EPDL2019 library (see Fig. 1), and the energies wherein MAC
was evaluated (near their K-edge energies). Notably, with a similar
experimental setup, material, and photoatomic library, the
MACwycnp should be equal to MACgeanta and MACpengLope. The dif-

ferences in their calculation mainly come from how the boundary
conditions (geometry) of the experimental setup were defined in

each code.
On the other hand, the highest difference can be seen between
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MACgpixs and MACgxp, emphasized in Figs. 3, 4 and 6. The MAC
equation was derived from an assumption of narrow beam geom-
etry, mono-energetic photons, and a thin absorbing material.
However, these assumptions are difficult to achieve in an experi-
ment, thus deviation from theoretical MAC is inevitable. The closer
the experiment to these assumptions, the lesser the relative dif-
ference between the two methods. Furthermore, uncertainties in
peak area analysis, counting statistics, and uncertainties in material
thickness and density may further increase the relative difference.
It is worth noting the MACgy, is closer to MACgpixs than to MAC
evaluated using other aforementioned methods suggesting that the
EPDL2017 library having the most precise photoatomic cross-
sections among other photoatomic data libraries.

4. Conclusion

The MACs of several multi-element polymers, alloy-based,
glasses, and building materials that can be found in nuclear med-
icine facilities were evaluated from x-ray to gamma-ray energies
using the EPDL2017 library of EpiXS software. The relative differ-
ence between MACgpixs and other photon attenuation software
(MACxcom and MACwinxcom) is negligible in most materials under
investigation, ranging from 0.02% to 0.36%. On the other hand, the
relative difference between MACgpixs and the other Monte Carlo-
based simulation codes (MACyicnp, MACGeant4, and MACpgNELOPE) iS
as much as 6.61%, which is due primarily to how the boundary
conditions of the experimental setup were defined in each code.
Noticeable changes in MACs are observed when evaluated at x-ray
energies (1 keV—100 keV) especially near the comprising elements
K-edge energies of the materials. Moreover, the changes in MACs
are relatively higher for materials consisting of elements Te, La, or
W. Comparison with the experimental MACs implies that EPDL2017
is better than other libraries in terms of photoatomic data accuracy.

The EpiXS software is user-friendly, easy to navigate, aestheti-
cally appealing, has a well-designed graphical user interface, fast
and accurate, and easy to acquire software. Like other theoretical
software and Monte Carlo-based simulation codes, EpiXS could
allow anyone, including those with no access to photon energies in
the keV to GeV range to research the ionizing shielding capabilities
of any materials with the most up-to-date and presumably most
accurate photoatomic library.
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