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Abstract: This study aimed to calculate the thermal neutron (0.0253 eV) total macroscopic cross-section
and gamma-ray (1.25 MeV) linear absorption coefficient for (100-x)Al-xGd.0s; (x=5 to 50) and 100-
(x+y)Al-xGd203+yW (x,y=5 to 50) composites using MCNP6.2 simulation code. The simulation consists
of a mono-energy point neutron and gamma-ray source, target material, and detector. The F4 tally from the
MCNP6.2 library was used as the detector. The results show the highest thermal neutron total macroscopic
cross-section for the 50%AI-509%Gd,Os composite and the highest linear absorption coefficient for the
50%AI-%5Gd.03-45%W composite. The results of this study provide a good understanding of the thermal
neutron and gamma ray the shielding capabilities of Al matrix Gd,O3 and W doped composites.
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1. Introduction

Neutrons are used or emitted in nuclear power plants (during power generation and in fuel waste),
particle accelerators, neutron imaging devices, elemental analysis and some biological applications
[1-6]. Since neutrons have a net electric charge of zero, they do not enter into Coulomb interactions
and interact with matter only at short distances (less than 1 fm) where the strong nuclear force is
effective. For this reason, they can easily penetrate matter. Neutrons, depending on their energy,
have a higher Relative Biological Effect and Radiation Weight Factor [7,8] compared to other
types of ionizing radiation (p, a, v, B-, f+). This makes neutron shielding a very important task
when protecting workers and equipment in areas where neutron flux is present [9]. Neutron shields
should be designed according to the restrictions and requirements of a specific usage [10-13].
Depending on their location/usage, neutron shielding properties, such as strength, portability, or
heat resistance, become important [14].

Due to the high neutron absorption cross-section of the 1°B isotope, boron-containing materials
have been widely studied to shield neutrons emitted during the storage and transport of spent fuel
in dry storage casks or wet storage pools. Since B4C cannot be formed into sheets due to its
brittleness, it is produced as an aluminum-boron carbide (AI-BsC) composite as a high-
performance neutron shielding [15-18]. Studies show that the hardness as well as the neutron cross
section of the Al-B4C composite increases as the B4C ratio increases and the machinability of the
composite decreases. [19-23]. Therefore, literature studies suggest Al-30%B4C composite as the
ideal Al-B4C composite ratio. [24,25]. In addition, the corrosion rate of neutron shielding increases
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with increasing B4C content in the composite as helium bubbles are generated due to the 10B(n,
) reaction. [26].

Therefore, rare earth elements with high neutron absorption cross-section, such as cadmium (Cd,
2520 barn), gadolinium (Gd, 49700 barn), samarium (Sm, 5922 barn), or europium (Eu, 4530
barn), have been utilized to enhance the absorption cross-section and ductility of Al-B4sC
composites [27-29]. Among these elements, Gd has the highest thermal neutron absorption cross-
section, so it has been widely studied to develop neutron shielding. Additionally, since Gd
undergoes the (n, y) reaction, it does not cause corrosion processes caused by the (n, o) reaction.

Xu et al. developed Al-(15%B4C+1%Gd) composite as an alternative to Al-30%B4C composite
for shielding against thermal neutrons (0.0253 eV) [30]. They reported that reducing the B4C ratio
from 30% to 15% in the B4C-Al composite and replacing it with 1%Gd increased its thermal
neutron macroscopic cross-section from 24.9 cm™ to 27.4 cm™ and the elongation from 4% to 9%.
Jiang et al. produced 6061Al-(1%Gd+15%B4C) composite using vacuum hot pressing and hot
rolling methods to enhance the ductility of spent fuel storage [31]. They reported that the
mechanical properties of the composites were improved by the homogeneous distribution of Gd in
the matrix. Moreover, the relationship between its fracture energy and the neutron total
macroscopic cross-section exhibited a better performance than the B4C/Al composites reported in
the literature [22—-24,32,33].

Since pure Gd is easily oxidized and very costly, Gd>Os is an alternative. Zhang et al. obtained the
neutron macroscopic cross-section of 6061AI-10%Gd>03 and 6061AI1-30%B4C composites as X =
5.1 cm™ and £=5.5 cm respectively, in their study with neutrons of 0.2 eV energy. While the
tensile strength values of both composites were equal (240 Mpa), the tensile strain increased from
4% in 6061AI1-30%B4C composite to 16% in 6061Al -10%Gd>O3 [34]. Cong et al. produced (100-
X)%AIl-x%Gd203 (x = 7, 15, 25, and 35) composites via powder metallurgy method with a cold
isostatic press. The produced composites exhibited higher total macroscopic cross-section values
for neutrons of 0.0253 eV energy than the Al-30%B4C composite. Additionally, the thermal
efficiency of the composite improved with increasing sintering time [35].

In order to absorb secondary gamma rays from the neutron absorption reaction, the neutron
shielding is doped with elements with high gamma-ray linear attenuation coefficient. In
comparison to lead (Pb) and bismuth (Bi) in neutron shielding [36], tungsten (W) stands out for
gamma-ray absorption. In addition to its physical and mechanical properties, W is non-toxic, like
Pb [37,38]. It also exhibits a higher thermal neutron absorption cross section (18.3 barn) than Pb
(0.171 barn) [39].

Cong et al. examined Al-25%Gd»>03-x%W (x = 7, 15, 25 and 35) [40] composites as an alternative
to Al-30%B4C composite. They showed that Al-25%Gd>03-25%W composite has a hardness
value (88 HV) close to Al-30%B4C composite, while thermal neutron and gamma-ray shielding
properties are much better.

Researchers aiming to develop next-generation neutron shielding should address the following
key questions when evaluating the Al-Gd>Os-W composite: whether its thermal neutron cross-
section, gamma ray shielding properties (LAC, HVL, and TVL), and mechanical properties are
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suitable. The composite with an optimal mixture ratio for these three properties is preferred as a
suitable neutron shield. This study seeks to answer the first two questions to provide design
concepts for Al-Gd>Os-W composites. In the simulation study, thermal neutron total
macroscopic cross-section and LAC, HVL , TVL of 1.25 MeV gamma-rays were calculated for
(100-x)Al-xGd203 (x=5 to 50) and 100-(x+y)Al-xGd203+yW (x,y=5 to 50) composites using the
MCNP6.2 simulation code. This study is expected to guide the exploration of Al matrix Gd>Os-
and W-doped composites, characterized by high strength and plasticity, by considering the
thermal neutron cross-section and gamma-ray LAC, HVL and TVL values of Al-Gd,O3-W
composition.

2. Materials and method

2.1 Monte Carlo simulations

This study used the Monte Carlo method to calculate the thermal neutron total macroscopic cross-
section and gamma-ray shielding properties (LAC, HVL, and TVL). The radiation transport
package MCNP6.2 simulation code is a Monte Carlo program that can simulate the transportation
of neutrons, electrons, and photons through materials [41]. It was developed at Los Alamos
National Laboratory for general-purpose radiation interactions. In the literature, MCNP has been
used to calculate the radiation protection performance of various materials, such as concretes [42],
glasses [43], and metal composites [33]. Simulation calculations for radiation shielding
calculations are widely used in the literature [44-47].

As shown in Fig. 1, the simulation geometry consists of a mono-energetic point neutron/gamma-
ray source placed in a cylindrical cavity, a target material in the form of a disk, and a cylindrical
detector volume to measure the particle flux through the absorbing material. The thermal neutron
energy is defined as 2.53*10® MeV, and the gamma-ray energy is defined as 1.25 MeV. The
photon significance was set to zero (0) for thermal neutron total macroscopic cross-section
calculations to shorten the simulation time. The detector flux was calculated using the F4 tally of
MCNP6.2 simulation code, which measures the average flux in a cell per cm?. To reduce statistical
error, the simulations generated 108 histories (neutrons and gamma-rays) and the statistical error
was below 1%.

Detector (F4 Tally)
Neutron Source

|
O I I
| i !

Collimator Sample Collimator

Figure 1. Geometrical setup for the monte carlo simulations
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2.2 Calculation of total macroscopic cross-section (Z,) for neutrons

As neutrons pass through the matter, scattering or absorption reaction occurs, depending on their
energy and the nucleus that makes up the matter. The neutron can perform nuclear fission, neutron
capture, inelastic scattering, and elastic scattering reactions with the nucleus with which it
interacts. The sum of the probability of neutron interacting with matter through the mentioned
absorption g, and scattering o, reactions is defined as the total microscopic cross-section o;.

Ot = 04 + O (1)

When neutrons pass through a medium, the probability of scattering and absorption does not
depend only on the microscopic scattering and absorption cross-section. The density of nuclei in
the medium also affects the probability of the neutron passing through the medium and interacting.
The microscopic cross-section and the density of nuclei in the medium are expressed by a physical
quantity called the total macroscopic cross-section and is denoted by X, [48];

Zt = NO't (2)
N is the number of nuclei per unit volume, and the unit of X, is cm™.

The total macroscopic cross-section of a material consisting of different nuclei is calculated as
follows:

Zt = NaO'a + Nbo-b + NCO-C + .- (3)
The X; value of a material is calculated using the Beer-Lambert law as follows [49];
L, = [je 2% 4)

Where x (in cm) is the thickness of the material, I, and I are the unattenuated and attenuated
neutrons, and X, (in cm™?) is the total macroscopic cross-section.

2.3. Theoretical basis of gamma-ray shielding

When a gamma-ray beam passes through an absorbing medium, the intensity of the beam will be
attenuated according to the Beer-Lambert law, so the linear absorption constant () of the incident
beam is calculated as follows;

I = Ioe_“x (5)

Where x (in cm) is the thickness of the material, I, and I are the unattenuated and attenuated
gamma-ray beam intensities, and u (in cm™) are the linear attenuation coefficients.

Half Value Layer (HVL) is the thickness of a shield or an absorber that reduces the radiation level
by a factor of 2 that is to half the initial level and is calculated by the following equation:
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In2 0,693 (6)
HVL = —=—""-
u u

Similarly, the Tenth Value Layer (TVL) is defined as the thickness of a shield required for
attenuating a radiation beam to 10% of its radiation level and is computed by,

In10 _ 2,3026
u u

TVL =

(7)

3. Results and Discussion

The thermal neutron total macroscopic cross-section values of (100-x)%Al-x%Gd203 (x=5 to 50)
and 100(x+y)%Al-x%Gd>03-y%W (x-y=5 to 50) composites are presented in Figure 2. As can be
seen, the thermal neutron total macroscopic cross section increases with increasing Gd>O3 content
in the composite. The thermal neutron total macroscopic cross-section value for the 95%Al-
5%Gd,03 composite is the lowest (22.7 cm™) among the Al-Gd.Os series, while the value for the
50%Al-50%Gd,03 composite is the highest (308.5 cm™). Compared to the reference Al-B4C
composite in the literature, the thermal neutron total macroscopic cross-section value of 26.68 cm’
! for the 70%Al-30%B4C composite is lower than all Al-Gd,Oz composites in the series except the
95%Al-5%Gd.03 composite.

In the Al-Gd>O3-W ternary composite, all composites except (95-X)%AI-5%Gd203-x%W (x=5, 10

and 15) composites have higher thermal neutron total macroscopic cross section values compared
to the 70%AIl-30%B4C composite.
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Figure 2. Thermal neutron total macroscopic cross-section of Al-Gd,03/Al-Gd;03-W composite combinations
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The gamma-ray LAC, HVL, and TVL values of the (100-x)%Al-x%Gd>03 (x=5 to 50) and 100-
(x+y)%AIl-x%Gd203-y%W (x-y=5 to 50) composites are depicted in Figure 3(a-c). As shown in
Figure 3(a), the LAC of a composite increases when its Gd>O3 ratio increases. Among the Al-
Gd, O3 series, 95%Al-5%Gd,03 composite has the lowest gamma ray LAC value (0.154 cm™) and
and the composite with the highest LAC value (0.213 cm™) is 50%AI-50%Gd;0s. In the case of
the 100-(x+y)%Al-x%Gd>03-y%W (x-y=5 to 50) composite, the LAC of a composite in the series
decreases when its Gd;Os ratio increases. The lowest LAC (0.161 cm™) is for the 90%Al-
5%Gd,03-5W composite, while the highest LAC (0.256 cm™) is for the 50%AIl-5%Gd,03-45%W
composite. The LAC values of all Al-Gd203-W composites were calculated to be higher than that
of the 70%AI-30%B4C (0.144 cm™) composite. The LAC value of lead, accepted as a reference in
gamma-ray absorption, was calculated as 0.656 cm™.

As shown in Figure 3(b-c), the highest HVL (3.19 cm) and TVL (10.6 cm) values were calculated
for 50%AI-5%Gd>03-45%W composite. Due to the high LAC value of tungsten, doping tungsten
into the composite increases the gamma-ray shielding capability. In the literature, the HVL of lead
used for gamma-ray shielding is calculated as 1.06 cm and the TVL as 3.51 cm.
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Figure 3. LAC, HVL, and TVL of Al-Gd»03/Al-Gd,0s-W composite combinations
4. Conclusions

In this study, thermal neutron total macroscopic cross-section and gamma-ray LAC, HVL and
TVL values of composites (100-x)%Al-x%Gd203 (where x=5 to 50) and 100-(x+y)%Al-
x%Gd203-y%W (x-y=5 to 50) were calculated using the MCNP6.2 simulation code. This study
investigated changes in the thermal neutron total macroscopic cross-sections and gamma-ray
shielding properties of composites with Al matrix and Gd>Os and W dopants. The results can be
summarized as follows: The highest thermal neutron total macroscopic cross-section was
calculated for the 50%AI-50%Gd>03 composite. Gd is known to have the highest thermal neutron
absorption cross-section. Therefore, doping Gd203 to the Al matrix significantly increases its
thermal neutron total macroscopic cross-section. Similarly, Tungsten, with its high LAC value,
increases the gamma-ray shielding properties of the composite when doped into the Al-Gd>O3
composite. The highest gamma-ray shielding value was calculated for the 50%Al-%5Gd20s-
45%W composite.

The cost of Gd20s is similar to that of B4sC and less than that of pure Gd. Since Gd has a much
higher thermal neutron cross-section than B, adding only 5% Gd.Os to the composite brings the
thermal neutron total macroscopic cross-section closer to the value obtained with 30% B4C doping.
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Therefore, Gd>03 is more cost-effective than B4C. The composite formed with tungsten doping
will be shielded in the secondary gamma-ray produced during the neutron absorption reaction.
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