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Abstract

The aim of the current research was to study tliatian shielding properties of polyurethane-basédelding

materials filled with BC, BeO, WQ, ZnO, and GgD; particles against fast neutrons. The macroscapisscsections
of composites containing micro- and nanoparticléb & diameter of 10 um and 50 nm were calculagdguMCNPX

(2.6.0) Monte Carlo code. The results showed tliatirgy nano-scaled fillers to polyurethane matrixréases
attenuation properties of neutron shields comptredicro-scaled fillers for intermediate and fastittons. Among the

studied composites, Wi@and GdO; nano-composites presented higher neutron crotisseompared to others.

Key words: nanopatrticles; shielding; fast neutrons; Montel@method.

Introduction

The application of ionizing radiation in industrpcamedicine
has increased due to their potential benefits fiemint aspects
of human life. However, the hazardous effects aofizimg
radiation had been the main disadvantage for themlical and
industrial utilizations. In accordance with the d®pment of
new techniques using ionizing radiation, the inigegtons on
novel shielding materials such as concretes andbfee low
weight materials havieeen conducted in recent years [1-5].

In recent years, the advent of nanoparticles asmaterials
in radiation shielding resulted in significant pregs in
fabrication of nano-based shields for photons ardtrons
[1,2,6-8]. The majority of the investigations indied that the
nanoparticles improved attenuation coefficiente@posites.
Also, it was shown that photon and neutron energy,
nanoparticle concentration and size of nanopasticleere
effective parameters in the efficiency of nanoptetbased
shielding materials [9-11]. Several studies wereestigated
the effect of nano-materials on shielding propsroé glasses
[12,13]. Some of them also examined the attenuadftect of
nanomaterials in concretes and bricks as shieldised in
radiation therapy facilities [7,10]. And finallyseral reports in
the literature can be found concerning the shigldiffect of
flexible nano- and microparticles-based sheets used
diagnostic radiology [6,8,14].

There is a wide range of materials that were ingattd as
nano- and microparticles fillers in the fabricatiafi new
shielding materials for photon and neutron beani$. [th the
current study, several nano- and microparticleludiog B,C,
BeO, WQ, Zn0O, and GgD; as potential candidates to make
more efficient neutron attenuators were investigidtye Monte
Carlo method. The purpose was to provide comparativ
information on their neutron attenuating propertireshe same
simulation geometry and neutron energy.

Methods and Materials

Monte Carlo ssimulations

In the current study, we used MCNPX (2.6.0) MC cdade
simulation of neutron shields and calculation ofcroacopic
cross section of fast neutrons with designed simglchaterials
[15]. The simulation geometry consisted of a swefaocurce of
neutron with a radius of 3 mm, two cylinders mafieead with
radius of 20 cm and length of 10 cm. A hole witlliua of
5mm and length of 5 cm was designed in each ostirtd
provide location for the neutron source. The schama
representation of geometry is shownHigurel. These two
cylinders made of lead were used as absorbers aifesed
neutrons as well as collimators to provide the @ooms for
narrow beam geometry for attenuation measuremertis.
polyurethane-based composite with thickness of Sadith of
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10 cm and length of 10 cm was located between oesiource
and detector cell. The dimensions were derived from
experimental setup but were configured for MC satiohs.
The importance of collimators for neutrons wasteed.05 to
reduce the running time for MC simulations. Also,reduce
MC run-time the importance of photon was considezetb
and by this way no photon was generated by interaabf
neutrons with other materials. No other variancduegion
method was used in all the simulations. The digdretween
neutron source and detector cell was 50 cm. Thectiet cell
was modeled as small cylindrical cell with radidisbonm and
length of 5 cm. Thus, to score neutrons enterirgydatector
cell, the F4 tally was used for scoring the flux refutrons
entering the detector cell. This tally calculates particle flux
in terms of particles per ¢nper initial source particle. The
statistical errors of MC results were less than dfoaverage
for all simulations. For MC simulations, the numloéprimary
neutrons differed for different samples and apprately 10-

10®° neutrons were simulated using a personal desktop

computer.
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Figure 1. Schematic representation of the designed geometry in
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The shielding material was a polyurethane matriat thvas
filled with different absorbing materials and varso
concentrations. The polyurethane matrix was sele@e its
easiness of fabrication and better mechanical dmdntal
properties. For MC simulation of composites, a podyhane
matrix with elemental composition of,£13¢N,O,o and density
of 0.96 g/cm was used. The filler materials including Boron
carbide, *°B,C (density = 2.52 g/cH beryllium oxide, BeO
(density of 3.02 g/c), Tungsten trioxide, WQ(7.16 g/cni),
zinc oxide, ZnO (5.61 g/cr®) and Gadoliniumoxide Gd,O;
(7.41 g/cm) were studied. Moreover, several concentrations of
the above-mentioned materials including weight eetage
(wt%) of 4.8, 9, 23, 37.5 were simulated. Accorditagour
experimental work the fabrication of samples withximum
concentration of 30 wt% of filler was feasible. Hower, the
selection of studied concentrations was influenmgdbtaining
enough data and limitations existed in definitidnddferent
nano-sized materials in lattice card of MCNPX coflenono-
energetic parallel neutron beam with energies df 0.3, 0.5,
1, 3, and 5 MeV was used for calculations. Theedsit for
energy selection were to analyze the shielding gnttgs of our
composites against the neutrons which were produoed
medical linear accelerators in photon mode.

For a simulation of micro- and nanoparticles in INRX
code, the Lattice and Universe cards were utilizétie
shielding material was divided into small cells twitariable
dimensions in terms of um and nm for micro and paricle
simulations. The size of these cells varied basethe studied
concentrations of filler materials. Then each cedls filled
with a sphere with diameter of 10 um and 50 nrmfaro and
nanoparticle simulations respectively. The geometvgs
shown inFigure 2. For instance to provide 9% concentration
of B,C with a diameter of 50 nm in a polyurethane mattie
dimension of cubic lattice cells was 0.002913 crd antotal
number of nanoparticles in a shield with dimensiér8x4x4
cm reached 1.945x10The neutron transmission for shielding
materials with thickness of 3 cm was calculatechgisMC
method. The selection of sample thickness was basedn
approximate thickness of a shielding material tbet cover
the head of medical linear accelerator. The maogisccross
sections of samples were obtained based on caddulat
transmission in two cases of with and without tamgle using
the following formula:

[=Ie ™ Eq. 1
where } denotes the number of counted neutrons without the
presence of absorber, | represents the number ofted
neutrons that pass through a thickness (x) of a&ldihp
material without undergoing any type of scatterargcapture
interaction. Also,X denotes the macroscopic cross section
(cm™) which is defined as the probability of neutrotenaction
occurring per unit length of neutron travel throudhe
shielding material. The mass macroscopic crossoseof the
sample can be calculated by dividing macroscomsesection

by the mass density of a composite and is expraasedms of
cnf/g (seeTables 1-6).
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Tablel. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of B,C at different energies

(Mev).
>ip .
Energy Sip 2 Diff
(MeV) Samples (cm?g) Micro (?\lr;{g) %
4.8 wt% BC 95.2 wt% PU 0.598 0.672 3.04
0.1 9 wt% B,C 91 wt% PU 0.582 0.615 5.80
’ 23wt% BC 77 wt% PU 0.5296 0.616 16.31
37.5wt% BC 62.5 wt% PU 0.486 0.615 26.68
4.8 wt% BC 95.2 wt% PU 0.417 0.434 4.19
0.3 9 wt% B,C 91 wt% PU 0.410 0.433 5.50
’ 23wt% BC 77 wt% PU 0.387 0.433 11.92
37.5wt% BC 62.5 wt% PU 0.365 0.434 18.63
4.8 wt% BC 95.2 wt% PU 0.354 0.368 3.97
0.5 9 wt% B,C 91 wt% PU 0.350 0.368 5.07
’ 23wt% BC 77 wt% PU 0.332 0.369 10.87
37.5wt% BC 62.5 wt% PU 0.317 0.368 16.27
4.8 wt% BC 95.2 wt% PU 0.166 0.172 3.47
1 9 wt% B,C 91 wt% PU 0.164 0.172 5.04
23 wt% BC 77 wt% PU 0.156 0.172 10.64
37.5wt% BC 62.5 wt% PU 0.150 0.172 14.57
4.8 wt% BC 95.2 wt% PU 0.131 0.134 2.58
3 9 wt% B,C 91 wt% PU 0.131 0.137 4.72
23 wt% BC 77 wt% PU 0.127 0.135 5.71
37.5wt% BC 62.5 wt% PU 0.126 0.135 6.93
4.8 wt% BC 95.2 wt% PU 0.102 0.105 2.73
5 9 wt% B,C 91 wt% PU 0.101 0.105 4.14
23 wt% BC 77 wt% PU 0.098 0.105 6.58
37.5wt% BC 62.5 wt% PU 0.097 0.105 7.69

Table 2. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of BeO at different energies

(MeV).
Ip .

Energy Sip 22 Diff

(MeV) Samples (cm?g) Micro (?\lr;{g) %
4.8 wt% BeO 95.2 wt% PU 0.593 0.628 5.88

0.1 9 wt% BeO 91 wt% PU 0.577 0.627 8.78

’ 23 wt% BeO 77 wt% PU 0.518 0.626 21
37.5 wt% BeO 62.5 wt% PU 0.466 0.626 34.5

4.8 wt% BeO 95.2 wt% PU 0.411 0.434 5.64

0.3 9 wt% BeO 91 wt% PU 0.402 0.432 7.61
’ 23 wt% BeO 77 wt% PU 0.370 0.433 17.11
37.5 wt% BeO 62.5 wt% PU 0.336 0.433 28.63

4.8 wt% BeO 95.2 wt% PU 0.350 0.368 5.01

0.5 9 wt% BeO 91 wt% PU 0.344 0.367 6.74

’ 23 wt% BeO 77 wt% PU 0.322 0.369 145
37.5 wt% BeO 62.5 wt% PU 0.300 0.367 22.86

4.8 wt% BeO 95.2 wt% PU 0.327 0.339 3.69

1 9 wt% BeO 91 wt% PU 0.324 0.338 4.25
23 wt% BeO 77 wt% PU 0.308 0.339 10.05
37.5 wt% BeO 62.5 wt% PU 0.287 0.340 18.39

4.8 wt% BeO 95.2 wt% PU 0.130 0.135 3.59

3 9 wt% BeO 91 wt% PU 0.129 0.135 4.47
23 wt% BeO 77 wt% PU 0.126 0.135 7.04
37.5 wt% BeO 62.5 wt% PU 0.116 0.134 15.87

4.8 wt% BeO 95.2 wt% PU 0.101 0.106 4.33

5 9 wt% BeO 91 wt% PU 0.100 0.105 53
23 wt% BeO 77 wt% PU 0.095 0.105 9.92
37.5 wt% BeO 62.5 wt% PU 0.092 0.105 13.63
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Table 3. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of Fe;0, at different energies

(MeV).
>ip .
Energy Sip 2 Diff
(MeV) Samples (cm?g) Micro (?\lr;{g) %
4.8 wt% FgO, 95.2 wt% PU 0.585 0.627 7.20
0.1 9 wt% FeO, 91 wt% PU 0.560 0.697 11.95
’ 23 wt% FgO, 77 wt% PU 0.496 0.663 33.7
37.5wt% FeO, 62.5 wt% PU 0.425 0.626 47.43
4.8 wt% FgO, 95.2 wt% PU 0.408 0.435 6.74
0.3 9 wt% FeO, 91 wt% PU 0.392 0.433 10.44
’ 23 wt% FgO, 77 wt% PU 0.347 0.434 25.12
37.5wt% FeO, 62.5 wt% PU 0.301 0.435 44.76
4.8 wt% FgO, 95.2 wt% PU 0.346 0.370 6.87
0.5 9 wt% FeO, 91 wt% PU 0.332 0.3685 10.96
’ 23 wt% FgO, 77 wt% PU 0.293 0.370 26.09
37.5wt% FeO, 62.5 wt% PU 0.2517 0.3614 43.58
4.8 wt% FgO, 95.2 wt% PU 0.321 0.340 5.95
1 9 wt% FeO, 91 wt% PU 0.311 0.344 10.59
23 wt% FgO, 77 wt% PU 0.287 0.341 18.58
37.5wt% FeO, 62.5 wt% PU 0.262 0.339 29.26
4.8 wt% FgO, 95.2 wt% PU 0.127 0.135 6.28
3 9 wt% FeO, 91 wt% PU 0.123 0.135 12.34
23 wt% FgO, 77 wt% PU 0.112 0.135 20.58
37.5wt% FeO, 62.5 wt% PU 0.100 0.130 29.8
4.8 wt% FgO, 95.2 wt% PU 0.099 0.105 5.93
5 9 wt% FeO, 91 wt% PU 0.097 0.105 8.17
23 wt% FgO, 77 wit% PU 0.089 0.105 18.14
37.5wt% FeO, 62.5wt% PU 0.082 0.105 28.65

Table4. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of WOs3 at different energies

(MeV).
/p .
Energy Sip 22 Diff
(MeV) Samples (em?/g) Micro (cm/g) %
Nano

4.8 wt% WQ 95.2 wt% PU 0.586 0.622 6.14
0.1 9 wt% WG, 91 wt% PU 0.566 0.626 10.75
: 23 wt% WQ 77 wt% PU 0.493 0.626 27.08
37.5wt% WQ 62.5 wt% PU 0.418 0.625 49.51

4.8 wt% WQ  95.2 wt% PU 0.403 0.434 7.7
0.3 9 wt% WO 91 wt% PU 0.389 0.434 11.46

: 23 wt% WQ 77 wt% PU 0.304 0.434 27.7
37.5wt% WQ 62.5 wt% PU 0.288 0.429 49.06

4.8 wt% WQ 95.2 wt% PU 0.346 0.370 6.78
0.5 9 wt% WO 91 wt% PU 0.334 0.369 10.47

: 23 wt% WQ 77 wt% PU 0.291 0.369 26.8
37.5wt% WQ 62.5 wt% PU 0.246 0.365 48.15

4.8 wt% WQ 95.2 wt% PU 0.320 0.336 5.15

1 9 wt% WO 91 wt% PU 0.31 0.330 6.74
23 wt% WQ 77 wt% PU 0.281 0.340 21.03
37.5wt% WQ 62.5 wt% PU 0.248 0.338 36.45

4.8 wt% WQ 95.2 wt% PU 0.127 0.133 5.02

3 9 wt% WO 91 wt% PU 0.12 0.135 9.57
23 wt% WQ 77 wt% PU 0.109 0.135 23.26
37.5wt% WQ 62.5 wt% PU 0.096 0.134 40.02

4.8 wt% WQ 95.2 wt% PU 0.099 0.104 5.24

5 9 wt% WO 91 wt% PU 0.096 0.105 9.66
23 wt% WQ 77 wt% PU 0.085 0.105 22.46
37.5wt% WQ 62.5 wt% PU 0.075 0.105 39.97
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Table 5. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of ZnO at different energies
(MeV).

>ip .
Energy Sip 2 Diff
(MeV) Samples (cm?g) Micro (?\lr;{g) %

4.8 wt% ZnO 95.2 wt% PU 0.587 0.627 6.91
0.1 9 wt% ZnO 91 wt% PU 0.566 0.627 10.75
’ 23 wt% ZnO 77 wt% PU 0.490 0.626 27.78
37.5wt% ZnO 62.5 wt% PU 0.435 0.626 44.09

4.8 wt% ZnO 95.2 wt% PU 0.406 0.435 7.03
0.3 9 wt% ZnO 91 wt% PU 0.391 0.434 10.98
’ 23 wt% ZnO 77 wt% PU 0.339 0.434 27.97
37.5wt% ZnO 62.5 wt% PU 0.302 0.432 43.14

4.8 wt% ZnO 95.2 wt% PU 0.347 0.370 6.56
0.5 9 wt% ZnO 91 wt% PU 0.334 0.369 10.37
’ 23 wt% ZnO 77 wt% PU 0.29 0.370 27.75
37.5wt% ZnO 62.5 wt% PU 0.257 0.367 42.81

4.8 wt% ZnO 95.2 wt% PU 0.320 0.340 6.18

1 9 wt% ZnO 91 wt% PU 0.308 0.339 9.8
23 wt% ZnO 77 wt% PU 0.267 0.355 32.56
37.5wt% ZnO 62.5 wt% PU 0.237 0.338 42.34

4.8 wt% ZnO 95.2 wt% PU 0.127 0.134 6.13

3 9 wt% ZnO 91 wt% PU 0.123 0.135 9.9
23 wt% ZnO 77 wt% PU 0.106 0.134 26.9
37.5wt% ZnO 62.5 wt% PU 0.095 0.135 42.31

4.8 wt% ZnO 95.2 wt% PU 0.099 0.105 5.84

5 9 wt% ZnO 91 wt% PU 0.097 0.105 8.95
23 wt% ZnO 77 wt% PU 0.083 0.105 25.5
37.5wt% ZnO 62.5 wt% PU 0.075 0.105 40.42

Table 6. The comparison of neutron mass effective macroscopic cross section for micro- and nano-samples of Gd,O; at different energies
(MeV).

>ip .

Energy Sip 2 Diff

(MeV) Samples (cm?g) Micro (?\lr;{g) %
4.8 wt% GdO; 95.2 wt% PU 0.589 0.6247 6.06
0.1 9 wt% GdO; 91 wt% PU 0.565 0.6267 10.92
’ 23 wt% GdO; 77 wt% PU 0.498 0.6259 25.68
37.5 wt% GdO; 62.5 wt% PU 0.424 0.6258 47.59

4.8 wt% GdO; 95.2 wt% PU 0.4086 0.4345 6.33
0.3 9 wt% GdO; 91 wt% PU 0.3939 0.4348 10.35
’ 23 wt% GdO; 77 wt% PU 0.3458 0.4341 25.53
37.5 wt% GdO; 62.5 wt% PU 0.2946 0.4352 47.72

4.8 wt% GdO; 95.2 wt% PU 0.3482 0.3697 6.17
0.5 9 wt% GdO; 91 wt% PU 0.3346 0.3688 10.22
’ 23 wt% GdO; 77 wt% PU 0.2954 0.3699 25.22
37.5 wt% GdO; 62.5 wt% PU 0.2514 0.3692 46.85

4.8 wt% GdO; 95.2 wt% PU 0.3214 0.3393 5.56

1 9 wt% GdO; 91 wt% PU 0.3089 0.3392 9.8
23 wt% GdO; 77 wt% PU 0.2772 0.3433 23.84
37.5 wt% GdO; 62.5 wt% PU 0.2423 0.3383 39.62

4.8 wt% GdO; 95.2 wt% PU 0.1278 0.135 5.63
3 9 wt% GdO; 91 wt% PU 0.1221 0.1347 10.31
23 wt% GdO; 77 wt% PU 0.11 0.1351 22.81
37.5 wt% GdO; 62.5 wt% PU 0.098 0.1347 37.44

4.8 wt% GdO; 95.2 wt% PU 0.0996 0.105 5.42

5 9 wt% GdO; 91 wt% PU 0.0963 0.1056 9.65
23 wt% GdO; 77 wt% PU 0.0861 0.1053 22.29
37.5 wt% GdO; 62.5 wt% PU 0.0774 0.1051 35.78
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Figure 3. The comparison of mass effective macroscopic cross section (cm?g) of micro- and nano samples of neutron shielding containing
23.1wt% of fillersin terms of photon energy (MeV).
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Figure 4. The assessment of attenuation increase from Micro to Nano state of samples containing 23.1 wt% of fillersin terms of neutron
energy (MeV) (A). B4,C (B). BeO (C). Fes0,4 (D). WO;3 (E). ZnO (F). Gd,0a.

Results and Discussion For 0.1 MeV neutrons, the highest mass macroscopiss
section was seen for all studied composites. Maeder 0.1
MeV neutrons and concentration of 37.5 wt% of fdlethe
values of mass macroscopic cross section werd &m0a626
cnt/g for all nano-composites, while for micro-comgesi it
differed as 0.486 (f), 0.466 (BeO), 0.425 (g@,), 0.4185
(WO5), 0.4185 (Zn0O), 0.424 (GO;) cnf/g The differences
between nano and micro composites for all samplesew
between 25% and 49%. It was seen at the ener@yld¥leV
and concentration of 37.5 wt% of fillers for allngles. It can
be seen that the difference between nano and naidicles

The comparison of neutron mass macroscopic cras®sdor
micro and nano-based shields at different energéa® been
shown inTables1-6. For all composites, mass macroscopic
cross sections were reduced with an increase itnareanergy.
Nano-composites showed a higher attenuation efédative to
micro-composites depending on the filler concemtrat In
other words, for higher filler's concentration, th&enuation
caused by a nano-filler was remarkably higher titsmicro-
filler counterpart.
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was dependent on neutron energy, concentration of
nanoparticles and filler type. (A)
In Figure 3, the mass effective macroscopic cross section

%

(cm®/g) was depicted for all studied samples. As carsémn, g 1

the shielding property of nanoparticle loaded saspivas ] Y N
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=
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nano-scaled sample to micro-scaled samples arersfmvsix
studied shielding materials. As it was clearly shotiat the
magnitude of this increase was reduced by incrgasie Sample type
neutron energy from 0.1 to 5 MeV. However, the slap this
reduction was milder for WQand FgO, loaded samples
compared to the other studied samples.

In Figure5 the percentage of increase in attenuation from (B)

£
&

study were similar to the finding of Adeli et al dhermal
neutrons and shielding properties ofBepoxy composite [9].
They showed that thermal neutron absorption wasptetely
dependent on the size of the boron compound fidled Sample type
addition of WQ increased theahermal neutron attenuation.
However, it should be reminded here that in cohttagheir
experiments, we used fast neutrons and also theonaind
nano-materials including WO3 and B4C/epoxy werdwatad
separately as shielding sheets. Our results wersistent with (©)
the findings of Mesbahi et al who reported a higitéenuation
for nano-filler compared to micro-sized fillers. &hexamined
the shielding effect of doping ordinary concretalwiPbQ,
Fe0;, WO; and HB micro- and nanoparticle against fast
neutrons [7].The concrete doped with nanoparticles showed
about 7% higher attenuation relative to micropsesic

The superiority of nanoparticles to microparticieamainly
attributed to the higher surface to volume ratior fo
nanoparticles compared to microparticles which éase the
probability of interactions between neutrons andoparticles.
Also, more homogenous composites can be made from
nanoparticles compared to micro-fillers. This pheeaon is Sample type
identical for both photons and neutrons and itheen reported
in the previous studies [9-11,14,16-21]. Howevesghiould be
reminded here that most of the studies have beeducted on Figure5. The assessment of attenuation increase from Micro to
photon beams and a few reports have examined thone Nano state of samples containing 37.5 wt% of fillers at the energy
beam attenuation by nanoparticles. Thus, there werenany of (A)03(B) 1.0(C) S.OMeV.
comparable results to be discussed here.
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wt of filler. Generally, this factor increases wititreasing the &

density of fillers. For neutron energy of 0.3 MeW.O; and 2 ° 407

Gd,0; and ZnO nanoparticles have higher increase cordpare g § - 30

to others. For other energies 1 and 5 MeV, the renity of E & §

WO; remains and small variations are seen betwee®Gihd £ 2 201 \

. ] E N\ §

ZnO nanoparticles. 2 10- Q \

Considering the size effect of fillers, the resuf the current % 5 & §\\
& &

501

micro-nano
(%)

Attenuation increase from

b

O
&
&
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Conclusion Acknowledgements

In the current study, a comparative study was pevéa on
several materials with a high attenuation effect fast

neutrons. It was found that nanoparticles of )\Dd GdO; support.
and ZnO can be used as high neutron attenuatingriaatin

fabrication of new shields for fast neutrons inaage of 0.1-

5 MeV. Performing experimental studies based onfitiding

of the current study is recommended. Moreover, new
investigations can be conducted on the fabricattbnnew

composites made of a mixture of these nanomaterials
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