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Design and analysis of the tunnel connecting the
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Abstract: There is a tunnel connecting the beamcorridor and the target station in the spectrum hall in the

CSNS project. The length of the tunnel is about 20 m. The shielding design of the tunnel is very significant

for the persons working in the spectrum hall because the tunnel is not covered by soil for shielding. In order

to reduce the dose rate at the exit of the cable ducts, we use the ISIS construction, which is designed with

four turnings, as a reference for the tunnel design. The thickness of the shielding is obtained by a simulation
with the Monte Carlo Code FLUKA. The result is compared with the data obtained with Moyer Mode and
the reliability of the simulation is proved. This paper provides the basis for the design of the tunnel.
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1 Introduction

The China Spallation Neutron Source (CSNS) is
an accelerator-based high-power project to be con-
structed in China. The complex is based on an H™
linear accelerator, a rapid cycling proton synchrotron
accelerating the beam to 1.6 GeV, a solid tungsten
target station, and five initial instruments for spalla-
tion neutron applications [1].

There is a tunnel connecting the beamcorridor and
the target station in the spectrum hall in the CSNS
project.
port line. Beam loss will occur when the particles

In the tunnel there exists a beam trans-

are running in the transport line. The lost particles
hit the tube wall, a process that can be treated in
the same way as a beam hitting a target and pro-
ducing lots of neutrons and gamma rays. This tun-
nel is aboveground without soil covering for shield-
ing. Moreover, quite a few cables ought to be spotted
through the tunnel, which means several cable ducts
are needed. In order to avoid the escape of the neu-
trons and gamma rays produced in the tunnel, the
ducts cannot be rectilinear. So the structure of the
ducts is complex and important.

In this paper the following problems are discussed:

1) The design of the structure of the tunnel;

2) The theoretical analysis with a semi-empirical
formula;
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3) The analysis of the FLUKA program [2, 3] re-
sult;

4) The optimization of the shielding design and
the equivalent dose at the thick shield surface.

2 Calculation model

2.1 The structure of the tunnel

The design of the CSNS is based on ISIS, which is
the world’s most successful pulsed spallation neutron
source up to now [4]. The thickness of the compos-
ite shielding of ISIS is 150 cm mild steel clad on the
outer surface with 75 cm ordinary Poland concrete.
However, the particle energy of ISIS is 800 MeV and
the routine beam loss is 1 W/m for 200 days per year,
while the particle energy of CSNS is 1.6 GeV. So, the
parameters of the tunnel should be amended to meet
the standard of CSNS.

The structure of the tunnel is shown in Fig. 1.

As shown in Fig. 1, the pipe (which is parallel to
the z axis) is at the spot =120 cm and y=0 cm. A
simulation shows that the result will not be affected
by the thickness of the pipe if the latter is varied be-
tween 1 cm and 7 cm. So the inside and the outside
diameters of the pipe are chosen as 10 cm and 11 cm,
respectively. The thickness of the steel and the con-
crete are tentatively taken to be the same as at ISIS
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Fig. 1.

and then the optimization of the thickness should be
obtained from the simulation. In addition, there is a
100 cm thick concrete layer serving as underground
shielding.

Several cable ducts ought to exist in the shielding
because lots of cables need to pass through the shield-
ing wall. In order to prevent the many high energetic
particles which are produced in the tunnel from es-
caping along the cable ducts, the latter are designed
as crooked structures instead of rectilinear ones. So
the structure of the passages is complex. Figs. 1 and
2 show the structure.

There are four knees in the structure of the pas-
sages. They go into the steel shielding first and then
turn upwards. After that, the passages become hor-
izontal for a short distance and then turn upwards
again until they reach the concrete shielding. Finally
they go straight out of the wall in this shielding. The
parameters are depicted in Fig. 1.

Fig. 2. The structure of the cable ducts.

2.2 The process of the simulation with the
program FLUKA

The length of the tunnel in the simulation is 20 m,
the thickness of the steel shielding is 150 cm and that
of the concrete shielding is 75 cm. There is a 100 cm

concrete !

The structure of the tunnel.

concrete shielding underground as well. The pipe is
parallel to the z axis at the spot =120 cm and y=0
and the beam goes, as a default, into the positive di-
rection of the z axis. The beam loss is 1 W/m. The
parameters of the cable ducts are shown in Fig. 1.

In the first calculation, we did not use the option
of variance reduction. As a result, the statistics error
was unacceptable and the computing time too long.
Another problem was that the binning division by
the USRBIN command was so big that the chromatic
graph of the dose rate was very coarse. Then the
binning division was made smaller and the option of
variance reduction was adopted. The steel shielding
was divided into 15 layers (10 cm per layer) and the
concrete was divided into 4 layers (10 cm per layer)
[5]. A multiplying weight was set to each layer. Then
the result of the calculation in which 700000 particles
were simulated was obtained after about four days,
reducing the statistics error to a value lower than
10%.

Next the beam loss was considered. The used
model assumed that the beam hit a fixed steel tar-
get in the pipe in order to simulate the beam loss
in the original calculation. However, the actual sit-
uation can be interpreted as a well-distributed loss
instead as a point loss. So the SOURCE command
was used to call a user-written source file. In the file,
there are among the particles sampled to hit the pipe
wall some that propagate even along the pipe and the
angle between the direction of the sampled particles
and the pipe is 10 radians. This angle is so small and
the tunnel is so short that the following situation may
occur: the particles may pass the tunnel already but
still do not hit the pipe wall. There are two methods
to solve the problem. One is to assume that the pipe
is a stuffed steel stick. The result will not be affected
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by this because the Russian Roulette Method is used.
The program will sample the position and the direc-
tion of the particles. The other method is to set an-
other thin pipe inside but adjacent to the original
one. Then the particles will be sampled in the new
pipe. In this way, the particles will hit the original
pipe wall easily in a short distance. In the simulation,
the latter method is adopted.

The elemental compositions and densities of the
materials are shown in Table 1.

2.3 Analytical method

While the particles are running in the beam pipe
line, beam loss occurs. The lost protons hit the pipe.
This can be considered as a process where the beam
hits a target. The main problem of radiation protec-
tion for the heavy ion accelerator is caused by sec-
ondary neutrons, which are produced by the bom-
bardment of the thick target by heavy ions. The sec-
ondary neutrons have the following characteristics:

1) Promptness.
down, secondary neutrons will not be emitted imme-

When the accelerator is shut

diately.
Table 1. The compositions and density of the
materials.
element fraction(%) density/(g/cm3)
air N 75.56
O 23.16 1.225x1073
Ar 1.28
concrete H 1.00
C 0.10
(@) 52.91
Na 1.60
Mg 0.2 2.53
Al 3.39
Si 33.70
Ca 4.40
Fe 1.40
K 1.30
soil C 0.85
N 0.10
O 42.77
Na 0.42
Mg 0.44
Al 6.76
Si 33.80 1.90
K 1.99
Ca 1.91
Ti 0.87
Mn 0.20
Fe 8.14
H 1.75
Fe Fe 100.00 7.874

2) The secondary neutrons are obviously divided
into two components: the high-energy neutrons from
the nuclear cascade process and the low energy neu-
trons from evaporation processes. The high energy
neutrons are strongly peaked in the forward direction
while the low energy neutrons are more isotropic.

3) A significant number of neutrons is emitted
with energies higher than the incident energy per nu-
cleon and a few of them can even reach about twice
this energy.

4) The yields of the secondary neutrons obviously
increase with the projectile energy per nucleon. For
constant incident energy per nucleon, the yields in-
crease with the incident particle atomic mass. On
the other hand, the effect of the atomic mass of the
target is not very important [6].

It is a complicated process to get the dose rate on
the surface of the shielding exactly with the analyt-
ical method. Fortunately, however, a semi-empirical
formula can be used and the accuracy is considered
to be acceptable.

For an incident energy of more than 1 GeV, the
Moyer Model can be used [7]. The analytical formula
is the following,

E

H=H, (i)m-rz-exp(—ﬂﬁ) exp (_§csco) (Sv/s).

Here, 7 is the distance to the source (m), d is the
thickness of the shielding (g/cm?), E, is the energy
of the proton (GeV), Hy(E,) is the equivalent dose at
a point 1 m away from the target without shielding
(Sv-m?/proton), E, 1 GeV, m 0.840.10, 6 is the angle
between the beam direction and the line that connects
the source point and the calculating point (radian),
B 2.3£0.2 radian~!, X is the attenuation length of
the protons in the material, H, (2.84+0.14)x107'3
Sv-m?-proton—!.

The dose rate at each point can be calculated by
the Moyer Model. In order to prove the reliability of
the simulation, a comparison of the analytical results
with the simulated ones is made. This will be elabo-
rated explicitly below.

3 Results and discussion

3.1 The comparison of the results obtained
by the two methods

In order to prove the reliability of the simulation,
the analytical method (Moyer Mode) is used to com-
pare with the results obtained from the simulation
with FLUKA. For =120 cm (in the plain containing
the pipe), a comparison of the two methods (from
y=150 cm to y=375 cm) is made.
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The Moyer Mode mentioned in section 2.3 is suit-
able for the situation of point losses, which is the pro-
cess that the beam hits a target. However, the error
will be unacceptable if the Moyer Mode is used in the
situation where the beam loss is equal along the pipe.
In that case, the Moyer integral should be used. An-
other way is simpler, as follows. Divide the pipe into
many parts that can be considered as many points
and then calculate the effect of the different points to
the aimed spot. The sum of these dose rates is the
analytical result of the spot.

Here, the region from 0 to 7t is divided into 1000
parts. These small angles are put into the Moyer
Mode. Then the sum of these results is considered to
be the result of the analytical method.

The comparison of these results from the two
methods is shown in Table 2. They agree well with
each other.

Table 2. Comparison of the results from the
Moyer Mode and the simulation.
analytical data from

diStaI_lCO to results(A)/ simulation(S)/ the ratio

the pipe/m (uSv/h) (uSv/h) (A/S)
1.578 1.51E6 1.09E6 0.72
1.692 9.87E5 3.80E5 0.39
1.806 6.45E5 1.59E5 0.25
1.920 3.59E5 7.20E4 0.20
2.034 2.02E5 3.43E4 0.17
2.148 1.15E5 1.70E4 0.15
2.262 6.18E4 8.60E3 0.14
2.376 3.35E4 4.45E3 0.13
2.490 1.89E4 2.34E3 0.12
2.604 9.93E3 1.25E3 0.13
2.718 5.19E3 6.73E2 0.13
2.832 2.65E3 3.66E2 0.14
2.946 1.09E3 2.01E2 0.19
3.060 3.27TE2 1.32E2 0.40
3.174 1.02E2 1.01E2 0.99
3.288 4.60E1 7.75E1 1.69
3.402 1.56E1 5.98E1 3.84
3.516 1.12E1 4.62E1 4.13
3.630 7.95E0 3.58E1 4.50
3.744 5.07TE0 2.78E1 5.48
3.858 4.83E0 2.16E1 4.48

3.2 The simulation results

Close attention is paid to the dose rate near the
outer surface. The distribution of the dose rate is
shown in Fig. 3. It is easy to see that the total dose
rate on the plane which contains the pipe out of the
shielding is larger than anywhere else. The dose rate
value is larger than 10 uSv/h, which is much higher
than the limiting design value of CSNS (2.5 uSv/h).

In addition, the dose rate at the exit of the ducts is
also higher than 10 uSv/h.

The shielding effect is shown in Fig. 4. This fig-
ure shows the variation in the dose rate with the
z-coordinates for 630 cm< z <670 cm. The curves
from the top to the bottom correspond to y=150 cm,
300 cm and 375 cm, respectively. The dashed line
corresponds to 2.5 pSv/h.
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Fig. 3. (color online) The total dose rate at y=375 cm.
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Fig. 4. The shielding effects.

In order to observe the attenuation of the total
dose equivalent rate through the ducts, all the infor-
mation is provided in Fig. 5. In this figure, the y-axis
represents the total dose equivalent rate, the unit of
which is mSv/h. The z-axis is along the length of
the ducts. However, the coordinate axis will change
at the spots of the duct-knees. In the first leg of the
ducts, which consist of the first ten data in the figure,
the abscissa means the interval between y=150 cm
and y=270 cm. In the following second leg of the
ducts, including the 11th data to the 51st data, the
abscissa changes into the interval from =370 cm to
=540 cm. So are the left legs. The abscissae are z
(from 370 cm to 230 cm), z (from 480 cm to 620 cm)
and y (from 210 cm to 375 cm) successively. As a re-
sult, it is difficult and unnecessary to denote the co-
ordinate of the abscissa clearly. We just express them
with the data number. This omission will not prevent
us from getting the attenuation effect of the ducts. In
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the figure we can see that the dose equivalent rate will
attenuate almost one order at the spot of the knees.
In each leg, the attenuation trend is easily seen. So
it is safe to say that the dose equivalent rate will at-
tenuate less than the standard of the design value of
2.5 uSv/h as the 5th leg extends, which means that
thickening the concrete shielding layer will help meet
the dose rate criterion.
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Fig. 5. The attenuation of the dose equivalent

rate through the ducts.

3.3 The optimization of the shielding design

As was illustrated above, the concrete shielding is
not enough to meet the standard of the design value,
which is 2.5 uSv/h. So it ought to be thickened un-
til it can fit the bill. Fig. 6 shows us how thick the
concrete shielding should be if the principle that “the
workers and public ought to be irradiated safely, rea-
sonable, feasible, and as light as possible” is taken
into consideration.

In this figure, the dashed line corresponds to
2.5 uSv/h. The curve is the average value for z be-
tween 119.25 cm and 127.95 cm, while z is 120 cm.
The data and the figure show the result: for y <0 the
concrete should be more than 109 cm. For y >0 the
concrete shielding should never be less than 135 cm.
In this situation, the dose rate at the exit of the pas-
sage will also be on average below 2.5 uSv/h. There

may be some spots whose dose rate is slightly higher
than the design value. However, because the exits
of the ducts are 5.7 m far away from the ground,
which is much more than the height of human beings,
the concrete shielding is also safe enough to meet the
request.

10 A
" 7 \

10° / \

i \

dose rate/(mSv/h)

1072 7

1
y-axis the width of the tunnel/em (x10%)

Fig. 6. The optimization of the shielding.

4 Conclusions

According to the comparison between the results
obtained from the FLUKA simulation and the semi-
empirical formula, the reliability of the simulation
with FLUKA, analyzing the radioactive field, is tes-
tified. When designing the tunnel, the option of vari-
ance reduction can easily save computing time and
achieve reliable results. The cable ducts are designed
as a crooked structure with four knees in order to
prevent the particles from being emitting out of the
tunnel along the ducts. Besides the 1.5 m thick steel
shielding, there should be another 75 cm thick con-
crete layer at the top and a 109 cm thick concrete
layer at the side without the cable ducts and a 135 cm
thick concrete shielding at the side with the ducts. In
this situation, the design value of 2.5 uSv/h can be
met effectively and economically.
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