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ARTICLE INFO ABSTRACT
Article type: Introduction: The heavyweight concretes have been widely used for constructing medical or industrial
Original Article radiation facilities with photon sources.
Materials and Methods: In this study, heavy concretes containing galena (PbS) and several borated
Article history: minerals are proposed as suitable materials against photons. The shielding properties of 21 galena
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of narrow and beam geometries. The x-ray sources with 40, 60, 90, and 120 kVp and gamma rays of
Keywords: 99mTc, 131], 137Cs, and 511 keV annihilation photons were considered. The photon flux values and the x-
Photon ray spectrum after applying all the concretes were compared to the ordinary ones. Regarding the
Monte Carlo results, more photon attenuations obtained by using high density concretes simulation in comparison
Photon Attenuation to ordinary concrete.

Results: The results revealed that the concretes containing orthopinokiolite as the borated material
made by the third mixing pattern, had the most photon attenuation. According to the results, the
shielding properties of the concretes containing different borated minerals were alike against high
photon energies, whereas in low energy photons the attenuation depended on the type of borated
mineral used in the concretes.

Conclusion: The high-density heavy-weighted concretes could be effectively used as multi-purpose
shield for radiotherapy rooms and nuclear reactors due to the borated minerals.
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Introduction have been widely investigated [1-12]. Bashter et al.

: ; — T in 2006 conducted a study on the neutron and
Nowadays imaging by ionizing radiation is one of s :
; : : photon shielding properties of steel scrap concrete
the most powerful medical diagnosis procedures. By : .
: : . . : with the density of 4 g/cm3. It was concluded that the
increasing the popularity of this method, appropriate

lans for protecting the radiation workers and other steel scrap concrete is more effective radiation shield
geople is Irl)ecessaryg in comparison to ilmenite, ilmenite-limonite,

. hematite-serpentine, and ordinary concrete [13].
The concrete is one of the most commonly used . ;
L . . . In 2007, a heavy concrete with the density of
shielding materials due to its acceptable mechanical :
; o 4.200 to 4.600 g/cm3 was developed using galena
properties and affordability. The concretes can be . :
. : (PbS) with half-value layer (HVL) of 2.6 cm for using
produced using diverse components and molecular

60 :
structures. The aggregates play an important role in against ©Co gamma rays by M.ortazav1 etal. [14]. A

S . ) heavy concrete with the density of 4.420 to 4.650
shielding properties of the concretes against

. L 3 i 1 li i 1
different radiations such as photons and neutrons. g/cm? using galena and datolite minerals was

Heavyweight concretes can be constructed using the produced for shielding nuclear facilities and
Vywelght : s . g radiotherapy rooms in 2010 [15]. The HVL thickness
aggregates with high specific gravity. [1-12]

o : . of the datolite-based concrete samples for ¢°Co
The radiation attenuation properties of P

heavyweight concretes with the density of 2.9 to 6.0 gamma rays was found to be 2.56 cm, which was

g/cm3 produced by heavy materials and aggregates much less than that of ordinary concrete. Another
’ heavyweight concrete was also developed by this
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group using colemanite as the borated mineral and
galena, with the density of 4.100 to 4.650 g/cm3 and
HVL thickness of 2.49 cm for 6°Co gamma rays [16]. It
was showed that the neutron absorption of the
heavyweight concrete was 10% greater than the
reference concrete.

An intermediate-weight concrete was also
developed by Aghamiri et al. in 2012, using ulexite
and galena with the density of 3.640 to 3.900 g/cm3,
and HVL thickness of 2.87 cm for ¢0Co gamma rays
and a very significant improvement in neutron
absorption [15].

A new generation of heavyweight concretes was
introduced by Dem’yanova et al. in 2014, using the
byproducts of the glass industry. They proposed the
optical glass based heavyweight concrete as an
effective aggregator in radiation facilities [17].

Several investigations have been conducted on
attenuation properties of heavyweight concretes
containing different minerals like datolite [14],
ulexite [15], optical glass [17], barite [17, 19], galena,
hematite-serpentite, ilmenite-limonite, basalt-
magnetite, ilmenite, magnetite, basalt [2], and steel
scrapes [20].

Monte Carlo simulation has been confirmed as a
strong tool in assessing the attenuation properties of
different radiation shields [21, 22]. In 2015,
Kazempour et al. designed new combinations of non-
lead radiation shields ((W-Si), (W-Sn-Ba-EPVC), and
(W-Sn-Cd-EPVC)) using Monte Carlo simulations.
The results of their Monte Carlo simulations
demonstrated that the proposed non-lead shields
were effective for 60 to 120 kVp x-ray energies [21].

Table 1. The density of minerals for concretes

In 2015, Zehtabian et al. simulated multi-layered
lead-free shields for protection against photons in
diagnostic radiology and nuclear medicine using
MCNP5 Monte Carlo code. A three-layered shield
composed of tungsten, bismuth, and gadolinium was
proposed as an appropriate substitute for lead
shields [22].

Multi-purpose concretes containing borated
minerals might be effectively used in mixed photon
and neutron beams in nuclear facilities, research, and
medical centers. This study aimed to design several
borated heavyweight concretes for applying in mixed
radiation fields. For this purpose, a comprehensive
study executed to investigate the photon attenuation
properties of several multi-purpose high density
concretes containing borated minerals using
MCNP4c Monte Carlo code.

Materials and Methods

Different heavy weight and borated materials
were offered for multi-purpose concretes
construction, applicable for photon shielding. Seven
types of borated minerals, such as colemanite,
hydroboracite, priceite, ulexite, datolite,
orthopinakiolite, and tourmaline were suggested
with three mixing patterns to construct a total of 21
concretes. The mixing patterns contained 56.3%,
61.3%, and 66.3% galena.

The density and mixing patterns of different
minerals are shown in tables 1 and 2, respectively.

Material Chemical formula Density (p)
(g/cm?)
Cement - 3.131
Minerals Micro Silica ---- 2.1
Galena PbS 7.6
Ulexite NaCa[Bs06(OH)6].5H20 1.96
Datolite CaBSiO4(OH) 2.9
Colemanite CazB6011¢5(H20) 242
Borated mineral Hydroboracite CaMgBs0s(OH)s*3(H20) 2.17
Priceite Caz2Bs07(OH)seH20 2.70
Orthopinakiolite (Mg,Mn**)2Mn*+*B0Os 3.97
Tourmaline (Na,Ca)3B3Al6Sis027(OH,F)4 3.3

Table 2. Three mixing patterns considered for concretes

First mixing pattern

Second mixing pattern

Third mixing pattern

(Weight %) (Weight %) (Weight %)
Galena 56.3% 61.3% 66.3%
Borated minerals 20% 15% 10%
(See table 1)
Cement 17% 17% 17%
Water 5% 5% 5%
Micro silica 1.7% 1.7% 1.7%
Water to cement 0.4% 0.4% 0.4%
ratio
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The densities of the concretes in the first mixing
pattern are 3.49, 3.67, 3.72, 3.8, 3.84, 3.92, and 4.24
g/cm? for ulexite, hydroboracite, colemanite, priceite,
datolite, tourmaline, and orthopinakiolite,
respectively. These values are 3.73, 3.89, 3.92, 3.96,
4.026, 4.09, and 4.34 g/cm3 for the second mixing
pattern. The concretes developed by the third mixing
pattern using 66% galena have the maximum
densities which are 4.01, 4.12, 4.15, 4.20, 4.23, 4.27,
and 4.456 g/cm3 for ulexite, hydroboracite,
colemanite, priceite, datolite, tourmaline, and
orthopinakiolite, respectively.

The concretes with the density of 3.49 to 4.46
g/cm? designed in this study were considerably
denser than the ordinary concrete and comparable
with those designed in previous investigations [1-
16]. The photon attenuation properties of all 21
concretes were checked using MCNP4C Monte Carlo
code for different photon energies in radiology and
nuclear medicine.

MCNP4C Monte Carlo simulations

MCNP4C modeling, a general-purpose Monte
Carlo transport code has been used in this study.
This code can consider different radiation
interactions such as photoelectric absorption,
scattering, and pair production [23]. This code uses
ENDF/B VL8 cross section library.

Two geometries including broad and narrow
beams were modeled in this study, like the
geometries used by Kazempour et al. in 2015 [21].
The concrete slab with a dimension of 0.1x10x10
cm3 was placed near the uncollimated detector in
broad beam geometry. The detector was not
collimated to be in reach of the scattered radiation.
According to the geometry used by McCaffrey et al. in
2012, in the simulation of narrow beam geometry,
the source and the detector were well-collimated and
the cubical slabs of each concrete were located
between them [24]. The distance between the source
and detector was 50 cm.

Along with the previous studies, all the
simulations were performed for only one thickness,
since this study aimed to compare the attenuation of
photons by different materials, not to estimate the
HVL. The x-ray sources with kVps of 40, 60, 90, and
120, and the gamma rays emitted from °°mT(C, 131],
and 137Cs, and 511 kev annihilation photons have
been studied in this investigation. The x-ray spectra
were obtained using the IPEM 78 spectrum
generating software [25]. The F4 and F5 Tallies were
used to score the photon flux after applying the
concrete.

The energy spectra after applying the shields
were calculated using F5 tally, the point detector and
employing tally energy card (En). The spectra after
using all the shields were normalized related to the
spectrum after the shield with the least attenuation,
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which indicated the greatest x ray flux. All
simulations were performed on 10° particles, in
order to ensure that more than five percent were
reached. No variance reduction technique was used
in this study.

. : I
The photon attenuation properties (I—) of the
0

designed high density concretes with 1 mm thickness
for both narrow and broad beam geometries were
obtained by the tally F4 of the Monte Carlo
simulation. Tally F4 is designed to compute the
number of the particle track lengths per unit volume,
which is the fundamental definition of flux. The T
value is the photon flux after applying 1 mm concrete
and Ip value is the photon flux in absence of any

shields. The values of ‘2 the relative values of the

flux after using the ordmary (Ioc) and the heavy
concretes (I-), were also obtained.

The validation of MCNP results, conducted by
obtaining the HVL of lead for narrow beam geometry
and comparing to the real value. To discover the HVL
of the lead, the flux after applying (20 cmx20 cm)
lead sheets with different thicknesses (0.1 cm to 1.5
cm) was attained using tally F4, and the HVL was
found as the thickness of lead, after which the flux of
photons reduced to the half of its initial value.

To validate the MCNP simulations, the computed
HVL of lead against ¢°Co gamma rays was compared
to the real HVL. Regarding the results, the HVL of
lead was found to be 1.25 cm, which was comparable
to its real value which was about 1.24 cm. The largest
flux value for 40 kVp x-ray was observed after
applying the hydroboracite concrete mixed by the
first pattern (hydroboracite_1). The maximum flux
value after using hydroboracite_1 was normalized to
1, and all other values were relatively changed.

The normalized spectra are shown in Figure 1,
which indicate that the third mixing pattern had
better attenuation properties than the others due to
containing more galena. The comparison of the x-ray
spectrum after using the ordinary concrete with two
designed concretes using hydroboracite.1 and
tourmaline_3 is demonestaed in Figure 2 . As it is
obviously showed in this figure, the 40 kVp photon
attenuation caused by the designed concretes is
significantly higher than the ordinary concrete.

The analogy between the photon attenuation

properties L) of the designed high density concretes
; g 8
0

with 1 mm thickness and both narrow and broad

beam geometries for 40 kVp x-rays and the IIO—C values
c

are presented in Table 3. As these results indicated,
the designed concretes could be effectively used for
radiation shielding against low energy photons.
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Figure 1.The comparison of the normalized x-ray spectra after using the shield for all 21 concretes.
** Ulexite_1, Ulexite_2, and Ulexite_3 introduce the concretes containing Ulexite, made by the first, second, and third mixing patterns,

respectively.
I I
Table 1. Relative transmission (I—), and (%), and, for 1mm of different concretes for 40 kvp
0 C
I
I I (IO_C )
) () i Ic
0 0 C Broad beam
Narrow beam Broad beam Narrow beam geometry
geometry geometry geometry
Hydroboracite_1 0.0088 0.0095 47.39 44.44
Ulexite_1 0.0074 0.0080 56.50 52.91
Colemanite_1 0.0068 0.0074 61.35 57.14
Priceite_1 0.006 0.0065 69.44 64.94
Datolite_1 0.0054 0.0058 77.52 72.99
Hydroboracite_2 0.0049 0.0053 85.47 80.00
Tourmaline_1 0.0048 0.0051 86.96 82.64
Ulexite_2 0.0042 0.0044 99.01 96.15
Colemanite_2 0.0039 0.0042 107.53 101.01
Orthopinakiolite_1 0.0035 0.0038 119.05 111.11
Priceite_2 0.0035 0.0037 119.05 113.64
Datolite_2 0.0032 0.0034 129.87 125.00
Tourmaline _2 0.0029 0.0031 144.93 136.99
Orthopinakiolite_2 0.0023 0.0024 181.82 175.44
Ulexite_3 0.0023 0.0024 181.82 175.44
Hydroboracite_3 0.0026 0.0027 161.29 156.25
Colemanite_3 0.0022 0.0023 188.68 185.19
Priceite_3 0.002 0.0021 208.33 200.00
Datolite_3 0.0019 0.0020 217.39 212.77
Tourmaline_3 0.0017 0.0018 243.90 232.56
Orthopinakiolite_3 0.0014 0.0015 29412 277.78
Ordinary concrete 0.4173 0.4224 1.00 1.00
kVp x-rays, are compared and showed in Figure 3.
25 | The results signified that the concrete containing
5 5 orthopinakiolite had the best attenuation in 60 kVp
3 ~w=Roarmalng 3 x-ray field. The comparison between the spectra
g 0] “*inmeremk after applying hydrobarocite.3 and ordinary
§ 10| —Tdrbomdted concretes is exhibited in Figure 4. The analogy of the
= 1
5 - photon attenuation properties [1—) for 60 kVp x-rays
0
[} . . 1
o 5 20 o o so by applying different concretes and the % values are
Energy (keV)

Figure 2. The comparison between the x-ray spectra after
applying the ordinary concrete and two of the concretes designed
in this study

The x-ray fluxes after applying all the designed
concretes made by the third mixing pattern for 60
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4
shown in Table 4. Giving to the results, the designed
concretes significantly reduced the 60 kvp x-ray flux.
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1.1
Table 2. Relative transmission (1—), (%), for 1mm of different concretes for 60kvp.
0 c

I I
) ) % %
0 0 I Ic
Narrow beam Broad beam Narrow beam Broad beam
geometry geometry geometry geometry
Hydroboracite_1 0.0775 0.0783 7.76 7.75
Ulexite_1 0.0709 0.0743 8.49 8.17
Colemanite_1 0.0684 0.0718 8.80 8.45
Priceite_1 0.0640 0.0673 9.41 9.02
Datolite_1 0.0612 0.0645 9.83 9.42
Hydroboracite_2 0.0585 0.0616 10.29 9.85
Tourmaline_1 0.0577 0.0608 10.43 9.99
Ulexite_2 0.0540 0.0569 11.15 10.67
Colemanite_2 0.0525 0.0553 11.47 10.98
Orthopinakiolite_1 0.0500 0.0432 12.03 14.04
Priceite_2 0.0495 0.0523 12.17 11.61
Datolite_2 0.0478 0.0645 12.59 9.42
Tourmaline _2 0.0454 0.0481 13.26 12.63
Orthopinakiolite_2 0.0405 0.0427 14.86 14.22
Ulexite_3 0.0404 0.0431 14.90 14.08
Hydroboracite_3 0.0430 0.0458 14.01 13.26
Colemanite_3 0.0395 0.0422 15.24 14.39
Priceite_3 0.0378 0.0430 15.92 14.12
Datolite_3 0.0368 0.0374 16.37 16.23
Tourmaline_3 0.0354 0.0380 17.01 15.97
Orthopinakiolite_3 0.0326 0.0350 18.45 17.33
Ordinary concrete 0.6019 0.6071 1.00 1.00
Table 3. Relative transmission (é), (I;)—CC), for 1mm of different concretes for 90kvp.
I I
I I oc oc
) ) 5 G
Narrow beam Broad beam Narrow beam Broad beam
geometry geometry geometry geometry
Hydroboracite_1 0.29 0.30 2.72 2.67
Ulexite_1 0.28 0.29 2.82 2.76
Colemanite_1 0.27 0.28 2.93 2.86
Priceite_1 0.26 0.27 3.04 2.96
Datolite_1 0.26 0.27 3.04 2.96
Hydroboracite_2 0.25 0.26 3.16 3.08
Tourmaline_1 0.25 0.26 3.16 3.08
Ulexite_2 0.24 0.25 3.29 3.20
Colemanite_2 0.24 0.25 3.29 3.20
Orthopinakiolite_1 0.23 0.24 3.44 3.33
Priceite_2 0.23 0.24 3.44 3.33
Datolite_2 0.23 0.24 3.44 3.33
Tourmaline _2 0.22 0.23 3.59 3.48
Orthopinakiolite_2 0.21 0.22 3.76 3.64
Ulexite_3 0.21 0.22 3.76 3.64
Hydroboracite_3 0.22 0.23 3.59 3.48
Colemanite_3 0.21 0.22 3.76 3.64
Priceite_3 0.20 0.21 3.95 3.81
Datolite_3 0.20 0.21 3.95 3.81
Tourmaline_3 0.20 0.21 3.95 3.81
Orthopinakiolite_3 0.19 0.20 4.16 4.00
Ordinary concrete 0.79 0.80 1.00 1.00

The x-ray spectrum after applying one of the high-  kVp x-rays (Figure 5). As mentioned before, the third
density concretes like hydroboracite_3 was compared  mixing pattern had higher photon attenuation than
with this spectrum after applying the ordinary the others; The x-ray spectrum after applying them is
concrete and the spectrum without any shield for 90  shown in Figure 6.
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Figure 3. The comparison of the energy spectra after applying the
high density concrete made by third mixing pattern for 60 kVp x-
rays.
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Figure 4. The comparison of the energy spectra after applying
hydroboracite_3 and ordinary concrete for 60 kVp x-rays.
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Figure 5. The comparison between the energy spectra after
applying the hydrobarosite_3 and ordinary concretes for 90 kVp x-
rays.

The photon attenuation properties (li) for 90 kVp x-
0

rays is demonstrated in Table 5. The obtained results
revealed that the designed high density concretes
could reduce the x-ray fluence more than the
ordinary concrete. The comparison of the x-ray
spectrum after administering hydrobarocite_3 shield
with the x-ray spectrum after ordinary concrete is
shown in Figure 7. The normalized spectra for 120
kVp x-rays after using the concretes made by third
mixing pattern are displayed in Figure 8. According
to the figures, after applying all the designed
concretes, an immediate reduction was observed at
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90 keV which was equal to the K-edge energy of lead
presented in galena (PbS).
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Figure 6. The comparison between the energy spectra after using
high density concrete and the concretes mixed by third pattern for
90 kVp x-rays.
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Figure 7. The comparison between the energy spectra after using
the hydrobarocite_3 and ordinary concretes for 120 kVp x-rays.
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Figure 8. The comparison between the energy spectra after
applying the high density concrete and the concretes mixed by the
third pattern for 120 kVp x-rays.
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Figure 9. (a) The o value for the concretes mixed by the first
0

pattern (b) The A value for the concretes mixed by second pattern
0

I I
(o) The — value for the concretes mixed by third pattern (d) The —

Io
value for the concretes containing orthopinakiolite made by three
mixing patterns.
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Figure 10. The comparison between the photon fluxes after
applying ordinary concrete and a) the concretes mixed by the first
pattern b) the concretes mixed by second pattern c) the concretes
mixed by third pattern d) the concretes containing
orthopinakiolite made by three mixing patterns.

The photon attenuation properties (IL) for 120
0

kVp x-rays is presented in Table 6. Regarding the
results, the designed concretes could be effectively
used for radiation shielding against low energy
photons. The gamma ray attenuation, produced by
different  concretes = were  compared and
demonstrated in figures 9 and 10.
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1,1
Table 4. Relative transmission (1—),( %) for 1mm of different concretes for 120kvp.
0 c

I I Ioc Ioc
) ) Io Io
Narrow beam Broad beam Narrow beam Broad beam
geometry geometry geometry geometry

Hydroboracite_1 0.221 0.230 3.31 3.20
Ulexite_1 0.210 0.219 3.48 3.36
Colemanite_1 0.206 0.214 3.55 3.44
Priceite_1 0.198 0.207 3.69 3.56
Datolite_1 0.194 0.202 3.77 3.65
Hydroboracite_2 0.189 0.197 3.87 3.74
Tourmaline_1 0.187 0.195 3.91 3.78
Ulexite_2 0.181 0.189 4.04 3.90
Colemanite_2 0.178 0.189 411 3.90
Orthopinakiolite_1 0.173 0.181 4.22 4.07
Priceite_2 0.172 0.180 4.25 4.10
Datolite_2 0.169 0.176 4.33 4.19
Tourmaline _2 0.164 0.172 4.46 4,28
Orthopinakiolite_2 0.154 0.161 4.75 4.58
Ulexite_3 0.154 0.161 4.75 4.58
Hydroboracite_3 0.160 0.167 457 441
Colemanite_3 0.152 0.159 4.81 4.64
Priceite_3 0.149 0.155 491 4.76
Datolite_3 0.149 0.153 491 4.82
Tourmaline_3 0.144 0.151 5.08 4.88
Orthopinakiolite_3 0.137 0.144 5.34 5.12
Ordinary concrete 0.731 0.737 1.00 1.00

As it is obviously concluded that the photon flux
after applying an ordinary concrete with the
thickness of 1 mm was about 294 times more than
heavy concrete containing orthopinakiolite made by
third mixing pattern (orthopinakiolite_3) for 40 kVp
x-ray (Table 3). The best attenuation between all
heavy concretes was observed in orthopinakiolite_3
shielding, since the photoelectric is the predominant
effect in 40 kVp energy range, and the attenuation of
the photons depends significantly on the effective
atomic number.

The results of the simulations for 60 kVp x-rays,
revealed that orthopinakiolite.3 had the best
attenuation between all the heavy concretes, as
orthopinakiolite is the heaviest discovered borated

mineral . The value of fo¢ for narrow beam geometry

was found to be 18.45 for orthopinakiolite_3, which
demonstrated the 18.45 times more attenuation
after applying 1 mm Orthopinakiolite 3 in
comparison to the ordinary concrete with the same
thickness.

The comparison oflf—c for 90 and 120 kVp x-rays
c

showed the reduction of the x-ray fluence from
18.74% to 28.73% and 24.05% to 35.44% of the
fluence by using the designed high density concretes
in comparison to the ordinary concrete, respectively.

As demonestrated in tables 4 and 5, by increment
of the energy, the attenuation properties of heavy
concretes have been reduced. This is due to the
domination of the photoelectric effect in low energy
x-rays and the importance of the atomic number in
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photon attenuation. However, as the photon energy
increased, the probability of the compton effect
increased, and it led to the photon attenuation
coefficients decrement.

The results of this study indicated that the heavy
concretes were very effective for using as shield in
the low-energy x-ray facilities, while for higher
energy photons of 131, 137Cs, and annihilation
photons there were no significant differences
between the photon flux after applying the high
density concretes and the ordinary ones.

Figures 9a and 9c presented the comparison
between the fluxes after using the heavy concretes
and in absence of the shields. The results indicated
that the flux values after applying heavy concretes
with the thickness of 1 mm for °°mTc gamma rays
were reduced from 60% to 96% of the flux values,
when no shield was applied. Slight improvement in
photon attenuation was observed using heavy
concretes compared to the ordinary one, for higher
energy photons of 131], 137Cs, and the annihilation
photons (Figure 9). As presented in Figure 9d,
although identical attenuations observed for high
energy photons emitted from 1311, 137Cs, and 511 kev
photons, but different attenuations were detectable
for 140 kev photons of 9mTc by applying the
concretes constructed by the noted mixing patterns
in both groups.

The comparison between the fluxes after
ordinary concrete and those after applying the heavy
concretes made by the first, second, and the last
mixing patterns are shown in figures 10a to 10c. The
results indicated that the fluxes after using ordinary
concrete, (loc), for 2°mTc gamma rays was 1.52 to 1.81
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times more than the fluxes after applying our heavy
concretes. According to figure 10d, for such high
energy photons, the concretes constructed by the
mixing patterns demonstrated approximately equal
attenuations, while for 140 keV gamma rays of 9°mTc
the photon, the flux after administering the heavy
concretes containing Orthopinakiolite with the
mixing patterns, it was 55% to 62% of the fluxes
after using the ordinary ones.

The analogy between this study results with the
literature review [17, 23], showed that the (I/Io)
values raised significantly by increasing the kVp of
the photons from 40 kV to 120 kV for different
combinations of materials In shield construction.

Therefore, it could be concluded that the heavy
concretes could be effectively utilized in construction
of the medical imaging rooms. Furthermore, the
borated concretes are suggested to be used as
shielding structures in the mixed radiation fields
containing both photons and neutrons.

It worth to be mentioned that the simulated
shields in this study were assumed to be completely
homogeneous, while it was impossible to make a
completely homogeneous shield.

Conclusion

The designed high-density concretes seems to be
effectively used as multi-purpose concretes for
shielding radiotherapy rooms and nuclear reactors
due to the borated minerals. The construction of
radiation facilities wusing such borated heavy
concretes enabled us to utilize different kinds of
equipment in the designed buildings, without need to
add more borated, and heavy shields. Supplementary
investigations are recommended to optimize the
percentage of borated minerals in different neutron
fields.
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