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a b s t r a c t

The Multi-Physics (MP) instrument is one of 20 neutron spectrometers planned in the China Spallation
Neutron Source (CSNS). This paper presents a shielding calculation for the MP instrument using Monte
Carlo codes MCNPX and FLUKA. First, the neutrons that escape from the CSNS decoupled water
moderator and are delivered to the beam line of the MP instrument are calculated to use as the source
term of the shielding calculation. Then, to validate the calculation method based on multiple variance
reduction techniques, a cross check between MCNPX and FLUKA codes is performed by comparing the
calculation results of the dose rate distribution on a simplified beam line model. Finally, a complete
geometry model of the MP instrument is set up, and the primary parameters for the shielding design are
obtained according to the calculated dose rate map considering different worst-case scenarios.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The China Spallation Neutron Source (CSNS) is a pulsed spall-
ation neutron source being built in Dongguan, Guangdong, China.
Here, 1.6-GeV-energy proton beams are extracted from the accel-
erator system with a 25-Hz repetition rate and strike a tungsten
target to produce spallation neutrons, which are slowed down to
scientifically interesting energies by various moderators. The CSNS
aims to reach the beam power of 500 kW and have 20 neutron
scattering instruments in total to provide a world-leading platform
for studies in fields such as materials science, the life sciences, and
new energy [1]. One of them is the Multi-Physics (MP) instrument,
which will use neutrons of 0.1e3 Å to study disordered materials
and liquids on a continuous length scale from the atomic scale to
tens of nanometers. The basic components of the MP instrument
include the T0 chopper, bandwidth choppers, scattering room,
collimator, detectors and beam stop. The sample position is 30 m
away from the decoupled water (DW) moderator (see Fig. 1).

The design and construction process of the MP instrument is
complex with many physics and engineering aspects. Thus, the
Monte Carlo (MC) simulation method is often applied to form a
feasible scheme. In particular, for a nuclear facility with large
titute of High Energy Physics,

by Elsevier Korea LLC. This is an
composite materials and complicated geometry structure, MC
simulation is the most accurate method for shielding design [2e5].
In this paper, the most common MC codes MCNPX 2.5.0 [6] and
FLUKA2011.2x [7,8] are used to perform the shielding calculation
for the MP instrument and evaluate the radiation dose rate and
shielding requirement. The main work introduced in the following
sections includes the geometry models, neutron source term and
methodologies for the calculations; a benchmark calculation to
check the conformity betweenMCNPX and FLUKA in simulating the
radiation transport; calculation of the dose rate distribution
throughout the MP geometry model with the beam line, scattering
room and beam stop.

2. Calculation model and method

The MP instrument will be located in beam line 16 (BL 16) of the
CSNS instrument hall (Fig. 2) considering the key parameters of the
physical design, such as the wavelength range and intensity of
neutrons. Beam line 16 faces a normal view of the decoupled water
moderator at the temperature of approximately 293 K, and it can
supply neutrons of 0.1e3 Åwith the flux of approximately 1.5� 108

n/cm2/s at the sample position. These parameters are obtained
using the MCNPX neutronics calculation based on a realistic ge-
ometry model of the CSNS target-moderator-reflector (TMR) as-
sembly (see Fig. 3) [1]. As the first step of the MP instrument
shielding calculation, this TMR model is used to generate an in-
termediate neutron source terms. Because the shielding design
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Fig. 1. Schematic of the CSNS MP instrument.

Fig. 2. Layout of the MP instrument in the CSNS instrument Hall.
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always requires repeated calculations to optimize, it is notably
inefficient to always begin the simulation from the proton injection.
Then, the problem becomes calculating the radiation dose rate in
bulk shielding materials of the instrument produced from the
neutron source term and its secondary particles.

In this type of deep-penetration problem, variance reduction
techniques will play an important role to address the strong par-
ticle attenuation and make the calculation results statistically sig-
nificant. Hence, based on the main characteristic of the source term
and geometric structure, sophisticated variance reduction tech-
niques are tailored for the MP instrument shielding calculation. (1)
The source particles are sent along the beam delivering path with
equal probabilities using a source angle biasing method. (2) A
source energy biasing method is also used to increase the sampling
probability of the fast and high-energy neutrons. These neutrons
with strong penetrability will contribute the most to the dose rate.
(3) Geometry importance is assigned according to the attenuation
trend in the radial direction of the beam line, so that splitting and
Russian roulette can be played to ensure good statistical properties
Fig. 3. Geometry model of the CSNS TMR assem
of each geometry region.
A benchmark test should be made to validate the shielding

calculation method and provide confidence in the calculation re-
sults. However, it is notably difficult to set up an experimental
condition for intense neutron facilities. An alternative method is to
conduct a cross check calculation using different simulation codes.
Fig. 4 shows the same simplified beam line model built by MCNPX
and FLUKA. The aforementioned variance techniques are imple-
mented into both codes, and the dose rate calculation results are
compared.

Then, shielding calculations are performed using a complete
geometry model of the MP instrument. As Fig. 5 shows, the beam
line duct, chopper caves, scattering room and beam stop are
described in the model, the X coordinates represent the distance
from the beam centreline, the Z coordinates are the beam line
lengths from the moderator, and the model is symmetrical in XeY
Plane. The main shielding materials are steel and concrete; the
former effectively slows down the high-energy neutrons via in-
elastic scattering, whereas the latter, which contains light ele-
ments, can shield the middle- and low-energy neutrons. Several
possible worst-case scenarios are considered in the calculations,
such as T0 chopper open or closed and sample placed or not placed
in scattering room. The mesh size for the dose rate calculation is
5 cm � 3 cm � 10 cm, corresponding to Z, X, and Y direction
respectively. All calculation results are normalized to 500 kW
proton beam power, and the dose limit is set to 1.0 mSv/h.
3. Calculation results

3.1. Source terms

BL15, BL16, and BL17 face the DW moderator, laid 910, 1010 and
1110 respectively from the direction of the incident proton beam. To
generate high-energy neutron source terms, a surface tally of
10 � 10 cm2 is set at 100 cm distance from the DW moderator
(Fig. 3(b)), and the neutrons that leak into the openings of the beam
lines are tallied. Neutrons with larger emission angles will be sent
directly into the areas of TMR shielding, and will not contribute to
the solution of the beam line shielding calculation. So, only neu-
trons within the cones of 0e1� and 1e2� with regard to the nominal
beam line direction are considered as source term for the beam line
shielding calculation. The source term with 2� divergence is suffi-
cient to illuminate the beam line duct. It is seen from Fig. 6 shows
that the energy spectra of the neutron source terms for these three
backward beam lines facing DWmoderator are similar. For B16, the
bly: vertical (a) and horizontal views (b).



Fig. 4. Z-X section view of the geometry model for the benchmark calculation: MCNPX (a) and FLUKA (b).

Fig. 5. Geometry model for the shielding calculation of the MP instrument.

Fig. 6. Energy spectra of the neutron source terms used for the shielding calculation of
BL15, BL16 and BL17.
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highest energy tallied with acceptable statistics is up to about
100 MeV, and the total intensity of two angular groups is
3.25 � 1012 neutrons/cm2/sr/s.

3.2. Benchmark

MCNPX and FLUKA are two well-known general-purpose MC
codes that can simulate the transport and interaction of electro-
magnetic and hadronic particles over a wide energy range. For the
energy range in this calculation, the main differences between the
two codes are as follows: (1) FLUKA treats the hadron-nucleus
nuclear interactions using the PEANUT model [9], whereas
MCNPX uses Bertini intranuclear cascade model coupled with the
RAL evaporation-fission model [10] as default. (2) In the FLUKA
simulation, the neutron transport below 20 MeV is handled by the
ENEA group-wise cross-section library [11]. MCNPX uses the point-
wise cross section data library, which is sourced from ENDF-B/VI for
energies below 150 MeV. (3) The flux-to-dose conversion factor in
FLUKA are based on the ICRP74 values [12] and the calculated
values of M. Pelliccioni et al. [13], whereas the factors in MCNPX are
from ICRP74 and ANSI/ANS-6.1.1 [14]. (4) The variance reduction
techniques of our calculation can be implemented by only the input
cards in MCNPX. In the case of the FLUKA calculation, the input
cards and user routines are used in combination.

Fig. 7 compares the results of the dose rate distribution. Both
calculations run 108 primary particles using 10 nodes in parallel
mode, and differences are observed in terms of computation time
and convergence speed. However, this difference is not noticeable
because the calculated dose rate contour lines are relatively
smooth, which implies that acceptable statistics are obtained by
both codes. In addition, to draw the boundaries of the shield in
different locations (along the 1.0-mSv/h contour line), the deviations
are within 10 cm. Thus, the two codes have notably consistent
calculation results.

3.3. Beam line shielding

The MP instrument placed a T0 chopper at 650 cm beam line
length to block the high-energy neutrons that may produce the
background and activation problems in the sample area. The dose
rate map for the closed T0 chopper is shown in Fig. 8(a). The high-
energy neutrons scattered by the rotor of the T0 chopper make the
dose rate increase in the surrounding area. The outer boundary of
the shield, which is required to limit the dose rate to below 1.0 mSv/



Fig. 7. Comparison of the dose rate distribution calculated by MCNPX (a) and FLUKA (b).

Fig. 8. Dose rate map for the cases of the T0 chopper being closed (a) and open (b).

Fig. 9. Shielding requirements along the beam line length.
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h, is drawn. It is 240 cm from the beam centreline for the beam line
length of 600e900 cm; then, the dose rate sharply decreases from
there. When the T0 chopper is open, the dose rate in the down-
stream beam line is maximized by the un-chopped neutron beam,
as shown in Fig. 8(b). A comparison of the 1.0-mSv/h contour line
Table 1
Shielding parameters of the MP beam line.

Distance from the
moderator

Shielding configuration Outer boundary with
respect to the beam
centreline

Low carbon
steel

Regular
concrete

600 cme900 cm 35 cm 200 cm 240 cm
900 cme1300 cm 35 cm 150 cm 190 cm
1300 cme1500 cm 25 cm 160 cm 190 cm
1500 cme2500 cm 25 cm 100 cm 130 cm
2500 cme2900 cm 0 cm 125 cm 130 cm



Fig. 10. Dose rate map of the scattering room and beam stop: with manganese sample (a); with water sample (b); without sample (c).



Fig. 11. Neutrons scattered back from the internal wall of the scattering room.

Fig. 12. Comparison of incoming and outgoing neutrons scored at the opening of the
void cavity of the beam stop.
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along the bean line length (Fig. 9) shows that the shielding
requirement for 600e900 cm beam line length should be
Fig. 13. Neutron flux distribution at the end of the scattering room (Z ¼ 3500 cm).
determined in the closed-chopper case, whereas the shielding
requirement for the beam line length beyond 900 cm should be
determined in the open-chopper case. Table 1 shows the detailed
parameters.
3.4. Scattering room and beam stop

The scattering room shielding will often be challenged by hav-
ing a sample in the neutron beam. Awater sample is the worst case
in terms of neutron scattering, and thick plates of manganese, iron
or nickel can generatemuch higher-energy gamma rays. The design
basis selected is 1-cm-thick water and manganese samples in the
full neutron beam with an opened chopper. The calculation results
of the dose rate distribution in Fig. 10 show that the shielding
requirement of the scattering room is higher in the manganese
sample case, and a 60-cm-thick regular concrete is required to
achieve the dose rate limitation (Fig. 10(a)). For the water sample
and without-sample cases, the requirements are 50 cm (Fig. 10(b))
and 40 cm (Fig.10(c)), respectively. The neutrons scattered from the
surrounding shield back to the scattering room may cause back-
grounds to the detectors, and these neutrons are scored by a one-
way estimator (tally) set at their boundary. As shown in Fig. 11,
with a 5-mm-thick boron carbide layer lined on the internal wall of
the scattering room, the backgrounds are reduced by approxi-
mately 4 orders of magnitude in the wavelength range of 0.1e3 Å.

The main roles of the beam stop are absorbing the beam energy
at the end of the beam line and suppressing the background in the
scattering room. A 100-cm-long void cavity is inserted deep into
the back wall of the scattering room. The inner surface of the cavity
is also lined with 5-mm-thick boron carbide. With this structure,
the back-scattering neutrons are significantly reduced, as shown in
Fig. 12. The cross-sectional area of the opening is 10 cm � 10 cm,
which is tailored to accommodate the beam spot size (Fig. 13). The
steel layer that wraps around the cavity is to slow down high-
energy neutrons; it is 50 cm thick along the direction of the inci-
dent beam and 10 cm thick in the radial direction. From the dose
rate distribution of different cases (Fig. 10), the external regular
concrete to attenuate the full neutron beam is determined: the
outer boundary is 115 cm from the beam centreline and extends
180 cm in the beam direction. The shielding parameters for the
scattering room and beam stop are summarized in Table 2.



Table 2
Shielding parameters of the scattering room and beam stop.

Distance from the moderator Components Thickness of regular concrete shield Outer boundary with respect to the beam centreline

2900 cme3000 cm front wall of the scattering room 155 cm 160 cm
3000 cme3500 cm scattering room 60 cm 160 cm
3500 cme3550 cm back wall of the scattering room 155 cm 160 cm
3550 cme3730 cm beam stop 90 cm 105 cm
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4. Summary

The shielding calculations are performed for the MP instrument
of CSNS using the MC method, which includes source term gener-
ation, variance reduction technique implementation, bench-
marking and dose rate evaluation. By comparing the calculation
results of possible worst cases, the maximum requirement of the
shielding design is proposed for different locations of the instru-
ment. The calculationmethod established in this paper has also laid
the foundation for further design optimization to satisfy the re-
quirements of space limitation, background suppressing, etc.
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