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Abstract 

Alexeev A., Gorbatkov D., Kosako T. et. al. Optimization of Shielding Design for the Target 

Station of High Power Spallation Neutron Source: IHEP Preprint 98-43. - Protvino, 1998. ­
p. 11, figs. 7, tables 3, refs.: 21. 

The shielding calculation for the high power spallation target on the base of KEK 3 GeV 
proton accelerator is presented. The Monte Carlo MOSKIT and HADRON codes were used to 

calculat particle yields from the W-target. The shielding analysis has been made by using the 

Sn-type ROZ6H code with the group cross section SADCO system. Problems of the best shield 
configuration for this facility are discussed. 

AHHoTa:U:HJI 

AJIeKCeeB A., rOp6aTKoB n., KocaKo T. H np. OnTMH3aD,loJJ{ 3aI.llHTbl nm{ MlfiIIeHHOH CTa:lIIlHH 
Mouuroro HeHTpoHoro HCTO'IID[[(a Ha 6a3e yCKopHTeml: llperrpHHT If<PB3 98-43. - llpOTBHHO, 
1998. - 11 c., 7 pHC., 3 Ta6JI., 6H6JIHorp.: 21. 

B:bIIIOJIHeH paCqeT 6HOJIOrHtleCKOH 3amHTbI HeHTpoHHoro HCTO'IID[[(a OT B3aHMOneHCTBIDI: Bbl­

COKOHHTeHCHBHoro rrpoToHHoro nytlKa C:meprHil: 3 r3B CMKlIIeHbIO. PaCqeT BbIXOna BTOpH'lHbIX 

qaCTHD, rrpH B3aHMOneHCTBHH nytlKa C BOJIbt!>paMoBoH MHllIeHbIO B:bIIIOJIHeH C nOMO:UU>IO nByx 
MOHTe-KapJIOBCKHX rrporpaMM MOSKIT H HADRON. AHaJIH3 OCJIa6JIeHH5{ H3JIyqeHH5{ B 3aI.l.(HTe 

OCHOBaH Ha paCqeTaX no onHoMepHoH rrporpaMMe P036X C HCnOJIb30BaHHeM MHororpymroBoH 

CHCTeMbI KOHCTaHT CanKo. 06CY)KnaroTC5{ BOrrpOCbI OnTHMaJIbHOH KOHt!>mypamm: 3aI.l.(HTbl nm{ 

TaKOrO THIIa HCTO'lHHKa H3JIyqeHH5{. 

@ State Research Center of Russia 
Institute for High Energy Physics, 1998 



Introduction 

Interest in radiation problems of high energy spallation neutron sources based on 1 MW 
proton beam power has grown, because there are several generations of the spallation 
neutron source projects: KEK [1],[2], ESS [3], ANL [4], BNL [5), LANL [6), ORNL [7), 
[8], PSI [9]. In case of high intensity particle beam, a careful analysis of shielding problems 
is needed. This paper presents the results of the shielding calculational investigation and 
the method of a shielding optimised for the 3 GeV proton target station in the neutron 
arena of JHP (Japan Hadron Project). 

1. Computational methods 

1.1. Codes for a target and shielding simulation 

The two Monte Carlo codes (HADRON and MOSKIT) were used for the target simula­
tion. The one-dimensional discrete ordinate ROZ6H code was used to transport simulation 
in shielding with some configuration. The group cross section SADCO system was used 
for the calculation by MOSKIT and ROZ6H codes. 

The Monte Carlo high energy transport HADRON code [10,11,12,13,14] is based on the 
cascade-exciton model (CEXM) of nuclear interactions. This model is the development 
of the cascade-evaporation model of nuclear reactions and is in a better agreement with 
experiments for secondary particle spectra, especially in the energy region below 100 MeV. 
In the inelastic interactions of hadrons with nuclei particles (n, p, 11"0, 11"±) are generated 
in the program at the cascade stage of interaction, while n,p, d, t,3 He, a and residual 
nuclei - at the de-excitation stage (which includes a preequilibrium decay as well as an 
equilibrium one). . 

The Monte-Carlo fast three-dimensional MOSKIT code [15,16] for the calculation of 
particles (n, p, 11", f) transport was developed in IHEP. The simulation of particles tra­
jectory in discrete phase volume space X, E, Z, F, I (I is the type of a particle) is the 
particularity of code, which determines its rapidly and universality. An energy region and 
particle type are determined by the constant's library. The transition matrix for hadrons 
is prepared on the base of the constant group file, which is produced by the SADCO 
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program complex used as a computational module. So, the code MOSKIT is assigned for 
the calculation functional of radiation fields. 

The one-dimensional discrete ordinates transport ROZ6H code [15,17] is used for the 
attenuation calculation of neutrons, charged particles and secondary photons in a shield. 
The ROZ6H code is developed for the solution of multigroup kinetic equation of (n, p, 7f'" 

) particle transport in the one-dimensional geometry by the disrete ordinates method for 
different sources, involving problems with fission and cascade processes. 

The SADCO system [18] provides the transport calculation for neutrons (thermal <En< 
10 TeV), protons, pions, kaons (20 MeV <E< 10 TeV), photons (0.01 <E< 20 MeV). The 
66 neutron (49 below 20 MeV and 17 above 20 MeV) groups, 15 photon groups, 17 charged 
particle (protons and pions) groups are used in the calculations. 

1.2. Calculation geometry 

The shielding configurations of the target station are presented in Fig.1a,b,c. The first 
one is a common configuration which is used for high power spallation neutron sources 
[2] [3] based on proton accelerators. It consists of one layer of iron and one layer of 
concrete (Fig.1a). The radius of the target zone is 1 m. We don't take into account the 
equipment placed in the target zone. The thick layer of iron (the thickness of iron is equal 
to 4 up to 5 m for other spallation projects) is surrouded with concrete. The use of the 
iron shield allows one to decrease the size of the shield in comparison with the concrete 
one. On the other hand, our previous estimates has shown that the sandwich type of 
a shield is more suitable from the size and dose rate criteria. The second configuration 
(sandwich type) consists of two layers of iron and two layers of concrete (Fig.1b). A special 
investigation of an additional shield for neutron channels is needed. Fig.1c. presents the 
shield configuration for the beam neutron hole calculation. The radius of neutron beam 
hole is equal to 5.64 em. The neutron channels are placed at some angels to proton beam 
direction. An additional cylindrical shields are placed around beam holes in the concrete 
shield. The purpose of this additional shield is to decrease the stream of nonscattered 
radiation from the target near the outlet of the neutron hole. 

1.3. Input data for the shield design 

Neutron is emitted by the cylindrical W-target bombarded with 3 GeV proton beam. 
An average beam intensity is 400 rnA (1.2 MW). It corresponds to 2.5 1015 protons/so 
The target size is 10 em in diameter and 52 em in length. The centre of the target is 
located in the centre of the target zone. The beam intensity shape used for the calculation 
is taken as gauss ( I = exp-r~ /(2 . <T~), where r is a radius from the target center ; (1' = 
R/3j R is the target radius). The size of the proton beam is equal to the target diameter. 
The composition and density of the shielding material are presented in Table 1. 

The neutron flux-to-ambient dose equivalent (H*(10)) conversion factor specified by 
ICRP-51 was used for the neutron energy region below 20 MeV and by [14] for neutrons 
with energy above 20 MeV. 
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Table 1. Composition of concrete. Density of concrete and iron is equal to 2.3 and 
7.8 gram.cm- 3 

, correspondingly. 

Atom _. Weight (%) 
H 1.01 
C 0.10 
0 53.57 

Na 1.62 
Mg 0.21 
Al 3.43 
Si 34.06 
K 1.31 
Ca 4.39 
Fe 1.40 

oncrete 

concrete, 1 m depth 

Ep=3GeV 

W-largel; 
L=52trn, 
<1=10 em 

copcrete 
I 

Fig. 1.	 Common geometry for the shield of the target station with ROZ6H code (a); sandwich 
shield geometry (b)j calculation geometry of MOSKIT calculation for the additional 
shield of neutron beam hole (c). 
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1.4. Some remarks on the shield calculation 

The point isotropic source was used for the one-dimensional ROZ6H code calculation. 
It was placed in the centre of the target zone. The spectra and yields of secondary parti­
cles (protons, neutrons, pions) of the point source were obtained with the 3-dimensional 
MOSKIT code calculation for the .target. The spectrum and yield of particles were ob­
tained for different polar angels in the proton beam direction by the MOSKIT calculation 
and at the 1 m distance from the target centre. 

2. Result and discussion 

2.1. Target simulation 

The total yields of secondary particles which were calculated by the HADRON and 
MOSKIT codes are presented in Table 2. The main component are neutrons with the 
energy below 18 MeV. The difference between HADRON and MOSKIT calculation is not 
so great. Fig.2 presents a comparison between HADRON and MOSKIT codes calculation 
for the :flux of secondary neutrons, protons, pions emitted from the W-target at different 
polar angels. The result of :flux is presented for the 1 m distance from the target centre. 
The use of comparison between two codes can allow one to estimate systematical errors of 
the calculation. There is good agreement between HADRON and MOSKIT calculations 
for neutrons above 20 MeV and for pions. In the case of protons the MOSKIT result is 
higher than the HADRON one. 

W.tafJIet, Ep"'3GeV 

..- _... - . _.........
N~ 1.E-05 

_..... '-. -_ ... -. 
..... b- -.	 

.. -. 
'E 
.2. -..L-n>20 M~MO!?IjlT 
II. 

/":-n<20 MeV, MO-~T - - - .i- " _. _ 
• • •• protons, MOSKIT 

- - pions+, MOSKIT 
o n>10 MeV, 
• proton, HADRON 
t:J. pions, HADRON
 

1.E-08
 
o	 45 90 135 180 

Polar angel (degree) 

Fig. 2.	 Dependence of secondary particles flux 
from W-target from polar angel to pro­
ton beam direction; the lines are the 
MOSKIT code calculation, the sym­
bols are the ADRON code one. 
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Table 2. Total yields of secondary parti ­
cles (particles/proton). 

Type HADRON MOSKIT 
neutrons 

En >10 MeV 10.71±0.05 -
En >18 MeV - 8.2±0.3 
En<18MeV - 60.0±1.2 

protons 3.9 3.0 
pions 2.1 1.1 



Figs.3a,b,c present the secondary neutron spectra which were calculated by the 
HADRON and MOSKIT codes at 45, 90, 1350 of the polar angels. There is agreement 
between both codes in an energy region below 300 MeV. In the case of neutrons with an 
energy above 300 MeV, there is the difference between two codes. It is explained by an 
analytical approximation of double differential cross sections, which is used in the SADCO 
system and by the use of a more suitable kinematical model in the HADRON code for 
this part of secondary neutron spectra. On the other hand, the contribution of neutrons 
with an energy above 300 MeV is neglected, so this source of a systematical error for the 
estimation of neutron dose equivalent rate behind the shield is neglected as well. 

W-target; Ep=3 GeV; 

1.E-QS 

Ii: 
:> 
III 

~ 
E 
u 
::::' 

~ 
at 

1.E·OS 

-45 HADRON 

l.E-12 ~-~~'-'-~--'-~~~-,--,=,-_~-->..l 1.E-11 

W-target, Ep=3 GeV, 
45 degree, 

MOSKIT and HADRON codes 

a) 

-45 MOSKIT 

90 degree; 
MOSKIT and HADRON codes 

b) 

--90 MOSKIT 
- • - 90 HADRON 

t.E+OO t.E+03 1.E+00 1.E+03 

Neutron energy (MeV) Neutron energy (MeV) 

1.E-03 

-
::0::

1.E-06
 

...:E

E 
u--- 1.E-09 

c 
U. 

1.E-12 

1.E+OO 1.E+03 

Neutron energy (MeV) 

Fig. 3. Neutron spectra at the different polar angels at 1m to the W-target centre. 
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2.2. Shielding simulation 

1000000 .,---------------, Fig.4 presents the dose equivalent rate of 

4m Fe+ 1m C 

1000 
- - hadrons 
• - - neutrons 
--photons 

:x: ...... _ _- - .. .. 
1 

. '- ............. - .. -- .....
 - ... ­
0.001 

o 45 90 135 

hadrons (protons and neutrons with an en­
ergy above 20 MeV), neutrons with an en­
ergy below 20 MeV and photons inside (on 
the surface of the concrete shield) the com­
mon iron-concrete shield configuration (4 m 
Fe + 1 m concrete) at different polar angles. 
The maximum of neutron and photon dose 
is between 90 and 135 o. The maximum of 
hadrons dose is in the proton beam direction 
near 00 of the polar angle. 

The dose equivalent rate of different ra­
180 diation components is presented in Table 2.Polar angel (degree) 

The calculational results are presented for 
Fig. 4. Dose equivalent rate of hadrons, neu­ different types of the shield configurations: 

trons and photons inside of the iron­ two layers (iron + concrete) and the sand­
concrete shield. wich type (iron + concrete + iron +con­

crete). The depth of iron and concrete was 
varied to obtain more suitable configuration based on the criterion of size and attenuation. 
The relative dependence of dose equivalent rate on a polar angle is the same for different 
shield configurations, so the dose equivalent rate for polar angle 90° (maximum of dose 
rate) is shown in Table 3. In the case of iron-concrete shield the photons are the main 
component of total dose equivalent rate. In the case of sandwich configuration a relative 
contribution of neutrons and photons varies with iron and concrete thickness combination. 
If the thickness of the first iron layer is higher than 0.2 m, then neutron dose equivalent 
rate is higher than photon one. Neutron and photon dose equivalent rate decreases with 
the thickness of the first iron layer. On the other hand, the decreasing of iron thickness 
lead to the increase of hadron dose equivalent rate. Fig.S shows the effect of sandwich 
configuration on the decreasing of neutron and photon dose equivalent. Dependencies of 
neutron flux with energy below and above 20 MeV, charge particles flux (protons and 
pions), thermal neutron and photon flux from shield depth are presented for two shield 
configurations: 4 m iron + 1 m concrete and 2.5m iron + 0.3 m concrete + 0.7 m iron + 1 
m concrete. In the first case such high contribution of photons is explained by captured 
photons in the iron (which is not enough attenuation with 1 m concrete) and photons 
from capturing thermal and intermedium neutron in the concrete which stream through 
iron without attenuation. In the other case the first concrete layer attenuate thermal and 
intermediate neutrons which reach the first iron layer; the second iron layer decreases 
captured photons which are generated in the first concrete layer. In the first case the 
decreasing total thickness of iron increases hadron dose equivalent rate by a factor of 3, 
but photon dose rate decreases by a factor ofabout 104 and the total dose equivalent rate 
decreases by 103

. 
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Table 3. Dose equivalent rate ofhadrons, neutrons, photons inside the shields with the different 
configuration. 

Shield configuration hadrons 
(JLSV/h) 

neutrons 
(JLSv/h) 

photons 
(JLSV/h) 

total 
(JLSv/h) 

1) 4m Fe +1 m C 
2) 4.5mFe+lmC 
3) 2.5 m Fe +2m C 
4) 2.5mFe+0.lmC+0.9mFe+lmC 
5) 3mFe+0.2mC+0.8mFe+lmC 
6) 2.5mFe+0.3mC+0.7mFe+lmC 

0.0261 
0.00059 

12.7 
0.49 
0.04 
1.03 

2.73 
0.731 

7.1 
0.47 
2.2 
0.6 

1893 
510 
165 
138 
1.1 

0.22 

1896 
511 
185 
139 
3.34 
1.85 

b) 

\ 

\ 

~~ \ .. . 
..\ ...... 

, . 
'\ ' .. . , 
\' ,, 

protons+neutroDS, h20 , 
--neutrons, E<:20 MeV , 

- - - photons 

Fig. 5.	 Particle flux at the different distance from the target centre for the common (a) and 
sandwich (b) shield configuration. 

In case of using the criteria: a minimum shield size, a minimum shield weight, a 
minimum dose equivalent rate, then this shield configuration is a compromise for the 
shielding design. 

In case of the common shield the photon dose equivalent rate is higher than the 
restricted dose rate level (3 JLSv /h). With of the sandwich shield configuration the photon 
dose equivalent rate is not so high, and total dose equivalent rate is less than the restricted 
level for configuration 6 (2.5 m Fe + 0.3 m C +0.7 m Fe +1 m C). The size for the common 
shield configuration was obtained by engineering calculation based on the attenuation 
length method that estimated only neutron dose equivalent rate only. This estimation [2] 
agrees with the present data, for the example, the estimations of neutron dose equivalent 

l.E+13 

4m Fe +1mC 

I.E+09 

-. 
No!!! 
E 
~ l.E+05
 
><
 
:J 
~ 

. _ .. - charged par'tic
 
l.E+OI
 --neutron abov~~O 

-Cast neutrons " 
- . - . thermal neutrons \ 
- - - photons '- ­ .....
 

I.E-03
 

o 200 400 600 

Radius (em) 

80( 

1.E+11 

1.E+08 

¥ 
(I) 

::1.

X 1.E+05 

1.E+02 

1.E-01 
o 200 400 600 

Radius (m) 
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are 2.9 for [2] and 2.8JLSv/h for the present calculation. But, on the other hand, there 
is the engineering method based on attenuation length [19] to estimate the dose rate of 
secondary photons in the case of iron-concrete or iron-water-shield. 

2.3. Beam hole simulation 

The additional source of radiation behind the shield are neutron channels. The addi­
tional shield is needed to decrease primary radiation around the beam hole. 

The calculation of dose equivalent rate around the beam hole was carried out with 
the MOSKIT code for the iron+concrete shield (4.5 Fe+lm C). Fig.6a,b,c presents the 
dose equivalent rate around the beam hole inside the shield for different additional shield 
materials (concrete, iron, polyethylene). The additional shield is the cylinder 30 cm in 
diameter and 1 m long. At first sight iron is a more suitable material to stop nonscattered 
radiation from the beam hole. But the result shows that the contribution of nonscattered 
component of radiation is not significant at the distance from the beam hole centre above 
10 cm. Such behaviour does not depend on the material of the additional shield. In 
the case of iron the nonscattered component is stopped, but the scattered component is 
much higher than for polyethylene and concrete. It has been explained that iron is well 
penetrable for neutron with energy below 20 MeV. So, iron as material of the additional 
shield has no advantages over concrete. The calculation was carried out for the distances 
up to 40 cm of the distance from the hole centre, because the Monte Carlo calculation 
takes a long run-time of a computer. 

In this case the engineering method may be used, which allows one to estimate that 
2 m concrete shield around the beam line reduces the dose equivalent rate to the restricted 
level. 

1.E+04 

a) 

27" polar angle 

- - iron 
-polyth 
······eonerete	 

I.E+02 

1.E+02 

l.E-OI 

1 10 
1.E+OO 

1 10 100
 

Distance from the center of the beam hole (em)
 
DutaDce from the center of the beam hole (em) 

Fig. 6.	 Dose equivalent rate around the beam hole with different material of the additional 
shield at the polar angel of 45° (a) and 90° (b). 

b) 

". 

90 • polar angle 

... .. concrete 

-iron 

- - polyth 
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2.4. Systematical errors of the calculation 

There are some sources of systemaical errors for the calculation of dose equivalent 
rate: 

A. Estimation of secondary particles yields from the target. 
The calculational neutron yield with the energy above 10 MeV obtained with both codes 
agrees within ± 30 percent. Fig.7 presents the neutron dose equivalent rate of a high 
energy part of neutron spectra from the target to dose equivalent rate behind the iron 
spherical shield with 4 m thickness at 90° of polar angle: 

J
3GeV 

H(En) = Ip j(R2 ) F(E)h(E). e-d />. (E)dE, (1)
En 

where F(En) is the neutron flux at 1 m 1.E+OO 

from the isotropic source; d is the shield 
thickness (4m); R is the distance from point _ 
source to the point (5 m); A(En) is the neu­ ~ 1.E-G1 
tron dose equivalent attenuation length for 
iron [20]; h(En) is the flux-to-dose equiv­

~ 
'1 

alent conversion factor; Ip is· the proton 
current. The value of H(En) was calcu­

~ 

-:l 
1.e-G2 

lated with MOSKIT and HADRON data of -HADRON ......... 

F(En). The difference between MOSKIT 
and HADRON data for H(En>10 MeV) is 
less than 50 %. In the case of energy re­

1.e-G3 

o 200100 

"..... MOSKIT 

300 

............... 

400 

gion above 100 MeV the difference between En (MeV) 

two codes is very high. On the other hand, F' 7 The neutron dose equivalent rate for
the difference in high energy region for the Ig.. 

neutron with energy above En. Neu­
secondary neutron spectra do not reach a tron spectra from the target was cal­
high systematical error of dose rate behind culated with MOSKIT and HADRON 
the iron shield because the contribution of codes. Shielding thickness is 4m Fe. 
this part to the total dose equivalent rate is 
less than ±30 % So, the neutron dose equivalent rate calculation with MOSKIZT code 
of neutron spectra from the target is the verestimation with the errors less than 50 %. 
The difference in the secondary proton yield does not result in a significant error of dose 
rate because the contribution of protons to a total secondary particle flux: is less than 10 
percent. 

B. Calculation geometry. . 
The isotropic source was used in one-dimensional shield calculation. Because the angular 
distribution of a secondary particle is not isotropical, the value of dose equivalent rate 
behind the shield may be overestimated in the case of the strong direction of dose rate 
(900 of polar angle). Because the shield size was chosen due to the maximum of dose 
equivalent rate l so our estimation of shield is the overestimation. The estimation of a 
potential error can be obtained by a comparison of the attenuation length calculation for 

'" 

90 0 
, 4m Fe

", 

_<-~-----------, 
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two geometries: planar ( normal-incident parallel beam) and spherical ( isotropic source). 
The results [20] of comparison of different shield codes show that in the first case the 
attenuation length is higher by 5-8 %. 

c. Attenuation of radiation. 
The comparison of some shielding codes [20] show that the attenuation length of iron 
obtained with the codes may differ by 100%. The calculational result depends on the 
used cross sectional library. The evaluation of neutron attenuation length for iron will 
be the topic of a separate investigation. But, on the other hand, our estimation of 
neutron attenuation length (300-320 gjcm2 

), which was obtained by this calculation, is 
a conservative estimate for a shielding design. 

Conclusion 

The calculation analysis of the shield for the 3 GeV proton high power spallation source 
was performed. The comparison of two different codes (HADRON and MOSKIT) shows 
that there is the agreement between the calculatal result of secondary particle spectra and 
yields from the W-target. The calculation of dose equivalent rate inside the shield shows 
that in the case of iron-concrete shield photons are the main component. The sandwich 
(iron-concrete-iron-concrete) shield is preferable for such shield facility, this configuration 
allows one to decrease the level of dose equivalent rate with the use of the same size of 
a shield. This phenomenon ( high photon level of dose rate ) is not usually taken into 
account for a shielding design based on the simple attenuation length calculation, on the 
other hand, this calculation result is needed for an experimental verification. 

The authors are grateful to T.Sakaya, L.A.Lebedev, S.G.Mikheenko for help in our 
work. 
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A.AJIeKCeeB, H.rop6aTKoB, T.KocaKo H ,lI;p.
 

OnTMH3a.IJ;HH 3aIIUfTLI ,lI;JIH MmIIeHHOH CTaHIIHH MOllOlorO HeHTpOHOrO HCTOlIlDIKa Ha
 

6a3e yCKopHTeJIH.
 

OplITIDIaJI-MaKeT nO,ll;rOTOBJIeH C nOMOIUbIO CHCTeMLI li\TEX.
 
Pe,ll;aKTOp E.HTopIDIa. TexltH"leCKHH pe.naKTOp H.B.OpJIOBa.
 

llO,ll;nHCaHO K ne"tJaTH 16.06.98. <l>opMaT 60 X 84/8. OepceTHaH ne"tJaTI>. 
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