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Abstract:

Ray effects are an inherent problem of the discrete ordinates method. RAY3D, a functional module of

ARES, which is a discrete ordinates code system, employs a semi-analytic first collision source method to mitigate ray
effects. This method decomposes the flux into uncollided and collided components, and then calculates them with an

analytical method and discrete ordinates method respectively. In this article, RAY3D is validated by the Kobayashi

benchmarks and applied to the neutron beamline shielding problem of China Spallation Neutron Source (CSNS)
target station. The numerical results of the Kobayashi benchmarks indicate that the solutions of DONTRAN3D with
RAY3D agree well with the Monte Carlo solutions. The dose rate at the end of the neutron beamline is less than
10.83 uSv/h in the CSNS target station neutron beamline shutter model. RAY3D can effectively mitigate the ray

effects and obtain relatively reasonable results.
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1 Introduction

The discrete ordinates method is the most widely
used deterministic method to obtain numerical solutions
of the linear Boltzmann equation and to evaluate the
dose rates in nuclear devices. However, this method suf-
fers from an inherent problem, which is called the “ray
effect”. The ray effects always cause a large distortion
in the calculation results. The increasing of quadrature
order can mitigate the ray effects, but the increase in
calculation time is unacceptable. Hence, to improve the
accuracy and efficiency of the discrete ordinates code sys-
tem, development of a ray effect elimination module is
of vital importance.

The China Spallation Neutron Source (CSNS) is un-
der construction in Dongguan, China, and it will be the
first Spallation Neutron Source facility in a developing
country. The neutron beamline shutter [1] is a critical
piece of equipment in the CSNS target station. To guar-
antee personnel security, shielding calculation for this
shielding design is crucial. However, when using the
discrete ordinates method to simulate this kind of deep
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penetration problem with a channel of up to 10 m, the
results always show unacceptable error because of the ray
effects. In this paper, we calculate and analyze the prac-
tical neutron beamline shutter problem using the ARES
code system. In the ARES code system [2], RAY3D em-
ploys the first collision source method [3] to mitigate the
ray effects. RAY3D is validated by the Kobayashi bench-
marks [4] and applied to the China Spallation Neutron
Source target station neutron beamline shutter engineer-
ing problem.

Results obtained by the ARES module DON-
TRAN3D with RAY3D, DONTRAN3D and TORT are
presented.

This paper is organized as follows. Section 2 briefly
discusses the ARES code system and states the first col-
lision source theory in detail. Section 3 validates the
accuracy of RAY3D by using Kobayashi benchmarks. In
Section 4, we introduce the CSNS target station neu-
tron beamline shutter model and the main calculation
parameters. Section 5 analyzes the results, and Section
6 concludes this article.
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2 RAY3D code

2.1 Introduction to ARES code system

The ARES code system, developed by the School of
Nuclear Science and Engineering in North China Electric
Power University, is a multi-group Sy particle transport
code system with arbitrary order anisotropic scattering.
It employs the discrete ordinates method to calculate and
analyze the shielding efficiency of nuclear devices. ARES
consists of Pre, DONTRAN, RAY and Post modules.
Pre and Post are used to preprocess and reprocess the
input and output information respectively. As the deter-
ministic solver of ARES, DONTRAN calculates the flux
distribution of models accurately. RAY eliminates the
ray effects by the first collision source method. RAY3D
is the 3-D ray effect elimination module of the ARES
code system. So far, ARES has been verified by author-
itative benchmark problems [5] and it has been applied
to many complicated nuclear facilities.

2.2 RAY3D and the first collision source theory

RAY3D, a three-dimensional ray effect elimination
code, employs the semi-analytic first collision source the-
ory [3] to mitigate the ray effects. The ray effects, result-
ing from the limited number of discrete directions, are
especially serious in systems which have a void region in
a highly absorbing medium [5]. The ray effects always
act on the space oscillation of flux distribution and cause
enormous error in the results.

The first collision source method decomposes the flux
into uncollided and collided components. The uncollided
flux component is calculated analytically by RAY3D,
and the collided flux component is calculated by DON-
TRAN3D.

The multigroup method is used for energy discretiza-
tion in the transport equation:

02-Y9 (r,2)+ X9 (r)? (r, 2) = S (r, 2). (1)

The spherical harmonics expansions are applied to

the scattering source term:
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where the spherical harmonics moments of the angular
flux of group g are defined by
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where P, (cosf) are the associated Legendre polynomi-
als.

The angular variable of the transport equation is dis-
cretized by the discrete ordinates method:
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where (2, presents a given discrete direction. 9(r,{2)
are decomposed into two parts:

7 (Tv Q) = d}(gu) (Ta Q) + 11[}?6) (Tv 9)7 (8)
where () (r,§2)denotes the uncollided angular flux, and
Y{.)(r,£2) denotes the collided flux. Equation (8) can be
decomposed into the following two equations:
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w(gu)(r, {2) can be calculated analytically

Qo € —7(r,rp)

Dy (1 92) =6(2 =025 ) (11)
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where 7, denotes the location of point source, denotes
the location of targeting grid. 7(r,7,) is the optical dis-
tance between r and r,. |r—r,| is the distance between
r and 7.
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The spherical harmonic moments of the uncollided
angular flux become:
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q\W (r,$2), the first collision source, can be resolved using
spherical harmonics.

W Zi 2L (1) 3 Yin (@00

m=—1

(13)
First, RAY3D applies a ray-tracing technique to ob-
tain the numerical values of distances and optical dis-
tances between all point sources and all targeting grids
respectively. Then, we use Eq. (11) to obtain the un-
collided angular flux. Equation (12) is then used to cal-
culate the spherical harmonic moments of the uncollided
flux. The calculation of the first collision source is ac-
complished by Eq. (13). The collided flux is calculated
by the discrete ordinates method. The uncollided angu-

lar flux and collided flux make up the total flux.

3 Kobayashi benchmarks

In 1996, Kobayashi proposed [4] several 3D radiation
transport benchmarks for simple geometries with a void
region at OECD/NEA to examine the accuracy of codes.
The benchmark problems consist of three regions [6]: the
source, the void, and the shield regions, as shown in Fig.

1. Only Problem 2 is presented because the models of
Problem 2 is similar to the CSNS target station neutron
beamline shutter model.

The information of source strength and cross section
[6] are presented in Table 1.

The numerical results of Monte Carlo code MCNP
[7] and TORT3.2 [8] with FNSUNCL3 [9] for the 3D
radiation transport benchmarks have been presented by
Chikara Konno [10]. In Fig. 2, MCNP solutions are plot-
ted as a reference and TORT solutions with FNSUNCL
are plotted for comparison.

TORT and DONTRAN3D are both codes which em-
ploy the discrete ordinates method to solve the transport
equation and obtain neutron or photon flux distribution.
TORT is an authoritative discrete ordinates code devel-
oped by Oak Ridge National Laboratory. FNSUNCL is
a corresponding ray effects elimination code for TORT,
while RAY3D is the corresponding ray effects elimination
code for DONTRAN3D.

Kobayashi’s benchmarks were also calculated by
DONTRAN3D and DONTRAN3D with RAY3D respec-
tively. Fig. 2 plots the ratio of the calculated total neu-
tron fluxes to those of the MCNP solutions.

The results of total neutron fluxes calculated by
DONTRANSD with RAY3D show good agreement with
the MCNP solutions. For the cases with pure absorber,
the maximum ratio is less than 4%. For the half scat-
tering cases, the maximum ratio is less than 13%. This
indicates that ARES is a reliable code system for shield-
ing calculations.

Table 1. Information of source strength and cross section.
region S/(n-em~3.571) Y¢/em ™! case i ¥g/cm™1 case ii Xs/cm~!
1 1 0.1 0 0.05
2 0 1074 0 0.5x1074
3 0 0.1 0 0.05
ylemA
vacuum
100
ylem reg 3
z/cmA °
LV
0 e |
60 3| ¥ ;
= void
reg 2
40| "8
30 reg 3
10
10 reg 1 o
reg 1 — I /10 source o 10 reflective 60 x/cm
source 0 10 30 40 60  x/cm
Fig. 1. Geometry of Problem 2.
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4 CSNS target station neutron beamline
shutter model and calculation param-
eters

The CSNS target station neutron beamline shutter
model [11] is shown in Fig. 3. The height of the model
is up to 10 m and the width of the model is 1.15 m.

The width of the void region is 11 cm and the void
region is cut by stainless steel 316 at the height of 100 cm
to 450 cm when the shutter is closed. Stainless steel 316
ranging from 100 cm to 250 cm contains a void region, as
shown in Fig. 3(c), and the width of this void region is 5
cm. In Fig. 3(b), the width of stainless steel 316 ranges
from 250 cm to 450 cm is 15 cm, and the material of the
rest of the model is low carbon steel. The volume of the
source region is 1 cm?® and it is located at the bottom-left
corner in Fig 3(d). In this CSNS target station neutron
beamline shutter model, boundary surfaces (=0, y=0
and z=0) are treated as reflective boundary conditions.
Other boundary surfaces are treated as void boundary
conditions. Table 2 [11] lists the chemical compositions
of stainless steel 316 and low carbon steel.

The model consists of 237276(39x39x156) rectan-
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There are high-energy neutrons in the

CSNS target station, so a high-energy (up to 150 MeV)
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Fig. 3. The CSNS target station neutron beamline

shutter model.
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multi-group library set named HEST 1.0 [12] with 253
neutron and 48 photon groups is introduced. The li-
brary is developed based on ENDF/B-VI.0 [13] using the
NJOY code [14]. We condense the 253 neutron group
and 48 photon group into a 31 neutron group and 10
photon group respectively. Ps-order expansion in the
Legendre polynomials of the scattering cross-section ma-
trix is introduced, and Sg fully symmetrical quadrature
sets, which approximate the flux angular discretization,
are employed.

Table 2. The material chemical compositions.

material density

stainless steel 316  8.03

chemical components/(wt.%)
iron (65.375%), chromium(17.0%),
nickel(14.5%), manganese (2.0%),
silicon(1.045%), carbon(0.08%)
iron(99.1%), manganese(0.45%),
silicon(0.25%), carbon(0.2%)

low carbon steel 7.04

5 Results and analysis

To illustrate that the ray effects are a common prob-
lem of discrete ordinates codes and that they are unac-
ceptable in the CSNS target station neutron beamline
shutter problem, we present the distribution of dose rate
at the height of 0 to 1000 cm (=0 cm, y=0 cm) using
TORT and DONTRANSD respectively. We then calcu-
late the same model using DONTRAN3D with RAY3D.
The results of dose rate distribution at heights of 0 to
1000 cm (=0, y=0) are shown in Fig. 4.

17 —
10 —0—TORT

" ——DONTRAN3D
107 F —0—RAY3D+DONTRAN3D

1011 i
108 |
105 [

10°

Dose rate/(uSv/h)

1071

1074 [

107 [
]O’IOILLLUJ_LLLUJ_LLLUJ.LLLLUJ_LLULLLLUJ_LLLUJ_LLLLU.LLLLUJ_LLUL
0 100 200 300 400 500 600 700 800 900 1000
distance to source/cm
Fig. 4. The total dose axial distribution using
TORT and DONTRAN.

As shown in Fig. 4, from z=0 c¢cm to z=450 cm, the
results obtained by TORT are nearly the same as the re-
sults calculated by DONTRAN3D. At heights of 450 cm
to 1000 cm, which is a region without the strong shield-
ing action of stainless steel 316, the results of TORT and

DONTRANS3D decline rapidly along the z-axis. The re-
sults of DONTRAN3D appear to be an order of magni-
tude greater than those of TORT at z=1000 cm. The
difference is caused by the different difference scheme.
In DONTRAN3D, DZ (diamond set to zero difference
scheme) is employed, while WD (weighted difference
scheme) is employed in TORT. The unreasonable de-
cline indicates that it is infeasible to solve the CSNS
target station neutron beamline shutter problem just us-
ing discrete ordinates code. In this kind of problem with
a void region and small source region, the ray effects
are especially serious. As can be seen in Fig. 4, the
results of DONTRANS3D with RAY3D are obviously dif-
ferent. At heights of 250 cm to 450 cm, the dose rate
declines rapidly along the z-axis because of the shielding
of stainless steel 316. The most obvious difference be-
tween the results of DONTRAN3D and DONTRAN3D
with RAY3D appears at heights of 450 cm to 1000 cm.
In this void region, the result of DONTRAN3D with
RAY3D decreases much more smoothly along the z-axis.
So, with the ray effect elimination effect of RAY3D, the
results are more reasonable. The dose rate at z=1000
cm is 10.83 pSv/h.

To intuitively show the comparison of results cal-
culated by DONTRAN3D and DONTRAN3D with
RAY3D, the distribution of fluxes in an arbitrary group
is chosen to be presented. Figure 5 provides contour plots
of the scalar flux of energy group 1. To show the distri-
bution of all groups, Fig. 6 provides contour plots of the
total dose rate using DONTRAN3D and DONTRAN3D
with RAY3D.

In Fig. 5 and Fig. 6, darker color signifies larger
flux. In the CSCS target station neutron beamline

)

OO
SOI00UNN0 b

~
(o)
3

TSN

DONTRAN3D RAY3D+DONTRAN3D

Fig. 5. Scalar flux distribution of energy group 1
along the y-z plane at x=0.
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Fig. 6. Total rate dose distribution along the y-z
plane at x=0.

shutter model, even in the void region, the flux distribu-
tion shows rapid decline in all regions. This unreasonable
phenomenon indicates that this kind of deep penetration
problem with a channel of up to 10 m cannot be solved
only by discrete ordinates code because of the strong ray
effects. The distribution is obviously relatively reason-
able after employing the first collision source method to
attenuate the ray effects.

6 Radiation damage calculation

The possible damage induced by radiation in differ-
ent solid materials has been a topic of great interest for
engineering designers. In the CSNS target station, be-
cause of the large number of neutrons with high energy,
radiation damage should be considered. The radiation
damage mainly consists of atom displacement and gas
generation. Displacement per atom (DPA) magnitude is
commonly used to express atom displacements, which in-
duce lattice dislocation and lattice imperfection. There-
fore, atom displacements induce changes of properties in
those materials. DPA can be used to predict the mate-
rial changes induced by radiation. In this paper, only
the radiation damage caused by neutrons is discussed.

The calculation procedure of DPA used in this work
follows the idea implemented by the authors in [15]. DPA
can be calculated by Eq. (14). DPA in a material gets
higher over time.

DPA — < / adpa(E)-gb(E)dE) y
= (iadpa,g(bg) -t (14)

where 04,, denotes the displacements cross section
and t denotes time. In this paper, the DPA per year is
calculated. o4y, can be calculated as follow:

Udpa(E) - Tgigdamagc(E)' (15)

In Eq. (15), 0damage denotes the damage energy cross
section and F4 denotes the displacement energy. [ de-
notes the atom displacement efficiency.

The damage energy cross section of stainless steel 316
and low carbon steel can be obtained from HEST1.0 [12].
The displacement energy of stainless steel 316 is 40 eV
[15]. The displacement energy of low carbon steel is
40 eV, because its major component is iron, and the
damage energy cross section of iron is 40 eV.

The DPA distribution in low carbon steel and stain-
less steel 316 are presented in Fig. 7 and Fig. 8 respec-
tively.

The maximum DPA in low carbon steel region is 1.24
DPA /y, while the maximum DPA in stainless steel 316
region is 3.52E-03 DPA /y.

In the low carbon steel region, the DPA maximum
(1.24 DPA per year) is located near the opening of the
channel neutron beamline entrance. At this local area,
material changes induced by radiation need special atten-
tion, because serious radiation damage may first appear
in this area.

Nevertheless, the DPA in the whole stainless steel 316
region is low enough to be neglected.

y\é/x

DPA/y

1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
1.00E-06
1.00E-07
1.00E-08
1.00E-09
1.00E-10
1.00E-11
1.00E-12
1.00E-13
1.00E-14
1.00E~15
1.00E~-16
1.00E-17

Fig. 7. DPA distribution in low carbon steel.
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/

Fig. 8. DPA distribution in stainless steel 316.

7 Conclusions

RAY3D, which employs the first collision source
method, can effectively mitigate the ray effects, and the
ARES code system can effectively solve the CSNS tar-
get station neutron beamline shutter problem. The dose
rate at the end of the neutron beam line is 10.83 uSv/h.
Thus ARES provides an accurate tool for researchers to
optimize a best engineering design in order to maintain
a safe working environment and to minimize the cost of
shielding materials.

There is still further work to do to make our code
system perform better, like using the angle-integrated
mesh-cell balance equation to modify the first collision
source method [16], and developing a library with a
higher upper limit of energy.

The authors gratefully thank all members of CSNS
Neutronics Group for their valuable work.
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