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Abstract

In this study, photon interaction parameters such as radiation protection efficiency (RPE), total mass attenuation coefficient
(u/p), linear attenuation coefficients (u), half value layers (HVL), tenth value layers (7VL), mean free paths (MFP), effective
atomic numbers (Zg) and effective electron densities (Ngy) were experimentally investigated for the BCZrB-0, BCZrB-10,
BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50 in the energy range from 59.5 keV to 1332.5 keV. In the experiment,
HPGe detector and >*'Am (59.5 keV), '**Ba (81 keV, 276.4 keV, 302.9 keV, 356 keV and 383.9 keV), **Na (511 keV and
1274.5 keV), 1¥'Cs (661.7 keV), and ®°Co (1173.2 keV and 1332.5 keV) radioactive point sources were used. Experimental
results compared with results of the WinXCOM, GEANT4 simulation code and FLUKA simulation code. Energy absorption
build-up factors (FABF) and exposure build-up factors (EBF) were calculated with G-P fitting method in the energy region
0.015 MeV <E <15 MeV. Kerma relative to air values were investigated in the energy region 0.001 MeV <E <20 MeV.
Effective removal cross section, total macroscopic cross section and number of transmitted neutron values were defined for
composites. The agreement between experimental and WinXCOM program, between experimental and GEANT 4 simula-
tion codes and between experimental and FLUKA simulation codes of gamma-ray interaction parameters are <5.1%, <6.5%
and < 5%, respectively. All of the results are compatible with each other and BCZrB-50 is a good gamma-ray radiation
absorber in the studied composites and BCZrB-0 is the best neutron absorber in the studied composites.

Keywords Attenuation coefficient - Effective atomic number - Kerma relative to air - Gamma-ray buildup factor - Cross
section

1 Introduction many others for the benefit of humanity [1-5]. Although
ionizing radiation has used in many application areas for
humanity, it is obvious that it has harmful effects on human
health. Considering these harmful effects, various radiation

shielding materials are produced today to protect against

Today, radiation is used in many fields such as radiotherapy,
nuclear medicine, radiology for the purpose of diagnosis
and treatment in medicine, physics, agriculture, geology and
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ionizing radiation, and the interactions of these materials
with radiation are examined. Some of these studies are car-
ried out on the radiation attenuation parameters of com-
posites [3, 6-20]. Composite materials have many advan-
tages such as excellent resistance, high strength-to-weight
ratio, long-lived, easy to produce, lover cost, lightweight,
etc. Because of these advantages, it is used in many fields
such as medicine, aerospace, construction industry, auto-
motive industry, chemical industry, etc. Radiation transmis-
sion factors (TF), mass attenuation coefficients (w/p), linear
attenuation coefficients (u), half value layers (HVL), mean
free paths (MFP), effective atomic numbers (Z,), effective
electron densities (N,z), equivalent atomic numbers (Z,,),
energy absorption build-up factors (EABF) and exposure
build-up factors (EBF) for hematite doped polymer com-
posites were determined by Turhan et al. [6]. u/p, Zgg N,
HVL, TVL and MFP were determined both experimentally
and computationally in the gamma photon energies ranging
from 303 to 1332 keV for polycarbonate loaded with differ-
ent filler of bismuth nitrate pentahydrate (Bi(NO5);-5H,0
or BNP) by Mirji and Lobo [9]. Dong et al. [15] evaluated
gamma-ray attenuation parameters and mechanism of boron
rich slag/epoxy resin shielding composites. Akman et al. [3]
determined the u/p, u, HVL, tenth-value layer (TVL), MFP,
Zgg and Ngg values for niobium-reinforced novel polymer
composite in the energy region 59.5 keV <E <1408 keV.

In this study, BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-
30, BCZrB-40 and BCZrB-50 composite materials were
prepared to investigate the gamma and neutron interaction
parameters. While preparing the composites, boron carbide
(B,C) and zirconium boride (ZrB,) compounds were used.
Boron carbide is one of the hardest materials [21]. Because
of this feature, it is extensively used in industry as an abra-
sive for polishing, for cutting applications including water
jet cutting. It is also used in nuclear power plants because
of good absorbent for neutrons and in many fields such as
military industry, construction industry, etc. [22]. Zirconium
boride that is the other compound used to form the compos-
ite has low density, high hardness, good high temperature
strength and anticorrosion ability, high thermal and electri-
cal conductivity, and excellent thermal shock resistance, etc.
[23]. ZrB, is used as basis material in many technological
applications such as aerospace, furnace elements, electrodes,
nuclear industry and etc. [24, 25].

In the study, radiation protection efficiency (RPE), u/p,
u, HVL, TVL, MFP, Zgﬁ and Neﬂ for the BCZrB-0, BCZrB-
10, BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50 in the
energy range from 59.5 keV to 1332.5 keV were experi-
mentally determined. Measurements were taken at 11 differ-
ent energy in the energy region 59.5 keV <E<1332.5 keV,
which is used especially in medical applications as brachy-
therapy, tomography, radiotherapy, nuclear medicine
and many others. The aim of this study is to compare the
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experimental radiation interaction parameters of boron
carbide/zirconium boride composites with WinXCOM,
GEANT4 simulation code and FLUKA simulation code.
Both the agreement of experimental results with WinX-
COM and GEANT4 simulation code and FLUKA simu-
lation code results and the agreement between GEANT4
simulation code results and FLUKA simulation code results
were demonstrated for the BCZrB-0, BCZrB-10, BCZrB-
20, BCZrB-30, BCZrB-40 and BCZrB-50. Secondly,
EABF and EBF for BCZr composites in the energy region
0.015 MeV <E <15 MeV were evaluated with G-P fitting
method. Also, kerma relative to air parameters were calcu-
lated in the energy range from 0.001 MeV to 20 MeV for
ternary composites. Finally, theoretically calculated effective
removal cross section, total macroscopic cross section from
GEANT4, mean free path determined from GEANT4 and
number of transmitted neutron values from GEANT4 were
determined for BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-
30, BCZrB-40 and BCZrB-50. To the best of our knowledge,
parameters given in the study for BCZrB-0, BCZrB-10,
BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50 have been
comprehensively determined for the first time in this study.

2 Experimental procedure
2.1 Polymer composite manufacturing process

In the conducted study, polymer composites were produced
using unsaturated polyester resin, MEKP, cobalt, and boron
carbide (B,C) or Zirconium boride (ZrB,) as filler materi-
als. Six groups of samples, including a control group, were
produced. The control sample was produced as a composite
material made of 50% unsaturated polyester resin and 50%
boron carbide as filler material. This sample was codded as
BCZrB-0. MEKP (methyl ethyl ketone and peroxide) was
used to initiate the polymerization reaction, followed by
the addition of cobalt octoate (6%) in appropriate amounts
to accelerate the reaction. In the second stage, zirconium
boride was substituted for boron carbide at volumetric ratios
of 10%, 20%, 30%, 40%, and 50% to produce the other group
samples. The coding of the samples was done according
to the ratio of zirconium boride in the sample. For exam-
ple, the sample containing 50% unsaturated polyester resin,
30% boron carbide and 20% zirconium boride was codded as
BCZrB-20. If the sample contained 50% unsaturated poly-
ester resin, 10% boron carbide and 40% zirconium boride,
this sample was coded BCZrB-40. The produced composites
are cylindrical in shape and have a diameter of 20 mm and
a thickness of 10 mm.

The density of the sample was evaluated with Archimedes
principle as follow [26];
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o=t

where A, B, p,, are sample weight in air, sample weight in
water and density of water, respectively.

2.2 Sample analysis process

The strategy of this research relies on the gamma-ray
shielding investigation of the considered samples using
experiment, MC simulations and theoretical calculations.
The used experimental apparatus consists of the HPGe
detector, collimators, point sources, preamplifier, ampli-
fier and Multi-Channel Analyzer (MCA) as illustrated
in Fig. 1. HPGe detector (ORTEC, GEM-SP7025P4-B
model), whose values are determined by the manufacturer
company (ORTEC), has 70 mm active crystal diameter,
25 mm crystal width and 380 eV, 585 eV and 1.8 keV
at 5.9 keV, 122 keV and 1.33 MeV resolutions, respec-
tively. To collimate the radiation beam, lead blocks with
a thickness of 5 cm and a span of 3 cm (first collimator
according to source) and 2 cm (second collimator accord-
ing to source) were used as shown in Fig. 1. The detector

Fig. 1 The experimental
arrangement

was shielded by a collimator made of Pb (4.2 mm), Fe
(1.1 mm) and Al (1.0 mm) in order to reduce background
noise. The sample is located between the point gamma-ray
source and the HPGe detector. Here, in order to obtain the
desired gamma-ray energies, the following radiation point
sources have been used: >*'Am (59.5 keV), '**Ba (81 keV,
276.4 keV, 302.9 keV, 356 keV and 383.9 keV), **Na
(511 keV and 1274.5 keV), *’Cs (661.7 keV), and *°Co
(1173.2 keV and 1332.5 keV). In order to have sufficient
(minimum 1xE* count under the related peak) statistical
uncertainty, the measurement period was carried out as
1200 s for each radioactive source. For each point source,
the gamma-ray peaks and their corresponding net area of
the peak were obtained three times to safely evaluate the
statistical uncertainties for each sample. Measurements
were repeated three times for each sample.

Theoretical calculations and Monte Carlo simulations
were performed to complement the experimental charac-
terization of the proposed shielding materials.

The mass attenuation coefficients of the considered
materials were calculated with WinXCOM [27] and com-
pared to experimental results using HPGe detector. MC

HPGe detector Radioactive source

Sample

High
Voltage
S
==y
Pre-Amp.| “
Liquid ‘
l Nitrogen | Collimator Fe
MCA Amplifier Al
)

Table 1 Chemical content and densities of composites containing B,C, ZrB, and polyester

Volume % Sample Code Percent elemental composition p (g/em®) Exper p (g/cm®) Theor
Polyester resin B,C ZrB, H B C (0] Co Zr

50 50 - BCZrB-0 1.3917 53.9828 33.6818 10.9401 0.0037 - 1.7508 1.8160

50 40 10 BCZrB-10 1.3917 49.9061 32.1824 10.9401 0.0037 5.5760 1.7666 1.8705

50 30 20 BCZrB-20 1.3917 45.8295 30.6831 10.9401 0.0037 11.1520 1.8373 1.9283

50 20 30 BCZrB-30 1.3917 41.7528 29.1838 10.9401 0.0037 16.7280 1.9213 1.9897

50 10 40 BCZrB-40 1.3917 37.6762 27.6844 10.9401 0.0037 22.3039 2.0400 2.0553

50 - 50 BCZrB-50 1.3917 33.5995 26.1851 10.9401 0.0037 27.8799 2.0781 2.1253
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simulations are another technique to calculate the mass
attenuation coefficients of any considered material. The
chosen simulation packages were GEANT4 [28] and
FLUKA [29] since recent reports on radiation shield-
ing studies showed that both packages provide results
in remarkable agreement with experimental outcomes
[30-33]. Another motivation to choose these simulation
packages are the fact that they are publicly available soft-
ware tools commonly used in radiation related studies.
In both simulation packages, the chosen materials are
modelled by defining their thickness, elemental weights,
densities. Then, 1xE’ gamma particles were fired onto
the modelled material with a monochromatic energy. The
chosen gamma energies are identical to the energies of
the gamma-rays emitted by the investigated radioactive
sources. Using the number of transmitted photons obtained
from simulation programs, user could easily calculate the
gamma-ray shielding parameters such as u/p, u, HVL,
MFP, Z; and many others.

The neutron shielding effectiveness for the absorb-
ers under study was evaluated in the second part of the
study. In this case, unfortunately we could not perform any
experimental characterization. Therefore, effective neutron
removal cross sections for the composites under investiga-
tion are theoretically determined with GEANT4.

@ Springer

3 Data analysis procedure

3.1 Calculation of RPE, u/p, p, HVL, TVL and MFP

Radiation protection efficiency (RPE) is essential in esti-
mating the number of gamma or X-ray photons blocked by
absorber samples and given as [3];

RPE(%) = <1 - Ii>x100 @)

o

where, I, and [ values represent incident photons intensity
and the transmitted photon intensity on the target absorber,
respectively.

The total mass absorption coefficient (u/p), which is of
great importance in radiation shielding calculations, is com-
puted as follow [12];

b 1L
ity @

where, p and x are the density and thickness of the target,
respectively. The mass attenuation coefficient for a compos-
ite is determined by [6];

1/ P)comp. = 2 wi(u/p)i 4)
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Fig. 3 Total mass attenuation coefficients of the ternary composites versus photon energy
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here, w, (u/p);, n; and A; are the weight fraction, the mass
attenuation coefficient of the ith constituent element in the
compound, number of atoms of ith constituent element in the
compound and the atomic weight of the ith element in the
compound, respectively. Let be an example for experimental
calculation procedure of w/p at 81 keV for BCZrB-10 ternary
composite. Here, I, is 43.52 cps (count per second), I as
transmitted photon intensity on the BCZrB-10 is 26.25 cps
and px is 2.09 g/cm?. Then, using these values in Eq. (3), the
wp for BCZrB-10 at 81 keV is experimentally determined
as 0.2418 cm?/g.

u can be computed with u/p and density (p). Table 1 shows
the chemical content and densities of BCZrB-0, BCZrB-10,
BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50.

The half-value layer (HVL) and the tenth-value layer (TVL)
have been determined with Eq. 6 and 7, respectively [7, 12].

In2
HVL = — 6
P (6)
Ty = In10 %
u

The mean free path (MFP) has been evaluated with the
Eq. 8 [6].

MFP=l

P ®)

In the Eq. 8, u is linear attenuation coefficient.

. : —
600 800 1000 1200 1400 O 200 400 600
Energy (keV)

800 1000 1200 1400
Energy (keV)

3.2 Calculation of Z,,and N 4

Zy and N,yare determined as follow [8];

_ A/ p);

Ly = -
S5/ v ©
Zeﬁp

Nz = —(Nn,,) (10)

tot

where, the fractional abundance of the constituent element
in the compound is symbolized with fi. Ai and Zj character-
ize the atomic weight and atomic number of the constituent
element in the compound, respectively. Total atomic weight
of compound, total number of atoms and Avogadro constant
are indicated as A,,,, n,,, and N, respectively.

3.3 Calculation of energy absorption and exposure

buildup factors.

Photon buildup factor calculations consist of three parts;
calculation of the material's equivalent atomic number (Z,,),
analysis of geometric sequence (G-P) fitting parameters, and
estimation of energy absorption buildup factor (FABF) and
exposure buildup factor (EBF) parameters.

In order to calculate Z,,, Compton partial mass attenua-
tion coefficient ((4/p) compron) @nd total mass attenuation coef-
ficient ((u/p)7,a) Were calculated using WinXCOM [27] for
both the elements in the atomic number range from 4 to
36 and composites in the energy 0.015 MeV <E <15 MeV.
After (u/p)compron and (u/p)7,, were calculated,

(1/P) compton! (/P ) 1011 Values were determined both elements

@ Springer
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Fig.8 Npj values of the ternary composites versus photon energy

and composites. Z,, is computed by matching (4/p) compron! (W
P )1 Of the specific energy for both elements and compos-
ites. When the (1/p) compron! (WP o1 Value of the composite
lies among two consecutive ratios (1/p)compron O (H/P) 11l
of elements, the interpolation of the Z,, of a composite is
calculated as follow [6, 34];

Z,(logR, —logR) + Z,(logR — log R,)
“a logR, — logR,

an

where, R;, R, and R are the (4/p)compion! (W/P)1orar fOT the
two consecutive elements and composite at specific energy,
respectively. Z; and Z, are the atomic numbers of the cor-
responding elements.

Geometric progression (G-P) fitting parameters for a
composite are interpolated similar to Z,, as follow;

P,(logZ, —logZ,,) + P,(logZ,, —logZ
p= 1( g4y g q) 2( g Ley g 1) 12)
logZ, —logZ,

P, and P, are the G-P fitting parameters (b, ¢, a, X, and
d) of the corresponding elements at a given energy. The G-P
fitting coefficients for elements were taken from the ANSI/
ANS-6.4.3 [35] standard reference database.

EABF and EBF are determined as follow;

b—1, .
BE,x)=1+ m(K —1) forK#1 (13)
BE,x)=14+0B-1)x for K=1 (14)

in these equations, K represents as following;

tanh(x/X, — 2) — tanh(-2)

K(E,x) = cx*
(Ex) =cx'+d 1 — tanh(=2)

for x <40mfp
(15)
where, a, b, ¢, d, and X, are G-P fitting parameters and b is

the value of buildup factor at 1 mfp. E represents the energy
of the incident photon. x is the mean free path (mfp).

3.4 Calculation of kerma relative to air and effective
removal cross-section

The kerma relative to air can be calculated with Eq. 16 [34].

(Hen! P) com
Kermarelativetoair = ——— < (16)

(Mfﬂ/p)Air

Hen Hen
—_— = Wi _— 17
< P )Comp. Z < P >i ( )
nA;
wiso (18)
2,4,

here, w; and (u,,/p); are the weight fraction and the mass
energy absorption coefficient of the ith constituent element,
respectively. n; and A; are number of atoms of the ith con-
stituent element in the compound and the atomic weight of
the ith element in the compound, respectively.

Effective removal cross sections for mixtures, alloys, and
compounds can be calculated by knowing the partial density
and mass removal cross section as follow [36, 37];

L= Z Wi(zR/p)i (19)

in this equation, W, represents as follow;
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Fig.9 EABF values of the ternary composites in the energy range from 0.015 MeV to 15 MeV at 0.5 mfp, 1 mfp, 5 mfp, 10 mfp, 20 mfp and 40
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Fig. 10 EABF values of the ternary composites in the energy range from 0.015 MeV to 15 MeV at 0.5 mfp, 1 mfp, 5 mfp, 10 mfp, 20 mfp and 40
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Fig. 11 EABF values of the ternary composites up to 40 mfp at 0.015, 0.15, 1.5, 15 MeV

Wi = (ti)(p)s (20)

where W, and (Zy/p); are the partial density (g.cm_3) and
mass removal cross section (cm2.g_]) of the ith element,
respectively. ¢; and p; are weight fraction of the ith constitu-
ent element in the material and the total density of the mate-
rial, respectively.

4 Result and discussion
4.1 Results of RPE, u/p, u, HVL, TVL and MFP

Radiation protection efficiency (RPE) values were defined
in the energy region 59.5 keV <E <1332.5 keV with Eq. 2
for BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-30, BCZrB-40
and BCZrB-50. Theoretical and simulation results as well as
experimental results of RPE values for the composites under
investigation are illustrated in Fig. 2. As seen from Fig. 2,

@ Springer

the RPE values decrease exponentially in the low energy
region. After that, this decreases linearly continuous more
slightly in the energy region 276.4 keV <E <1332.5 keV.
To determine the total mass attenuation coefficient, Eq. 3
was used for ternary composites. Experimental results for
u/p in the energy region 59.5 keV <E <1332.5 keV are
given in Table 2 and Fig. 3 along with WinXCOM, GEANT
4 and FLUKA. Also, experimental y values for BCZrB-0,
BCZrB-10, BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-
50 are illustrated in Fig. 4. As seen from Table 2, Fig. 3
and 4, both total mass attenuation coefficients and linear
attenuation coefficients for ternary composites increase
proportionally to the filling ratio of boron. In addition,
these values decrease non-linearly with increasing pho-
ton energy. Table 2 and Fig. 3 show that the difference
between experimental and WinXCOM program, between
experimental and GEANT 4 simulation codes and between
experimental and FLUKA simulation codes of p/p values
are<5.1%,<6.5% and < 5.1%, respectively. The difference
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between experimental and WinXCOM, GEANT 4 and
FLUKA of the total mass attenuation coefficients may be
due to the uncertainty of the photon intensities, mass per
unit area of absorber samples and systematic errors in the
experiment. So, it can be said that there is a good agree-
ment between the experimental, WinXCOM, GEANT4 and
FLUKA results with overall uncertainty. The experimental
uncertainties were determined with Eq. 21 as follow [38];

2 2
Aty = i\/(ﬂ)z v (%> + m(ﬂ)2<ﬂ> @
pxX 1 1, 1 pxX
where p and x are the density and thickness of the target,
respectively. I, and I are incident photons intensity and the
transmitted photon intensity, respectively. Al, and Al are
the uncertainties for the incident photons intensity (/) and
transmitted photon intensity (/), respectively. The over-

all uncertainty in the total mass attenuation coefficient is
approximately < ~5.5%. This uncertainty is attributed to the
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Table 4 Effective removal cross sections for the ternary composites

BCZrB-10 BCZrB-20 BCZrB-30 BCZrB-40 BCZrB-50

BCZrB-0

Element

2.1253 gem™)

(p=

2.0553 gcm™)

(b=

(p=1.8705 g cm™) (p=1.9283 g cm™) (p=1.9897 g cm™)

(p=1.8160 g cm™>)

Partial density Xy (cm™)  Partial density Xy (cm™)  Partial density Xy (cm™")  Partial density X (cm™)  Partial density Xy (cm™)

Partial density Xy (cm™)

0.017687
0.041060
0.027937
0.009417
0.000002
0.009243
0.105345

0.029577
0.714089
0.556511
0.232510
0.000078
0.592530
2.125295

0.017104
0.044525
0.028564
0.009106
0.000001
0.007151

0.028602
0.774354
0.568995
0.224851
0.000076
0.458410
2.055289

0.016559
0.047770
0.029150
0.008816
0.000001
0.005192
0.107489

0.027690
0.830776
0.580683
0.217681
0.000073
0.332844
1.989747

0.016047
0.050813
0.029701
0.008544
0.000001
0.003355
0.108461

0.026835
0.883710
0.591649
0.210954
0.000071
0.215039
1.928257

0.015566
0.053675
0.030218
0.008288
0.000001
0.001627
0.109375

0.026030
0.933471
0.601957
0.204630
0.000069
0.104296
1.870453

0.015113
0.056369
0.030706
0.008046
0.000001

0.025273
0.980335
0.611665
0.198674
0.000067

H

C

Zr

0.106452

0.110235

1.816014

Total

Table 5 Total macroscopic cross sections, mean free paths and num-
ber of transmitted neutrons of 10 mm thickness sample and 107 neu-
trons at 4.5 MeV for the ternary composites

Sample code  Total macroscopic Mean free ~ Number of
cross section (cm™!) path (mm) transmitted

neutrons
BCZrB-0 2.0584 4.8581 8,435,561
BCZrB-10 2.0573 4.8607 8,444,792
BCZrB-20 2.0565 4.8626 8,456,008
BCZrB-30 2.0564 4.8629 8,464,973
BCZrB-40 2.0557 4.8645 8,475,630
BCZrB-50 2.0567 4.8621 8,488,265

uncertainties of the photon intensities (<~ 1.8%), mass per
unit area of targets (<2.1%) and systematic errors (<2.3%).
As seen from Table 2, Fig. 3 and 4, the results are in good
agreement with each other. Also, present results indicated
same performances with other studies [12, 17, 34].

In order to determine the HVL, TVL and MFP values
for BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-30, BCZrB-
40 and BCZrB-50, Eq. 6, 7 and 8 are used, respectively.
Experimental HVL values in the energy range from 59.5 keV
to 1332.5 keV for ternary composites were showed in
Fig. 5. Also, both experimental TVL values and experi-
mental MFP values of the ternary composites were illus-
trated in Fig. 6. Figure 5 and 6 show that the HVL, TVL
and MFP values for ternary composites increase exponen-
tially with increasing photon energy in the energy region
59.5 keV<E<1332.5 keV. While BCZrB-0 ternary com-
posite receive the biggest HVL, TVL and MFP values at all
measured energy points, BCZrB-50 ternary composite take
the smallest values at all measured energy points.

4.2 Results of Z ,and N,

Equation 9 and 10 used for effective atomic number and
effective electron density values for ternary composites.
Experimental results for Z,, in the energy range from
59.5 keV to 1332.5 keV were listed in Table 3 along with
WinXCOM, GEANT 4 and FLUKA and illustrated in Fig. 7.
Figure 8 shows the experimental N, values for BCZrB-
0, BCZrB-10, BCZrB-20, BCZrB-30, BCZrB-40 and
BCZrB-50. As seen from Table 3 and Fig. 7, the difference
between experimental and WinXCOM program, between
experimental and GEANT 4 simulation codes and between
experimental and FLUKA simulation codes of Z  values
are <5.1%,<6.5% and < 5%, respectively. Table 3, Fig. 7 and
8 show that Z,; and N, values of the BCZrB-0 are nearly
constant. With the increasing contribution of the baron, the
changing values in the BCZrB-10, BCZrB-20, BCZrB-30,
BCZrB-40 and BCZrB-50 are seen clearly from the Table 3,
Fig. 7 and 8. Z,; and N, values decrease exponentially in
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Fig. 15 Number of transmitted neutron values of the ternary compos-
ites versus photon energy

the low energy region after that a sharp decrease in the rate
of decrease of values except for BCZrB-0 is observed from
Table 3, Fig. 7 and 8. Finally, Zeﬁr and Neﬁc values become
almost constant in the high energy region. This result shows
that different interactions predominate in different energy
regions. Also, present results indicated same performances
with other studies [3, 19].
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—o— BCZrB-20
—o— BCZrB-30
—o— BCZrB-40
—o— BCZrB-50

7.5x10° o

Number of Transmitted Neutrons

7.0x10°

T
2 4 6 8 10 12
Thickness (mm)

Fig. 16 Number of transmitted neutron values of the ternary compos-
ites versus thickness

4.3 Results of build-up factors

Using G-P fitting parameters calculated from ANSI/ANS-
6.4.3 [35], EABF and EBF were theoretically calculated
from Eq. 13-15 in the energy range from 0.015 MeV to
15 MeV at different penetration depths. Graph of energy
absorption build-up factors (EABF) versus energy in energy

@ Springer



123 Page 16 0f 18

M. F. Turhan et al.

region 0.015 MeV <E <15 MeV at dissimilar penetra-
tion depth such as 0.5 mfp, 1 mfp, 5 mfp, 10 mfp, 20 mfp
and 40 mfp is pictured in Fig. 9 for BCZrB-0, BCZrB-10,
BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50. Also,
Fig. 10 shows the exposure build-up factors (EBF) versus
energy in the energy range from 0.015 MeV to 15 MeV at
0.5 mfp, 1 mfp, 5 mfp, 10 mfp, 20 mfp and 40 mfp penetration
depths for ternary composites. As seen from Fig. 9 and 10,
EABF and EBF values increase non linearly with increas-
ing energy in the low energy region all penetration depths.
After that the values sharply (around 0.08 MeV to 1 MeV)
and after slowly (around 1 MeV to 15 MeV) decrease with
increasing photon energy in the medium and high energy
region all penetration depths, respectively. While BCZrB-0
is generally take the highest values in the low and interme-
diate energy regions, BCZrB-50 generally take the highest
values in the high energy region with increasing penetration
depths. Graph of energy absorption build-up factors (EABF)
versus penetration depth (mfp) at 0.015 MeV, 0.15 MeV,
1.5 MeV and 15 MeV is illustrated in Fig. 11. Also, Fig. 12
shows the exposure build-up factors (EBF) versus penetra-
tion depth (mfp) at the 0.015 MeV, 0.15 MeV, 1.5 MeV and
15 MeV. It is obviously seen from Fig. 11 and 12, EABF and
EBF values increase exponentially with increasing penetra-
tion depth. While EABF and EBF values at 0.015 MeV could
be ranked as: BCZrB-0>BCZrB-10>BCZrB-20 > BCZrB-
30> BCZrB-40> BCZrB-50, EABF and EBF values take
the reverse trend at 15 MeV like BCZrB-50 > BCZrB-
40> BCZrB-30>BCZrB-20 > BCZrB-10> BCZrB-O0. It is
obviously seen from Fig. 11 and 12, BCZrB-50 took the
biggest value with increasing energy.

4.4 Results of kerma relative to air and effective
removal cross-section.

Figure 13 shows the kerma relative to air values versus pho-
ton energy in the energy region 1 keV <E <20 MeV. Fig-
ure 13 show that values increase non-linearly with increasing
photon energy up to~350 keV except for BCZrB-0. While
BCZrB-0 values increase with increasing in the intermediate
energy region, the values of the other ternary composites are
tend to reverse. Finally, the values of the all ternary compos-
ites show slightly increase or decrease non-linearly around
high energy region. The results support each other.
Effective removal cross sections (Xy) are listed with par-
tial density for ternary composites in Table 4. Also, Table 5
shows the total macroscopic cross sections, mean free paths
and number of transmitted neutrons of 10 mm thickness
sample and 107 neutrons at 4.5 MeV for the ternary com-
posites. Effective removal cross sections, total macroscopic
cross sections, mean free paths and number of transmitted
neutrons for BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-30,
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BCZrB-40, BCZrB-50 are illustrated in Fig. 14. Number of
transmitted neutron values versus photon energy for ternary
composites are imagined in Fig. 15 with GEANT 4 simula-
tion package. Also, number of transmitted neutron values
versus thickness for ternary composites are illustrated in
Fig. 16 with GEANT 4 simulation package. As seen from
Table 4 and Fig. 14, effective removal cross sections decrease
with increasing filled boron ratio. It is obviously seen from
Table 5 and Fig. 14, total macroscopic cross section values
are the range from 2.0557 cm™! t0 2.0584 cm™! and also,
mean free path are the range from 4.8581 mm to 4.8645 mm.
As seen from Table 5 and Fig. 14, number of transmitted
neutron values are 8,435,561 for BCZrB-0, 8,444,792 for
BCZrB-10, 8,456,008 for BCZrB-20, 8,464,973 for BCZrB-
30, 8,475,630 for BCZrB-40 and 8,488,265 for BCZrB-50
and could be ranked as: BCZrB-0 < BCZrB-10 < BCZrB-
20 < BCZrB-30 < BCZrB-40 < BCZrB-50. It is obviously
seen from Fig. 15, number of transmitted neutron values
increase exponentially with increasing energy. Finally,
according to Fig. 16, number of transmitted neutron values
decrease linearly with increasing thickness. BCZrB-0 has the
best neutron attenuation values in the studied composites.

5 Conclusion

First of all in the study, RPE, u/p, u, HVL, TVL, MFP, Z 5
and Neﬂ values were investigated for BCZrB-0, BCZrB-10,
BCZrB-20, BCZrB-30, BCZrB-40 and BCZrB-50. WinX-
COM, GEANT4 simulation code and FLUKA simulation
code were used in addition to experimental investiga-
tion to determine the absorption parameters in the energy
region 59.5 keV <E <1332.5 keV. Secondly, FABF and
EBF values for ternary composites in the energy region
0.015 MeV <E <15 MeV were calculated with G-P fit-
ting method. Thirdly, kerma relative to air values for ter-
nary composites were computed in the energy range from
0.001 MeV to 20 MeV. Finally, effective removal cross sec-
tion, total macroscopic cross section and number of trans-
mitted neutron values were determined for ternary compos-
ites. In the study, results obtained using different techniques
were compared with each other. As seen from tables and
figures, all of the results are compatible with each other.
u/p values found to be 0.1707—0.0524 cm’g~", 0.3793—
0.0527 cm?g~!, 0.5794—0.0531 cm?g™!, 0.7838—0.0525
cm?g™!, 0.9895—0.0530 cm?g~!, 1.1941—0.0526 cm’g~!
for BCZrB-0, BCZrB-10, BCZrB-20, BCZrB-30, BCZrB-
40 and BCZrB-50, respectively. Also, X values found to
be in the range from 0.105345—0.110235 cm™" for ternary
composites. Considering the all results from experimental,
WinXCOM, GEANT4 and FLUKA simulation codes, it
can be concluded that WinXCOM, GEANT4 and FLUKA



A study on radiation interaction parameters of boron carbide/zirconium boride composites

Page 17 0f 18 123

simulation codes are quite suitable for calculating the radia-
tion interaction parameters of studied composites. Also,
BCZrB-50 generally take the highest RPE, u/p, pi, Z,g N5
kerma relative to air, number of transmitted neutron val-
ues and the lowest HVL, TVL, MFP, X, EABF and EBF
(except for high mfp and energy) values. According to the
results obtained from tables and figures, BCZrB-50 is the
best gamma or X-ray radiation absorber in the studied com-
posites and also, BCZrB-0 is the best neutron absorber in the
studied composites. These values show that gamma radia-
tion attenuation capacity increases with increasing amount
of the zirconium boride. The present results may contribute
to numerous application areas related to radiation research.
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