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fast neutron nearly constant, and the effective atomic number was nearly the mean

atomic number as the Compton scattering is main process. At high
energies ranging, the pair production is main process and tends to be
constant at high energies ranging. The effective atomic number and the
electron density of alloy had the opposite tend. The mean free path
and the half value layer had the same behavior. Among the selected
alloys, the alloy only in composite Co-Cr-Fe-Ni was found to possess

superior radiation shielding effectiveness due to its higher values of
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both the mass attenuation coefficient and the effective atomic number

and lower values of the electron density, the mean free path and the

half value layer. In addition, the fast neutron removal cross-section was

evaluated and discussed. It is found that the fast neutron removal

cross—section values for the studied alloys in composite Co-Cr-Fe-Ni

had highest value. The computation was useful for the potential

application of alloys containing energies in the field of gamma-ray and

neutron shielding medium.

INTRODUCTION

Since starting to study and design on
high entropy alloys (HEAs), the indexed study
output in Web of Science (WoS) indicates that
high entropy alloys (HEAs) are an emerging layer
of alloys that are lately being popularly studied
(1-4). The alloy materials are found in many fields
such as irradiation, nuclear reactors, engineering
materials,  petrochemical  industries  and
biomedical implants (5-8). In the field of radiation
physics and dosimetry, there are many important
photon interaction parameters such as mass
attenuation coefficient (W), effective atomic
number (Z.¢) and electron density (N.) which
helping in determine and design for radiation
protection efficiency of medium (9,10).

Mass attenuation coefficient

(U, s
common property of medium which studies the
probability of interaction for gamma radiations
with a medium. An effective atomic number (Z)
is property of mixture or compound like an
atomic number of elements. So anyway, these
values are feature based on energy, helps to

display the efficacy for shielding of medium and

interprets gamma radiations attenuation by a

medium. Electron density (Ng) value is another
common property of the medium, which lets
data about the average number of electrons per
unit mass of medium. Moreover, the partial
density method is popularly use to research the
fast neutron removal cross—section of shielding
medium (11-13).

In  this context, mass attenuation
coefficients, effective atomic number, effective
electron density, mean free path, half-value
layer and fast neutron removal cross-section for
alloys have been computed. The computation
will give useful data for the alloy that was used

in shielding medium applications.

MATERIALS AND METHODS

Density, Pm Of alloys is the basic

parameter using determined the important

parameters which determined by the rule of

mixture (ROM) by Eq. (1) (14):
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here p, ¢, and A are density, atomic fraction and

atomic weight of element i, respectively.

The theoretical/method basis have

been separated into the following sub-sections:
Radiation shielding parameters

The theoretical simulation of mass
attenuation coefficients (W) of alloy using
WinXCom software program for a photon at

energies range 1 keV-100 GeV by Eq. (2) (15,16):
fho = D W (4t), (2)
i

here w; and (L, means mass fraction and mass

attenuation coefficient of element i, respectively.

Effective atomic numbers (Z.4) for alloy

can be determined from Eq. (3) (15,16):

Oia

2y = (3)

Ot el

here G, and O, are total atomic and electronic
cross-section, respectively and both values of
cross-section are determined from Eq. (4) and (5)

(15-17):

HuM
= q
O 4 NAZini (@)
1 f
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here M, n, N,, f, Z, and A are the molecular
weight of mixture component in the alloy,
oxygen atom number per each composition,
Avogadro's number, respectively. W, and (W)
are mass attenuation coefficients and mass

attenuation coefficient of element i, respectively.

Electron densities (N,) for alloy refer to
electrons number per unit mass were computed

by formula Eg. (6) (16,17):

N, = Hm ©)

el
O-t,el

Mean free path, MFP, is the average
distance between two successive interactions of
photons in medium and computed by following

in Eq. (7) (17, 18);

= @)

u

The half-value layer (HVL) is a quantity
describing the thickness of attenuator that
attenuation of photon density to half of the
incident energy as the lower of HVL value is
better shielding effectiveness and can be

calculated using Eq. (8) (19, 20):

HVL = 0693 (8

Y7,

here W is linear attenuation coefficient which
computed by multiplying of density and mass

attenuation coefficient of a compound.
Fast neutron removal cross-section

The probability of the interaction for
neutron with the medium can be discussed on
macroscopic effective removal cross-section ()
and can be calculated by following in Eq. (9) (21-
23):

L



100

here (Zy/p); (cm?/g) and w; are mass removal
cross-section of i"" constituent and partial density

(g/cm?), respectively.

RESULTS AND DISCUSSIONS

Gamma rays shielding properties of
alloys were discussed by calculation of mass

attenuation coefficient (W), effective atomic
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numbers (Z.), effective electron density (N,
mean free path (MFP), half-value layer (HVL) and
fast neutron removal cross-section. The chemical
compositions (wt%) of elements and density of
aluminium (Al), cobalt (Co), chromium (Cr), iron
(Fe), nickel (Ni) and titanium (Ti) alloys system are

presented in Table 1.

Table1 The chemical compositions in wt. fraction and density (g/cm?) of the alloy (1)

Wt. fraction of elements Density
Sample
Al Co Cr Fe Ni Ti (¢/cm?)
A0 - 0.2551  0.2347  0.2551 0.2551 - 8.09
Al 0.0698  0.2326  0.2326  0.2326  0.2326 - 7.55
A2 0.1304  0.2174  0.2174 02174  0.2174 - 7.12
A3 0.1837  0.2041  0.2041 0.2041 0.2041 - 6.76
Ad 0.1667  0.1852  0.1852  0.1852  0.1852  0.0926 6.48
Table 2 The photon energies (in x 107 MeV) of absorption edges for elements.
Element Al Ti Cr Fe Co Ni
Atomic number (2) 13 22 24 26 27 28
K 1.56 a.97 5.99 7.11 7.71 8.33
L1 1.01

Mass attenuation coefficient ()

Figure 1 presents the relationship

between W, of alloys and energy. As figure 1, W,
decreased rapidly at 0.001-0.1 MeV which
photoelectric effect is the main interaction
slowly at 0.1-10 MeV which

process, and

Compton scattering process is dominated,

whereas start increases slowly at 10-10°MeV as

pair production is the main interaction process.
The discontinuities in L, values were appeared
in low energy range because of L and K
absorption edges of elements as presented in
table 2. From Figure 1, the sample A0 has the
highest W,. All in all, it indicated that AO is the

best material for shielding radiation.
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Figure 1 The um of alloys with energy.

Effective atomic number (Z,;) and electron

density (N,)

Figure 2 presents the Z. of alloys at
energies 107-10° MeV. In the limited energies
range at 0.1 MeV-1.0 MeV, the Z value of alloys
decreased rapidly with increasing energy. During
1.0-150.0 MeV, the Z value increased with
increasing energy. The energies above 150 MeV,
Z« value nearly constant was observed for all
alloys. Z.¢ value of alloy must stay in between
the lowest atomic number (Z = 13) and highest
atomic numbers (Z = 28) of ingredient elements
(11). Among alloys, Z. maximum value was
observed of A0 alloy in total energies range
(having maximum content of Ni); whereas Z.
minimum value was observed of A4 (having
minimum content of Ni). Figure 3 presents the Ny
of alloys with energy. It will be noted that the
trend of N, according to different energies is the
same trend Z value of alloy. So anyway, there
are swing back in the trend i.e. Ad alloy shown
N highest value whereas it had Z. lowest value.

Similarly, A0 alloy had N, lowest value whereas

it shows the highest Z.¢ value. The highest Ny
value for A4 alloy can be attributed to the Ti
content's alloy effect. The vacant sites in the
structure of alloy were replaced by Ti atom
which result in increased electron density of

selected alloy medium.
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Figure 2 The Z of alloys with energy.
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Figure 4 The MFP of alloys with energy.

T T T T T
10°  10° 100 10° 100 10° 10° 10° 10°
Energy (MeV)

Figure 5 The HVL of alloys with energy.
Figures 4 and 5 show the MFP and HVL
of the energy range at 1 keV-100 GeV. MFP and

HVL values of alloys were increased with

increasing photon energy. MFP and HVL value
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were seen very small from 1-100 keV and rise
gradually with increasing energies until 8 MeV.
After that, a slow rate of increase in MFP and HVL
values with energies were registered at an energy
ranging from 8 MeV-10 MeV. For energies > 10
MeV, MFP and HVL value shown exponential
decreased with additional energies and becomes
nearly constant at energies above 1000 MeV. This
variation is acceptable in the light of reliance on
cross—section value for different major photon
interaction processes at different energies range.

The lower energies range, cross-section
of the photoelectric absorption effect process
was presented in inversely with energy as E™°. It
means, photon interaction probability at lower
energy, photoelectric absorption effect will
higher values and smaller thickness looks enough
for absorption photons in investigated medium,
on the other hand, increment in the thickness of
interacting medium was required for photon
interaction. Because of this high reliance on
cross-section value on energy, MFP and HVL
values swell gradually for chosen alloys. At
intermediate energies range, the cross-section of
the Compton scattering process is presented in
linear relation with energies. Due to this weak
dependence of cross-section value on energies,
tends of MFP and HVL values increase with slow
rates for chosen alloys. The cross—section of pair
production process founds logarithmic with high
energies range. So, with expansion at high
energies, photon interaction of pair production
tends to occur

probability exponentially.

Therefore, the thickness requirement may
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decrease with a large amount of photon energies

for better absorption in the medium.
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Figure 6 The X, for alloys.
Fast neutron removal cross—section

The fast neutron removal cross—section
% (cm™) value of alloys were exhibited in Figure
6. It found that Xy (cm™) of A0 was highest.
Therefore, A0 alloy is the best neutron shielding

compared with other alloys.

CONCLUSION
In summary, the value of mass
attenuation  coefficients, effective  atomic

numbers, effective electron densities, mean free

path and half-value layer for alloys were
determined by WinXCom software at energy range
1 keV-100 GeV. The result has shown that Z and
N values depend on the energies. The graph of
interactions at low photon energy has peaks
(absorption edges) because of the dominant
photoelectric effect near L and K absorption
edges of alloy composition. A0 alloy was found to
have the lowest mean free path and half-value
layer value. The results from this study indicated

that AO alloy is the best medium for gamma rays

103

shielding applications. Also, the result of fast
neutron removal cross—section value indicated

that A0 is an excellent medium too.
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