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In this paper, shielding characteristics of three concrete samples with different B,C, Fe;O,,
and BaSO, contents were examined by determining their theoretical and experimental mass
attenuation coefficients at photon energies of 15 MeV. The mass attenuation coefficients s,
were theoretically calculated using the chemical compositions of samples with the XCOM
program. Then the linear attenuation coefficients u were calculated by knowing the 11, values.
Elekta Axesse accelerator was used to experimentally determine the linear attenuation coeffi-
cients 1 of samples with various impurities. The u value of 0.4699 cm1, 0.6072 cm™!, and
0.7194 cm1 was obtained for the blank sample, sample with magnetite, and sample with bar-
ite, respectively, at 15 MeV. The results were compared with coefficients obtained by XCOM
and indicated a good agreement between the two methods. The linear attenuation coefficient
was evaluated to calculate the half- and tenth-value layers. Compared to conventional con-
crete, the linear attenuation coefficient for concrete with the highest barite content increased
by 53.1 %, and the thickness of the half-attenuation layer decreased by 34.7 %. Such a sample

can be used as a building material for medical centers and nuclear power plants.
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INTRODUCTION

Ensuring radiation protection is a key factor hin-
dering progress in working with sources of radioactive
radiation in many areas: medical physics[1, 2], dosim-
etry and radiation protection [3, 4], industry and tech-
nology [5-7], and radiation biophysics [8, 9]. The en-
ergy crisis is currently one of the pressing global
problems. The burning of fossil fuels to generate elec-
tricity is no longer able to keep up with the demanded
volume of consumption, and, in addition, the accom-
panying emissions of CO, into the atmosphere are one
of the main causes of global climate change on Earth.
One of the solutions to this problem is the use of a
highly efficient resource — nuclear energy. World sta-
tistics show that 13 % of the electricity is produced by
nuclear reactors, and in countries such as France and
Sweden, this percentage more than doubles [10]. The
use and development of this resource in other coun-
tries is constrained by the safety factor in the operation
of nuclear reactors. As a new source of carbon-free
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base electricity that does not produce long-lived radio-
active waste, fusion can make a positive contribution
to resource availability, carbon reduction, fission
waste disposal, and safety issues. During the construc-
tion of medical institutions that planned to use modern
diagnostic and therapeutic equipment with sources of
radioactive radiation, it is also necessary to account for
building materials' physical and mechanical properties
and their radiation-protective properties. As a rule,
materials with high atomic numbers have the best
shielding ability. Lead, iron, and materials containing
these elements are good radiation shields. However,
the use of only these materials in the construction of
buildings due to their high cost is impossible. In addi-
tion, lead is toxic to humans and the environment,
making it less than ideal as a building material. There-
fore, less effective but cheaper shielding materials,
such as sand, brick, cement, and concrete, are mainly
used. By changing the composition of these materials,
it is possible to increase their ability to attenuate radia-
tion [11, 5].

Today, concrete is widely used for radiation pro-
tection: it is cheap, easy to form structures of various
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shapes, and a good absorber [12, 13]. Radiation-pro-
tective concrete is a composite with special fillers. It is
widely used for shielding against gamma-rays and
neutrons due to its good shielding properties and is the
biological barrier of choice in nuclear reactors and
other nuclear installations. Various authors carried out
studies to determine the attenuation coefficients for
multiple materials, such as polymer composites [14,
15], alloys [16], glasses [17, 18], and concretes [19,
20]. Concrete was studied mainly at energies from 662
keV to 1332 keV [21-24]. However, despite this, the
process of radiation damage to cement, which is part of
concrete, and the effect of different concentrations of
chemical elements on its radiation resistance are still
insufficiently studied. Therefore, the study of materi-
als used to provide effective radiation protection is an
important area.

This work aimed to study concrete samples with dif-
ferent contents of B,C, Fe;0,, and BaSO, to test their radi-
ation resistance and sorption properties to optimize the de-
sign of protective materials at a gamma-quantum energy
of 15 MeV. These energies are of interest for constructing
optimal radiation protection in nuclear medicine centers
and at future thermonuclear power engineering stations.
Above the point of 10 MeV, a significant contribution is
made by the processes of interaction of photons directly
with the nucleus, that is, photonuclear reactions begin to
occur. Accordingly, not considering high-energy gamma-
-rays will significantly underestimate the risk for both per-
sonnel and patients. A comparison of different concrete
samples was carried out with a focus on the study of linear
attenuation coefficients in the field of protection against
gamma radiation.

MATERIAL AND METHODS

The studied concrete samples were made at Cairo
University, Egypt. The composition and geometric char-
acteristics of the samples are shown in tab. 1.

Fresh commercial ordinary (Type-I) Portland ce-
ment was used. Chemical analysis is shown in tab. 2.

Table 1. Mix for radiation shielding

Blank Sam_ple 1 Sam_ple 2
Sample description sample with. with
(BS) magnetite | barite
(S1H) (S2)
Cement 30 30 30
Sand 70 0 0
Composition
o cabide | O 15 15
Barite 0 0 55
Magnetite 0 55 0
SBR latex [%] 10 10 10
Water to cement ratio 0.28 0.28 0.28
Density [gem ] 2.3 2.7 2.8
Dimensions 2cmx 10 cm x 10 cm

Table 2. Cement composition

Compound Weight [%]
SiO, 20.33
A1,0; 4.20
Fe 05 3.76
CaO 68.16
MgO 1.13
SO; 1.37
Free Ca(OH), 1.1
Loss on ignition 2.2

The linear absorption coefficients of gamma-

-rays were studied at the Elekta Axesse electron accel-

erator [25] at an energy of 15 MeV. The choice of this

energy is because: as a result of the deuterium-tritium

(DT) reaction, high-energy gamma quanta are emitted,

fig. 1 and as a result of radiation therapy in rooms with

a medical linear accelerator, the following types of ra-

diation are formed, fig. 2:

— primary beam — high-energy gamma quanta with
energies up to 30 MeV, directed to the isocenter of
the linear accelerator (gantry rotation point), which
means that when using the rotational technique,
this beam can fall on four of the six walls of the cab-
inets;
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Figure 1. Gamma-ray spectrum; (a) which could be
measured from ITER DT plasmas (500 MW) — MCNP
calculations [26]; b) theoretical spectrum for the deute-
rium-tritium fusion reaction [27]
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Figure 2. (a) Scheme of radiation of various types in
the room of a linear accelerator and (b) scheme of typical
radiotherapy treatment vault [28]

Figure 3. Scheme of the general view of the experiment
with the electron accelerator Elekta Axesse

— scattered radiation emanating from the patient's
body, the head of the linear accelerator, the walls
of the room, and equipment, directed at a right
solid angle, with a wide energy range [28].

The measurements were carried out in a labora-
tory located based of the Sunkar Medical Center
(Almaty, Kazakhstan). Figure 3 shows a diagram of
the general view of the experiment, which indicates
the placement of the detector and samples on the mov-
able table on the axis of the gamma-ray beam. Figure 4
shows photographs of the experiments on irradiating
samples with gamma quanta.

Figure 4. Samples on the movable stage of the Elekta Axesse electron accelerator
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Linear absorption coefficients for three concrete
samples with different B,C, Fe;0,4, and BaSO, contents
were obtained. A new technique for measuring linear at-
tenuation coefficients at a linear medical accelerator was
proposed and tested in [29]. The scheme and geometry of
the measurement method are shown in fig. 5. To measure
the absorbed dose of the gamma-ray beam, the detector
was placed on a movable table and moved with an in-
crease in the thickness of the test sample and by the corre-
sponding value equal to 2 cm. Thus, the air gap thickness
h between the sample under study and the source of
gamma rays remained constant and was equal to 95 cm.

The recording system consisted of a Vented par-
allel ion chamber detector with an active measurement
area 0of24.4 cm x 24.4 cm, in which 1020 sensors were
located, arranged in a 32 x 32 grid except for the four
corner positions. Nominal sensitivity — 2.4 nCGy .
Dose Rate Dependence £1.0 % [25]. The profile of the
beam obtained using the standard software package of
the electron accelerator is shown in fig. 6.
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Figure 6. Gamma beam profile

/ Slalom bending system

Figure 5. Scheme and
geometry of measurements

To compare the experimental data, the samples'
mass attenuation coefficients u,,, were also theoreti-
cally calculated using the XCOM program developed
by Berger et al. [30]. The program calculates the mass
attenuation coefficients depending on the chemical
composition of the materials.

The linear gamma attenuation coefficients were
calculated using eq. (1), and the mean free path (MFP),
half-value layer (HVL), and tenth-value layer (TVL)
were determined using eqs. (2)-(4) respectively [11]

H=UynY (1)

MFP=1 )
u

HvL =112 3)
u

vy =110 4)
u

where y [em '] is the linear attenuation coefficient, ziy,
[cm’g '] —the mass attenuation coefficient, and y [gem ]
— the concrete density.

RESULTS AND DISCUSSION

The theoretical total mass attenuation coefficients
are shown in fig. 7 for gamma-ray energies in the range
from 0.001 to 10,000 MeV. Introducing barite into con-
crete samples increased the overall gamma attenuation
coefficients below 0.5 MeV and above 5 MeV. This is
most likely due to pair formation and the photoelectric
effect, which can arise with an increase in the atomic
number of a substance [31]. The theoretically calcu-
lated mass attenuation coefficients of the studied sam-
ples at a gamma-ray energy £, of 15 MeV are 0.02149,
0.02364, 0.02695 cm?g™! for the blank sample (BS),
sample with magnetite (S1), and sample with barite
(S2) samples, respectively. The model with barite (S2)
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Figure 8. Gamma-ray linear attenuation coefficients for
three samples at 15 MeV

showed a 25.4 % more mass attenuation factor than the
sample without barite at 15 MeV.

Figure 8 shows the dependences of the theoreti-
cally calculated linear attenuation coefficients in the
samples at £,= 15 MeV, by using eq. (1). When compar-
ing samples S1 and S2, the linear attenuation coefficients
increased by 18 % due to the increase in density values

Figure 9. Experimental results of
measurements on a linear accelerator with ex-
ponential fittings 2.

Intensity [relative units]

0.01 0.1 1 10 100 1000 10000

Gamma-—ray energy [MeV]

with the addition of barite. In Akkurt ez al. [32], an in-
crease (16 %) was also found in concrete when the calcite
filler was completely replaced with barite filler.

The experimentally found linear attenuation co-
efficients at £,= 15 MeV for three concrete samples
with different contents of B,C, Fe;0,, and BaSO,, tab.
1, are shown in fig. 9.

According to the experimental results, fig. 9, it
can be seen that the attenuation of gamma quanta
through the material occurs exponentially with the
thickness of the absorber. This attenuation obeys the
Beer-Lambert law [33] and strongly depends on the
density of the shielding material [34]. Figure 10 com-
pares the samples' theoretically calculated linear atten-
uation coefficients with those obtained from experi-
mental measurements. The figure clearly shows that
the differences between the theoretically calculated
and experimental linear attenuation coefficients can
increase the radiation dose by an average of 4.8 %.

In general, it can be considered that an increase in
density of 22 % gives the concrete an increase in the lin-
ear attenuation coefficient u of about 53 %. Based on
the obtained measurement results, the mean free path,
half- and- tenth-value layers that are the most used
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y = 5.41036" exp (-0.04699%x)

y = 3.83915" exp (—0.07194"%)
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Figure 10. Experimentally obtained and theoretically
calculated linear attenuation coefficients at £, =15 MeV

transmission layers of the gamma rays in shield design
were calculated, fig. 11. The attenuation thickness of
the samples decreased with the addition of barite.
Compared to conventional concrete, the linear
attenuation coefficient for concrete with the highest
barite content increased by 53.1 %, and the thickness
of the half-value layer decreased by 34.7 %. There-
fore, S2 concrete samples can better replace any mate-
rials currently used for the construction of nuclear
power centers due to their properties and low cost;
while concrete and brick are better used for the con-
struction of nuclear medicine diagnostic centers.

CONCLUSION

As aresult, experimental linear attenuation coef-
ficients of samples with various impurities were ob-
tained, fig. 10, and it was shown.

e good agreement between the experimentally
obtained linear coefficients and theoretically calcu-
lated values with the XCOM program, which in turn
shows the possibility of using the Elekta Axesse accel-
erator to study materials for future thermonuclear
power engineering and nuclear medicine

e agood absorber of 15 MeV gamma rays is con-
crete (S2) with a high content of BaSO,, fig. 11.

Thus, the primary barrier for radiation protection
must be made of concrete enriched with heavy material
such as barite. At the same time, a comparison of theo-
retically calculated and experimentally measured linear
attenuation coefficients showed differences 0f 4.8 % on
average, which must be considered when using these
materials in construction and estimating the expected
radiation dose. Such samples should also be studied for
radiation resistance from neutron radiation.
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Jymuja 3APUIIOBA, Bjauecnas JJAYKOB, Tatjana INTAJTKUX,
Mupryn BUTEJJINJEBA, Hacp Axmen Hacp IMAB

NCTPAXKNUBAILE CBOJCTABA 3AIITUTE O T'AMA 3PAYEIbA
MOINOPNKOBAHUX KOHCTPYKTUBHUX MATEPUJAJA 3A
HYKIEAPHY EHEPTETUKY N HYKIEAPHY MEJULINHY

Y OBOM pajy WCIUTHBAHE CYy KapaKTEPHUCTHKE 3alITUTE TPH y30pKa OETOHA ca Pa3ImIATAM
cagpxkajuma B,C, Fe;O, u BaSO,, onpebuBameM HBUXOBUX TEOPUjCKUX M E€KCIEPUMEHTATHUX MACEHUX
KoedunyjeHara cnabibewmba Ipu eHeprujama orona of 15 MeV. Macenu koedunujeHTu cnabbema iy,
TeopeTcku cy m3pauyHatu XCOM mporpamMoM KopHIThemeM XEeMHjCKOT cacTaBa y3opaka. 3aTHM cy
JIMHEAPHU KOC(UIMjEHTH ClTabibeha 1 M3padyHaTH o3HaBameM BpeaHocTH 4, Elekta Axesse aknenepaTop
KopuitheH je 3a eKCIIEpUMEHTAIHO ofipebuBame nmHeapHUX KoedwijeHaTta ciaabibema y3opaka ca
pasnuuntimM ipumecama. Bpenroctu 1 o 0.4699 cm™, 0.6072 cm™! u 0.7194 cm™ po6ujene cy Ha 15 MeV, 3a
y30paxk 6e3 IpuMeca, y30pak ca MarHETUTOM U y30pak ca 6apuToM, peclieKTUBHO. PesyntaTtu cy ynopebenn
ca Koedunujentuma gooujenum XCOM nporpaMom u nokasaju cy fo0py carnacHocT usmeby ase metope.
JlnneapHu KoedunmjeHT cnabibema yIoTpeOIbeH je 1a ce 3pavyHajy ClojeBr Koju cinabe 3pavuere jiBa 1
mecet myTa. Y nopebemy ca KOHBEHIMOHAIHAM OETOHOM, JIMHEApHU Koe(puInjeHT ciabibema 6eToHa ca
HajBehuMm capkajeM 6aputa nosehat je 3a 53.1 %, a ge6ibuHa ci10ja Hoaycaabibema cMameHa je 3a 34.7 %.
TakaB y3opak MOXe ce KOPHCTHTH Kao TpabeBHHCKHM MaTepHjaji 3a MEJUIMHCKE IIEHTPE M HyKJeapHe
eJIeKTpaHe.

Kmwyune peuu: bettion, 3auitiuitia 00 3paverba, AUHeApHU KOeQUUUJeHTll CAaObersa, CA0J HoAYCAAbbera




