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Abstract

The study of proton therapy equipment has earned more
and more attention in recent years in China. A supercon-
ducting cyclotron based proton therapy facility is being
developed for/at Huazhong University of Science and
Technology (HUST). The proton beam is extracted by
means of electrostatic deflectors followed by a series of
magnetic channels. This paper introduces the design of an
electrostatic deflector, including the structure optimiza-
tion and the material selections. In order to minimize the
risk of destruction caused by the proton beam loss, fluid-
solid-heat coupling analysis for the deflector has been
conducted by applying computational fluid dynamics
(CFD) on ANSYS 16.0 software. The maximum tempera-
tures of the septum in various cases of cooling water
speed, septum thickness and material have been investi-
gated respectively. The result based on thermal analysis
will give us a valuable reference to choose a suitable
configuration for the deflector.

INTRODUCTION

Proton therapy is becoming one of the dominant meth-
ods for cancer treatment since proton beam provides a
superior dose distribution in several anatomic sites [1].
Much endeavour has been made to grow key technologies
of proton therapy in China in recent years. In this context,
a superconducting cyclotron based proton therapy facility
is being developed at Huazhong University of Science
and Technology. The extracting proton beam energy is
designed to be 250MeV and the beam current is above
800nA. The proton beam is exacted by precessional exac-
tion method that is accomplished by bump coils, electro-
static deflectors (ESD) and passive magnetic channels
(MC). A schematic view of our extraction system is
shown in Figure 1.

In a cyclotron, the turn separation is inversely propor-
tional to the radius [2]. The beam might stack up in the
extraction radius owing to the extremely small turn sepa-
ration. It is exceedingly difficult for ESD to peels off the
last turn without affecting the inner turns and with much
less beam loss. Therefore, the septum thickness must be
small enough regularly ranging from 0.1-1mm. The de-
posited beam energy is a risk of destruction for ESD and
its performance directly influences the beam parameters.

Based on above, this paper mainly presents the discus-
sion about the structure design and fluid-solid-heat cou-
pling analysis for the electrostatic deflector and dedicates
to providing valuable reference to its configuration.
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Figure 1: Layout of HUST SCC250 extraction system.

DESIGN AND CONSIDERATIONS

The beam loss rate at the first deflector is assumed to
be 60%, which means the deposited energy on the septum
is 120W. As the electrode is charged with -60KV high
voltage, we also care about the sparking phenomenon in
the vacuum chamber. Thus in order to reduce the impact
brought by the thermal effect and sparking phenomenon,
we focused on the structure optimization and material
selections of the deflector. Figure 2 presents the main
structure of our designed deflector.
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Figure 2: Main structure of the designed deflector.

Several aspects are taken into consideration as follow-
ing:

(1) The cooling water pipes are placed in the trenches
to make the forced convection heat exchange more effec-
tive.

(2) A V-notch is designed in the leading edge of the
septum in order to expand the thermal region where the
beam deposits the energy.
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(3) It has been found that all the materials constituent
the electrostatic deflector give significant contributions to
the mechanism of breakdown [3]. The material selections
of some parts have been tabulated in Table 1

Table 1: Material Selections of Some Parts

Part Material
Electrode Hard-anodized aluminium
Liner/Housing OFHC
Septum Tungsten
Insulator AIN ceramic
THERMAL MODEL

The fluid-solid-heat coupling analysis of the deflector
is conducted by CFX module in the FEA software AN-
SYS 16.0. Most of the beam losses occur at the entrance
edge of the deflector thus the heat mainly gathers in the
leading region [4]. To simply the calculation, we choose
1/4 length part of the overall deflector to be the basic
thermal model. The thermal model shown in figure 3.

Figure 3: Thermal model of the deflector in CFX.

Conditions of Calculations

The distribution of the power intensity Q on the septum
can be nearly regarded as Gaussian distribution and sur-
face heat source. The following relation expresses the
Gaussian distribution in one dimension

x2

Q(x) = Qoexp(—5— M

Qo is constant. The value of o depends on the beam
size, for this thermal model in the calculation, ¢ = 3mm
calculated by beam dynamics. Actually when the deflec-
tor is operating, the phase space of the beam and the posi-
tion of the deflector vary from time to time, so the distri-
bution region of beam loss is irregular. This condition is
dealt with in an extreme way--all the deposited power is
imposed on the lateral sides of the V-notch distributing
along the edge at a length of 12mm.

The total thermal power P is calculated as follows:

p:fQ*SdS =§n:Q(i)5(i)
T e
=ZQ(L')*AI(L’)*5

i
Where i=0,1...11, Al(i)=1mm, § is the thickness of the
septum. For this simulation, 6=3mm, P=120W.
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Figure 4 presents the discrete input heat flux derived

from Gaussian distribution.
60 . .

R Heat flux(CFX input)
50

40

0 R e

Heat flux[x 106W/m?]

2 4 6 8 10 12
Length[mm]

Figure 4: Input heat flux on the lateral surface of the sep-
tum.

For the boundary condition at the inlet, uniform tem-
perature is 20° C and uniform water flow speed is
0.2m/s. At the outlet, the OPa average static pressure is
applied. The wall condition is set to be no slip, adiabatic.
The cooling water in four water pipes all flows to the
same direction. The k-epsilon turbulent model is chosen
in this analysis. When the turbulence kinetic energy and
heat transfer falls below 10™*, the calculation is consid-
ered to be convergent.

RESULTS AND DISCUSSION

Figure 5 shows the temperature field of the model, in
the case that the thickness of tungsten septum is 0.3mm,
the cooling water flow speed at inlet is 0.2m/s and the
beam loss power is 120W. The maximum temperature of
the septum reaches up to around 1324K, which appears in
the central zone of the input heat flux--the V-notch corner
edge.

We can also get the contour graph of structural defor-
mation distribution [5] from the following figure 6, The
expansion of the material produced a bulging that is about
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Figure 6: Structural deformation of the overall deflector
model.
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Cooling Water Flow Speed

Increasing the water flow speed can enforce the thermal
exchange rate. However, the fluid resistance in the pipe is
proportion to the square of the flow speed. As the re-
sistance increases, the state of the water flowing may
change. Figure 7 indicates the maximum temperatures on
the septum at various water flow speeds.

Figure 7 tells that the maximum temperature decreases
with the water flow speed rises from 0.2m/s to 6m/s, but
the rate of temperature decrease falls consequently. It’s
suggested that the water flow speed should be set at about
0.5-1m/s taking into account the power consumption of
water pumps/
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Figure 7: Maximum temperature on the septum at differ-
ent water flow speeds.

Thickness of the Septum

Thinner septum produces less beam loss when the gap
between septum and electrode is fixed. Meanwhile the
thickness influences the heat transfer on the septum. The
influence that the thickness of the septum exerts to ther-
mal diffusion is sophisticated. The maximum temperature
and the maximum displacement of the septum as a func-
tion of thickness, in the case of the input heat flux in fig-
ure 4, are shown in figure 8.

As figure 8 shows, the maximum displacement almost
increases linearly with the septum thickness and it is
closely related to the input power at various thickness.
The maximum temperature at 0.35mm thickness is higher
than the 0.40mm thickness is that perhaps thermal diffu-
sion increases more than the input thermal power does.
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Figure 8: Calculated maximum temperature and dis-
placement as a function of thickness.
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Material of the Septum

The septum is expected to have relatively high melting
point and heat transfer coefficient. Table 2 gives a sum-
mary of some simulating results obtained with several
common septum materials. The thickness is 0.3mm and
heat power is up to 120W.

Table 2: A List of Simulating Results for Four Materials

Melting Thermal Maximum Maximum
Material point conductivitytemperaturedeformation

(K)  (W/(mk)) (K) (mm)
304
Stainless ~1713 12.1 4786.2 0.1832
steel
Ta 3290 57.5 3583.3 0.1076
Mo 2890 138 1572.1 0.0322
\\ 3695 173 1323.8 0.0268

Perhaps stainless steel is the most unsuitable one
among the simulating materials, since it should have been
melted at 4786.2K for its 1713K melting point. W seems
to be the best material for the septum for its comparative-
ly low temperature and tiny displacement.

CONCLUSION

This paper presents the structure design for the deflec-
tor with cooling water pipes. A thermal model is used to
estimate the performance of the deflector based on fluid-
solid-thermal analysis. The simulating results indicate that
the maximum temperature is less than 1400K and the
deformation is not serious for a W septum with a thick-
ness of 0.3mm. It is essential to mention that in the simu-
lation, the septum is postulated to be heated in an extreme
way, the thermal model is simplified for easy calculation
and radiation is also exempted from simulation. All these
considerations above predict a conservative simulating
result. Actually our simulating results should/will be
compared with experimental results in the near future.
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