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a b s t r a c t

The beam dump at the beam injection area in the J-PARC 3-GeV rapid cycling synchrotron (RCS) accepts beams
that pass through the charge exchange foil without ideal electron stripping during the multi-turn beam injection.
The injection beam dump consists of the beam pipe, beam stopper, radiation shield, and cooling mechanism. The
ideal beam power into the injection beam dump is 400 W in the case of design RCS extraction beam power of 1
MW with a healthy foil, which has 99.7 % charge stripping efficiency. On the other hand, as a radiation generator,
the RCS is permitted to be operated with maximum average beam power of 4 kW into the injection beam dump
based on the radiation shielding calculation, in consideration of lower charge stripping efficiency due to the foil
deterioration. In this research, to evaluate the health of the RCS injection beam dump system from the perspective
of the heat generation, a thermal analysis was performed based on the actual configuration with sufficiently large
region, including the surrounding concrete and soil. The calculated temperature and heat flux density distribution
showed the validity of the mesh spacing and model range. The calculation result showed that the dumped 4 kW
beam causes the temperature to increase up to 330, 400, and 140 ◦C at the beam pipe, beam stopper, and
radiation shield, respectively. Although these high temperatures induce stress in the constituent materials, the
calculated stress values were lower than the ultimate tensile strength of each material. Transient temperature
analysis of the beam stopper, which simulated the sudden break of the charge stripper foil, demonstrated that
one bunched beam pulse with the maximum beam power does not lead to a serious rise in the temperature of the
beam stopper. Furthermore, from the measured outgassing rate of stainless steel at high temperature, the rise in
beam line pressure due to additive outgassing from the heated beam pipe was estimated to have a negligible effect
on beam line pressure. The flow and results of the evaluation in this analysis would provide a good indication
for both the verification of the existing beam dumps, and the design of beam dumps in new accelerators with
higher intensity beam.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Multi-turn H− charge exchange injection is employed as a beam
injection method in the 3-GeV RCS (Rapid cycling synchrotron) at J-
PARC (Japan Proton Accelerator Research Complex). This injection
method is popular in high-power proton beam synchrotrons in the
world [1–3]. In this method, injection H− beam is put on the same
orbit as already circulating proton (H+) beam in a dipole magnetic field
due to the opposite curvature of the injected and circulating beams. In
the straight section, where the two beams coincide with each other,
both beams are passed through a thin foil, which strips two weakly
bound electrons off each H− ion, forming an intense beam of protons.
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The injected beams are placed in precisely the same phase space as the
existing bunch of protons already circulating in the ring. By repeating
the process, the number of protons in the bunches of the synchrotron
ring is increased in the same transverse phase space. In multi-turn beam
injection without charge exchange, the injected beam cannot be exactly
placed on top of existing bunch of protons due to the conservation of the
emittance, which is enshrined by Liouville’s theorem. This restriction
causes emittance growth from having to inject over a larger number of
turns. On the other hand, the multi-turn charge exchange beam injection
is free of Liouville’s theorem because the charge exchange introduces
an irreversible process in the beam path. As a result, a considerably
greater number of protons is accumulated in the minimum phase space.

http://dx.doi.org/10.1016/j.nima.2017.06.028
Received 8 February 2017; Received in revised form 14 June 2017; Accepted 19 June 2017
Available online 18 July 2017
0168-9002/© 2017 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.nima.2017.06.028
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2017.06.028&domain=pdf
mailto:kamiya.junichiro@jaea.go.jp
http://dx.doi.org/10.1016/j.nima.2017.06.028


J. Kamiya et al. Nuclear Inst. and Methods in Physics Research, A 869 (2017) 84–94

Fig. 1. (a) A layout of the RCS injection area with (b) a conceptual diagram of the beam
orbit in the area during the beam injection. Notice that the waste beam originated from
H0 is transported to the left side of the beam stopper, which is later taken into account
for the input heat position in the thermal analysis.

During the multi-turn H− charge exchange injection, any unstripped
H− and partially stripped H0 beams from the primary charge stripper
foil are transported to an ‘‘injection beam dump’’ after finally being
changed to H+ by other foils. Although a thicker primary foil provides
higher stripping efficiency, the nuclear scattering of the circulating
beam during beam injection causes a serious radioactivation of the beam
line devices, such as beam pipes and magnets. Thus, the primary foil
thickness is determined by the balance between the waste beam power
into the beam dump and the radioactivation level around the injection
point.

Fig. 1 shows (a) a layout of the RCS injection area with (b) a
conceptual diagram of the beam orbit in the area during the beam
injection period. H− beam with the energy of 400 MeV is injected from
the linac. The injected bunch of H− and the circulating bunch of protons
are merged at the primary foil, called 1st foil, by dipole magnets, called
shift bump magnets [4]. The remaining partially stripped H0 is changed
to protons by one secondary foil, called 2nd foil, and transported to the
injection beam dump. The very few unstripped H− is stripped by the
other secondary foil, called 3rd foil, and transported to the injection
beam dump in a similar fashion. Carbon-based thin films, which have
been developed to obtain a long lifetime against beam irradiation,
are used for the charge stripper foils [5]. Evaporation by the arc-
discharge of the boron-doped carbon rod was performed to form vapor-
deposited thin films. The ideal charge stripping efficiency of the primary
foil is designed to be 99.7% in consideration of the balance between
the dumped beam power and the radioactivation around the primary
foil due to the nuclear scattering [6]. The corresponding primary foil
thickness is 330 μg/cm2. On the other hand, foils with the thickness
of 500 μg/cm2, which guarantees almost 100% charge stripping ratio,
are used as the two secondary foils because there is no concern about
radioactivation by the nuclear scattering due to much lower amount of
H0 and H−.

The design injection beam power is 133 kW at the energy of 400
MeV, which corresponds to 1 MW at the extraction energy of 3 GeV. For
such injection beam power, the waste beam power of 400 W is deposited
in the injection beam dump through a healthy primary foil of 99.7%
charge stripping efficiency. However, in consideration for the case

Fig. 2. Configuration of the beam stopper with the copper thermal conductor and the
cooling water pipe.

that the charge stripping efficiency declines by the foil deterioration,
unanticipated emittance growth of the injection beam, and so on, the
permit of the RCS operation as a radiation generator have been applied
with extra margin of the dumped beam power, that is 4 kW on average.
The permit application is based on the performance evaluation of the
radiation shield [7]. In the referenced article, a point beam loss at
the injection beam dump, called ‘‘H0 beam dump’’ in the article, was
considered as the origins of the prompt dose rate. The dose rate was
calculated by Monte Carlo codes at a point in the boundary of radiation
controlled area, which is the point on the surface of the ground directly
above the beam dump. The radiation shielding by iron, concrete and soil
with realistic thickness was taken into account in the calculation. The
result showed that the 4 kW beam power with the energy of 400 MeV
into the injection beam dump caused the dose rate of 1.2 × 10−4 μSv/h
at the evaluated point. This value is sufficiently lower than the dose
limit defined in the regulation law of Japan, 1.3 mSv/3 months.

On the other hand, from the perspective of the heat generation, the
temperature distribution and the stress in the beam dump components
caused by the heat expansion were calculated by modeling the con-
ceptual structure of the injection beam dump at the early stage [8].
The result showed that the temperature and the stress were acceptable
when the waste beam power of 1 kW, corresponding charge stripping
efficiency of 99.25%, was put into the beam dump with several cycles
of 3-weeks beam operation and 5-days maintenance without beam.
On the other hand, it was also found that the dumped beam power
of 10 kW caused the unacceptably high temperature and large stress
in the beam dump components after 10-days beam operation. After
that, the discussion about the acceptable beam power into the injection
beam dump proceeded. The result of the discussion was that the
continual 4 kW beam power into the dump should be accepted because
decrease of the charge stripping efficiency to corresponding value of
97% would be sufficiently possible due to the foil deterioration or other
reasons. Because the continual 4 kW beam power was expected to be
unacceptable from the result of the above thermal analysis, the beam
stopper and the cooling mechanism shown in Fig. 2 was additionally
constructed and installed in the beam dump. Rough estimation with
a simple one-dimensional heat-transfer calculation was performed in
the introduction of the beam stopper and cooling mechanism, and the
temperature was found to be much less than the melting point of each
component even in the case with the input power of 4 kW.

Since the start of the beam operation of the RCS in 2007, the
extraction beam power of the RCS has been increased up to 500 kW,
corresponding to an injection beam power of 66.7 kW, in a scheduled
way [9]. During operations only one unexpected increase of input beam
power into the dump has occurred. The reason is thought to have been
caused by the unexpected thinning of the 1st foil, which led to the
decrease of the charge stripping efficiency down to 99.3 %. Fig. 3 shows
the typical change in the monitored temperature at that period. The
average temperature measured by thermocouples attached to the four
corners on the anterior surface of the beam stopper, which are shown
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Fig. 3. Typical example of change of the temperature monitoring value of the RCS
injection beam dump during the operation with the injection beam power of 66.6 kW.
The average temperature measured at the four corners of the anterior surface of the beam
stopper is plotted. The input beam powers into the beam dump, which was measured by
the current monitor, are also written.

in Fig. 2, is plotted. The input beam powers into the dump measured by
the beam current monitor in the beam dump line are also written. The
maximum input beam power into the injection beam dump in this period
was 479 W. However, the input beam power into the beam dump will
inevitably increase with the scheduled beam intensity rise in the near
future. In such stage, the foil would deteriorate more rapidly resulting in
lower stripping efficiency and higher waste beam power into the beam
dump. Therefore, more precise thermal analysis with the actual three-
dimensional configuration is urged to be performed not only to confirm
that the temperature in each component is not even locally above the
melting point, but to make sure that the maximum stress owing to
the heat expansion in each component is acceptable in comparison to
the mechanical strengths. Besides, the temperature monitoring on the
anterior surface of the beam stopper can serve the function of a reliable
indicator for the temperature at each point of the beam dump system
if the relation among the temperature at the measured points and the
temperature distribution of each beam dump component is known by
the calculation. Moreover, the outgassing is expected to be larger when
the end plane of the beam pipe is heated by the energy deposition of the
beam. Thus, it is fruitful to estimate the effect of such outgassing on the
beam line vacuum.

This research aims to evaluate the health of the RCS injection
beam dump system based on the comprehensive thermal analysis with
the realistic configuration when the assumed beam power is put into
the beam dump. The evaluations are performed from the thermal,
mechanical, and vacuum viewpoints. The temperature monitoring by
thermocouples at limited representative points will also provide the
temperature information of the temperature of the whole beam dump
system by using the result of the calculation. The flow and results of
the evaluation in this research will provide a good indication for both
the verification of other existing beam dumps, and the design of beam
dumps in new accelerators with higher intensity beam.

2. Injection beam dump of RCS

The configuration of the RCS injection beam dump is shown in
Fig. 4. This injection beam dump consists of a terminal beam pipe,
beam stopper, and its cooling system, radiation shield made of carbon
steel, concrete building, and the surrounding soil. The concrete and the

soil also serve as radiation shields. The terminal beam pipe measuring
350 mm in diameter and 4 mm in thickness is made of austenite stainless
steel, designated SUS304 in Japanese Industrial Standards (JIS). The
beam stopper is a carbon steel block, SS400 in JIS, measuring 380 mm
in height, 380 mm in width, and 300 mm in length. The energy loss of
the high-energy ion per unit length in the material 𝑑𝐸

𝑑𝑥 is given by the
typical Bethe–Bloch formula

− 𝑑𝐸
𝑑𝑥

=
2𝑁0𝑚2
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[
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𝐼
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]

(1)

where 𝑁0 is the Avogadro constant, 𝑒 is the elementary charge, 𝑚𝑒 is
the electron mass, 𝑐 is the speed of light, and 𝛽 is the ratio of the
speed of the ion to 𝑐. 𝑧1 and 𝑍2 is the atomic number of the ion
and material, respectively, 𝐴 is the atomic mass of the material, 𝐼
is the adjusted atomic mass potential, and 𝛿 is a density correction
applicable at high energy. The stopping length of the 400 MeV proton
is calculated by Eq. (1) to be about 150 mm, therefore the beam
stopper length is designed to be sufficient to stop 400 MeV protons. The
thermocouples are attached to the four corners on the anterior surface of
the beam stopper. The uncertainty of the temperature measured by the
thermocouples is ±0.5 ◦C due to the specification of the analog-to-digital
converter. Two 1-mm-thick oxygen-free copper plates, C1020 in JIS, are
placed between the posterior surface of the beam pipe and the anterior
face of the beam stopper to shield the beam pipe from thermal radiation
emanating from the beam stopper. The lateral and the bottom faces of
the beam stopper are covered with oxygen-free copper plates as thermal
conductors. The cooling water pipe made of seamless stainless steel is
brazed with the upstream edge face of the copper plates that serve as
thermal conductors. As shown in Fig. 4(b) and (c), the beam stopper
with the cooling system is inserted into a hole in the upstream face of
the concrete and the steel for radiation shielding. The radiation shield
around the beam stopper is composed of layered carbon steel SS400
measuring 2.4 m in height, 3 m in width, 2.5 m in length. These steel
layers are surrounded by concrete, which acts as accelerator building
and as a radiation shield. The thickness of the concrete from the upper
and downstream surface of the carbon steel radiation shield is 5.5 m and
2 m, respectively. The upstream and one lateral faces of the concrete
are the walls of the accelerator tunnel. The temperature in the tunnel is
controlled to 30 ◦C by air-conditioning system. Other concrete faces are
surrounded by soil. Thickness of the soil from ground surface to the top
face of the concrete is 5.3 m.

3. Calculation model of thermal analysis

Thermal analysis was performed using ANSYS Release 15.0, a
commercial finite element analysis code [10]. Steady state analysis
was performed by constructing a calculation model based on a design
drawing generated using a computer-aided design (CAD) system. Models
of the beam pipe, beam stopper, and cooling system are shown in
Fig. 4(a). Fig. 4(b) and (c) show the entire model range. The large
region including the concrete and the soil was modeled to avoid the
temperature distribution being affected by the fixed boundary temper-
ature condition of the outermost surface. The total element count was
∼2 × 105. The mesh spacing in and around the beam stopper is set to
be finer than that in the other regions because the thermal gradient in
that region is large. Here the adequacy of the mesh spacing and the
model range is verified by using the steady state analysis results. Fig. 5
shows the calculated temperature distribution with 4 kW input beam
power into the beam dump in the A–A’ plane in Fig. 4. Fig. 6(a) and
(b) show the temperature and the absolute heat flux density in the soil
along the 𝑥-axis defined in Fig. 5, respectively. Both the 𝐴–𝐴′ plane and
the 𝑥-axis are defined to pass through the maximum temperature point
in the concrete. The origin of the 𝑥-axis is defined at the center of the
beam pipe. The intervals between the data points in Fig. 6(a) represent
the mesh spacing. The mesh spacings are sufficiently fine because the
temperature is smoothly distributed as shown in Figs. 5 and 6(a). The
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Fig. 4. Configuration of RCS injection beam dump. (a) Beam pipe, beam stopper, and
thermal conductor. Position of the thermocouples at the four corners of the anterior
surface of the beam stopper is also shown. (b) Top view of beam dump. The 𝐴–𝐴′ plane,
which is used in Fig. 5, is defined to pass through the maximum temperature point in the
concrete. (c) Cutaway view of beam dump. These diagrams are also the calculation model
for thermal analysis.

model with only the beam stopper and the radiation shield of layered
carbon steel is obviously not large enough because the temperature at
the outer surface of the radiation shield of the carbon steel is still high,
more than 60 ◦C as shown in Fig. 5. The heat flux density 𝑞 is represented
by the Fourier’s law of heat conduction, equation

𝑞 = −𝑘𝑑𝑇
𝑑𝑥

(2)

where 𝑘 denotes the thermal conductivity of the material and 𝑑𝑇
𝑑𝑥 denotes

the temperature gradient in the direction of the 𝑥-axis. The maximum
absolute heat flux density to the soil is 4.7 W/m2 from Fig. 6(b). The
temperature difference dT between the inner and outer surface of the
soil is 27 ◦C as shown in Fig. 6(a). Using the thermal conductivity of the
soil, 0.4 W/m K, the distance dx at which the temperature difference
becomes 27 ◦C, when the heat flow rate is 4.7 W/m2, is 2.3 m, using
Eq. (2). On the other hand, the thickness of the soil is set to 3.0 m,
which is longer than 2.3 m. Therefore, the model range through the axis
is large enough. The result is applied to other axes as well because the
above estimation was performed about the axis, which is defined to pass
through the temperature maximum point in the concrete. Thus, it can

Fig. 5. The calculated temperature distribution with 4 kW input beam power into the
beam dump in a plane passing through the 𝐴–𝐴′ axis in Fig. 4. The 𝑥-axis is defined to
pass through the maximum temperature point in the concrete.

Fig. 6. Calculated physical quantity distribution along the 𝑥-axis defined in Fig. 5. (a)
Calculated temperature distribution. (b) Distribution of the calculated amount of the heat
flux in the soil.

be said that the model range is large enough to prevent the temperature
distribution from being affected by the boundary fixed temperature
condition of the outermost surface.

The material and physical properties of each component used in the
thermal analysis are summarized in Table 1. The physical properties
of most components are the typical values corresponding to their con-
stituent materials except the thermal conductivity of the gap between
the beam stopper and the thermal conductors, and that of the radiation
shield of the layered carbon steel. The beam stopper is surrounded
laterally by the thermal conductors, as shown in Fig. 2. The surfaces of
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Table 1
Material and physical properties of beam dump components used in calculation; austenite stainless steel, carbon steel, and copper (Refs. [11,12]); materials of radiation shield (Ref. [8]).

Component Material Density [g/cm3] Specific heat
[J/g K]

Thermal conductivity
[W/m K]

Thermal expansion
coefficient [1/K]

Young’s modulus
[MPa]

Poisson
coefficient

Beam pipe Austenite stainless
steel

7.9 0.5 17 1.7 × 10−5 2.0 × 105 0.3

Beam stopper Carbon steel 7.8 0.5 52 1.2 × 10−5 2.1 × 105 0.3
Gap between the
beam stopper &
thermal conductor

Adjusted thermal
conductivity

0.15

Thermal conductor Copper 8.9 0.4 403 1.7 × 10−5 1.1 × 105 0.3
Radiation shield Layered carbon steel 7.8 0.5 21 1.2 × 10−5 2.1 ×105 0.3

Concrete 2.2 0.9 1.6 1.0 × 10−5 3.6 × 104 0.2
Soil 1.6 0.9 0.4 1.0 × 10−5 36 0.2

the beam stopper and the thermal conductor are connected with bolts.
In addition, silver solder was poured into the gap between the beam
stopper and the thermal conductor so as to make them contact with
each other as much as possible. However, inevitably, an uncontrolled
gap is generated between them and the level of the contact is unknown.
To check the effect of such contact level on the temperature results, the
calculations in the extreme cases with two values of the gap thermal
conductivity, namely, thermal conductivity of air and that of carbon
steel, were performed. The cases with the input beam power into the
beam dump of 479 W and 2 kW were calculated on a trial basis. The
479 W power is selected because it is the maximum beam power into the
beam dump in the past beam operation, while the 2 kW is a supposable
beam power in the future. Fig. 7 shows a comparison between one of
the temperatures measured at the corner of the anterior surface of the
beam stopper, T1 in Fig. 2, and the calculated one at the same point.
The results at other points, T2–T4, also show the same tendency. The
calculated temperatures with gap thermal conductivity of air and carbon
steel are denoted by filled square and filled rhombuses, respectively.
Notably, both calculated values are substantially different from the
measured temperature or the prediction from the measured ones. The
actual thermal conductivity of the gap must lie somewhere between
the thermal conductivities of air and carbon steel. Therefore, thermal
conductivity of the gap was parameterized. The value was adjusted to
be consistent with the measured temperature at input power of 479
W. The filled circle in Fig. 7 represents the temperature calculated at
input power of 2 kW by using the adjusted thermal conductivity. It is
reasonable that the temperature calculated at input power of 2 kW is in
good agreement with the prediction from the measurement. Thermal
conductivity of the radiation shield is set to be smaller than that of
normal carbon steel owing to its laminate structure. The conductivity
value used in the previous overview analysis was also input in the
present calculation [8].

Here the boundary conditions of the calculation model are described.
Convection heat transfer coefficients were provided as the two types
of boundary conditions. One is the upstream edge face of the thermal
conductor of the copper which contacts with the cooling water pipe, the
other is concrete surface which is exposed to the air in the accelerator
tunnel. The convection heat transfer coefficient of the cooling water was
estimated following the general procedure for the forced convection
systems [13]. The Prandtl number Pr and Reynolds number Re were
estimated using the formula below:

𝑃𝑟 = 𝜈
𝛼

(3)

and

𝑅𝑒 = 𝑢𝑑
𝜈

(4)

where 𝜈 and 𝛼 denotes the kinetic viscosity and the thermal diffusivity of
water, respectively; 𝑢 denotes the fluid velocity of the cooling water; and
𝑑 denotes the inner diameter of the pipe. One of the physical meaning
of the Prandtl number is that this dimensionless number expresses the
relative magnitudes of diffusion of momentum and heat in the fluid.
Therefore, the convection heat transfer generally becomes larger with

Fig. 7. Comparison between calculated temperature at a certain point (T1) of beam
stopper anterior surface and prediction from measurement. The symbols represent the
followings. Open circles: measured temperatures; dashed lines: prediction from measured
temperatures; filled square: calculated temperature with thermal conductivity of air for
the gap between the beam stopper and thermal conductor; filled rhombus: calculated
temperature with thermal conductivity of carbon steel for the gap; filled circle: calculated
temperature with adjusted thermal conductivity for consistency with the temperature
measured at input beam power of 479 W.

the larger Prandtl number. The dimensionless Reynolds number is the
ratio of inertial to the viscous forces in a fluid. For Re > 2300 the flow in
a tube is usually observed to be turbulent. Because the Reynolds number
is 9400 in this case, the flow was determined to be turbulent. Nusselt
number Nu was estimated by the typical formula for turbulent flow in a
smooth tube [13]:

𝑁𝑢 = 0.023 𝑅𝑒0.8𝑃𝑟0.4. (5)

Nusselt number is the nondimensionalized number which gives the
convection heat transfer coefficient ℎ as

ℎ = 𝑁𝑢𝑘
𝑑

(6)

where 𝑘 denotes thermal conductivity of water at the measured temper-
ature. The convection heat transfer coefficient of the cooling water is
calculated to be 2700 W/m2 K.

The convection heat transfer coefficients by the air on concrete
surfaces which face the accelerator tunnel were calculated following the
estimation procedure for the natural convection systems. Fig. 8 shows
the free convection heat transfer condition for the wall and the ceiling.
Formulas for free convection heat transfer on a flat plate were used as
the boundary condition of the concrete surfaces, which were in contact
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Fig. 8. Illustration of free convection heat transfer by air in accelerator tunnel.

with the temperature-controlled air in the accelerator tunnel as the wall,
ceiling, and floor. Prandtl number Pr was calculated by Eq. (3) for the
conditioned air at 30 ◦C. The Grashof number Gr was estimated by using
the formula below:

𝐺𝑟 =
𝑔𝛽

(

𝑇𝑤 − 𝑇∞
)

𝐿3

𝜈2
(7)

where 𝑔 denotes gravitational acceleration, 𝛽 denotes thermal expansion
coefficient, 𝑇𝑤 denotes temperature of the wall or ceiling, 𝑇∞ denotes
controlled air temperature, and 𝐿 denotes typical height of the wall
or breadth of the tunnel. The Grashof number is physically interpreted
as the ratio of the buoyancy forces to the viscous forces in the natural
convection flow system. It plays as a criterion for transition from laminar
to turbulent boundary-layer flow like the Reynolds number in forced
convection flow system, with critical value ranges between 108 and
109. In this case, the turbulent flow is generated in both vertical and
horizontal plate geometries because the Grashof numbers are estimated
to be larger than 1010. Nusselt number Nu was estimated by using the
typical formula below:

𝑁𝑢 = 𝐶(𝐺𝑟 𝑃 𝑟)𝑚. (8)

As the combination of constants in Eq. (8), [𝐶, 𝑚], the typical values
in the turbulent flow for the corresponding geometry were used; [𝐶,
𝑚] = [0.1, 1∕3] for the vertical plate, the wall; [𝐶, 𝑚] = [0.15, 1∕3] for
the upper surface of the heated plate, the floor; [𝐶, 𝑚] = [0.27, 1∕4]
for the lower surface of the heated plate, the ceiling. Convection heat
transfer coefficient ℎ was calculated using Eq. (6), but by replacing the
diameter of the pipe 𝑑 with the typical length 𝐿 of each surface. The
calculated convection heat transfer coefficient by the air was 1.6, 1.8,
and 0.5 W/m2 K for the wall, the floor and the ceiling, respectively.
The temperature at the outermost boundary was fixed at 20 ◦C, typical
average soil temperature in this region at a depth of 5 m.

The input heat condition into the injection dump by the waste beam
is shown in Fig. 9. Fig. 9(a) shows the input heat position and its
configuration. As described in the first section, the main component
of the waste beam is originated from the H0 beam stripped partially
by the 1st foil, which is finally changed to H+ after passing through
the 2nd foil and transported to the dump. The contribution from H−

beam unstripped by the 1st foil is not considered because it is negligibly
small [6]. The input beam position in the thermal analysis was taken
from simulated trajectories of usual beam operation. The partially
stripped H0 and unstripped H− beam follow different trajectories in the
injection beam dump line, as shown in Fig. 1(b). The center of the both
beams is set to be the center of the beam stopper. Therefore, the input
heat distribution, which is the contribution from the H0 beam, is to the

Fig. 9. Input heat condition by the waste beam in injection beam dump. (a) Input heat
position and configuration. (b) Ratio of the deposited heat quantity in each element along
𝑧-axis, defined as the waste beam direction.

left of the 𝑥–𝑦 plane, as shown in Fig. 9(a), where the beam direction is
set along the 𝑧-axis, and the origin of the 𝑥–𝑦 plane is the centered at the
beam pipe. Based on the beam trajectory calculation, more than 99.99%
of H+ is within the size of 70 mm in height and 50 mm in width at the
beam stopper position. Uniform distribution of the beam is achieved
by the painting injection method, that homogeneously distributes the
injection beam on the large phase space so as to suppress the space
charge effect, which causes the uncontrollable growth of the beam
size [14]. Therefore, the uniform input heat distribution is used in the
rectangular cross-section area in this calculation. Input heat distribution
along the 𝑧-axis is calculated using the Bethe–Bloch formula, Eq. (1). The
beam energy is deposited in the end plane of the stainless-steel beam
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Fig. 10. Temperature on anterior surface of beam stopper. (a) Calculated temperature distribution in case with no input power and 479 W total input power. (b) Comparison between
calculated temperature and measured one at the four thermocouples locations of beam stopper anterior surface, T1–T4.

pipe, copper thermal radiation shields, and carbon steel beam stopper.
Fig. 9(b) shows the ratio of the amount of heat in each component. The
amount of heat in the beam stopper is input to the 8 elements, which
are divided by the mesh spacing of 20 mm. The range of the energy
deposition at each element are also written in the figure.

The temperature distribution of the beam dump was calculated for
the several total input powers, 120 W, 479 W, 2 kW, and 4 kW. The
cases with the power of 120 W and 479 W were calculated because they
are proven during the past operation. The beam power of 2 kW case
calculation was performed for the future operation with the higher beam
power. The calculation of with 4 kW beam power is absolutely necessary
because it is the maximum beam power permitted for the RCS as the
radiation generator. The case without heat input was also calculated to
check propriety of the boundary condition. The stress in each component
was also calculated about the most stringent condition, that is the case
with 4 kW input heat quantity. Furthermore, with the consideration for
the case that the primary charge stripper foil is completely broken in a
moment, the calculation with one beam pulse with the full peak power
beam into the injection beam dump was performed. The details of the
condition of such extreme case is described in the following section.

4. Temperature distribution and verification of the beam dump

4.1. Temperature distribution calculation results

Fig. 10(a) shows the typical calculated temperature distribution of
the anterior surface of the beam stopper in the case with no input
power and 479 W total input power. Fig. 10(b) shows the comparison
between the calculated temperature and the measured one at the four
corners of the anterior surface of the beam stopper up to 479 W,
which is the maximum waste beam power ever experienced. A small
gradient is generated in the calculation result with no heat input,
because the under surface of the copper thermal conductor contacts on
the aperture of the radiation shield of carbon steel. Agreement between
the calculation and the measurement in the no input heat case suggests
that the boundary conditions are valid. Owing to the adjustment of
thermal conductivity of the gap between the beam stopper and the
thermal conductor, as described previously, the temperatures calculated
at points near the thermocouples agree inevitably with the measured
ones. Fig. 11 shows dependence of the maximum temperature in each
component on total input power. The average calculated temperature
at the four corners of the anterior surface of the beam stopper to which
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Fig. 11. Dependence of the calculated maximum temperature in each component of
the injection beam dump on total input heat. Average calculated temperature at the
position of the four thermocouples at the anterior surface of the beam stopper was also
plotted to homologize the monitoring temperature and the maximum temperature in each
component.

the thermocouples are attached as the temperature monitoring, was also
plotted to homologize the monitoring temperature and the maximum
temperature in each component. Using Fig. 11, the temperature moni-
toring by the thermocouples can act as the indicator for the temperature
at each component of the beam dump system and the input beam power
into the beam dump. Fig. 12 shows the temperature distribution of
each component in the 4 kW input heat case. As shown in the right
diagram of Fig. 12(c), inside of the beam stopper was the maximum
temperature point among those of all the beam dump components.
It is because the energy deposition by the waste beam becomes the
largest around the beam stopping point as shown in Fig. 9(b). When
the stripping efficiency of the charge stripper foil is maintained at the
ideal value of 99.7%, which corresponds to heat input of 400 W to the
dump, the maximum temperature in the beam stopper is 70 ◦C from
Fig. 11, and it is lower in the other components. Such temperatures
would be perfectly acceptable. However, when the stripping efficiency
decreases to 97%, corresponding to a heat input of 4 kW, the maximum
temperature becomes much higher, for example, more than 400 ◦C
in the beam stopper and above 330 ◦C in the end plane of the beam
pipe. Although these temperatures are far below the melting point
of the material, possible concerns arise from two viewpoints, namely,
mechanical and vacuum as described in the first section. Thus, it is
necessary to ensure that the stress in each component is not high enough
to cause failure of the construction materials. It is also necessary to check
whether outgassing from the beam pipe material at high temperature is
within the acceptable level. These points are discussed in the following
section.

4.2. Verification of the beam dump

Firstly, the validity of the beam dump at high temperatures, from
the mechanical viewpoint, is discussed. Fig. 13 shows the results of
internal stress distribution analysis of each component of the injection
beam dump for the 4 kW input heat case. The maximum stress in each
component is summarized in Table 2 along with the mechanical strength

Fig. 12. Calculated temperature distribution of each component of injection beam dump
for total input power of 4 kW. (a) beam pipe, (b) thermal conductor, (c) beam stopper,
(d) carbon steel radiation shield, (e) concrete, and (f) soil.

of each material for comparison. The maximum stress in the beam pipe,
which is generated at the beam spot in the end plane, is 256 MPa, as
shown in Fig. 13(a). This value is above the yield point of stainless
steel, which is defined to be more than 205 MPa in JIS. However, it
is considerably lower than the ultimate tensile strength of the stainless
steel used herein, which is defined to be more than 520 MPa. The yield
point is the stress above which the material deforms plastically, while
the ultimate tensile strength is the maximum stress that a material
can withstand while being stretched before breaking. Therefore, the
beam dump can tolerate the stress even at the extreme injection beam
power, although it would be deformed plastically around the beam
spot. It should be noted that mechanical strength generally decreases
at higher temperatures. The tensile test results at higher temperature
are discussed later in this section. A similar situation occurs in the beam
stopper. The maximum stress generated in the beam stopper is about
210 MPa, as shown in Fig. 13(b). A large stress region is localized on
one side, in which the beam is injected off-center. Although this stress
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Table 2
Calculated maximum stress in each component of injection beam dump. Typical yield point and ultimate tensile strength of the constituent material are also shown for comparison
(Refs. [11,12]).

Component Material Maximum stress [MPa] Yield point of the material [MPa] Ultimate tensile strength of the material [MPa]

Beam pipe Stainless steel 256 >205 >520
Beam stopper Carbon steel 209 >205 >400
Thermal conductor Copper 93 275 235–315
Radiation shield Layered carbon steel 395 >205 >400

is slightly higher than the yield point of carbon steel, it is adequately
lower than the ultimate tensile strength. Thus, it is thought that the
beam stopper is safe against fracture due to the internal stress caused
by thermal strain. The maximum stress in the thermal conductor is lower
than the yield point of oxygen-free copper. More than 390 MPa of stress
is generated in a portion of the radiation shield made of layered carbon
steel, as shown in Fig. 13(c). To examine the reason of such large stress,
the deformation amount was checked by calculation. Fig. 14 shows the
emphatic displacement and temperature distribution around maximum
stress point in radiation shield of carbon steel. Because the radiation
shield of carbon steel is heavy weighing ∼140 ton, the main body of
the radiation shield of the does not deform by the local temperature
rise. Thus, the deformation caused by the thermal expansion is locally
generated in the aperture area, and causes a stress concentration at
the corner of the aperture area. Because this stress exceeds the yield
point of the carbon steel used herein, an irreversible displacement must
locally occur there, as is the case with the beam pipe and the beam
stopper. The stress is lower than the ultimate tensile strength of the
carbon steel. Moreover, in a practical case, the laminated structure of the
radiation shield is expected to relieve the stress. The maximum stress in
the concrete is 20 MPa, as shown in Fig. 13(d). This value is sufficiently
smaller than the yield point of the reinforcing steel used in the concrete.

In the above discussion, the yield points and ultimate tensile strength
are those at room temperature. However, as mentioned briefly above,
the mechanical strength of metals generally decreases as temperature
increases. To check for the degree of mechanical strength degradation,
tensile strength tests on samples of stainless steel SUS304, heated to
600 ◦C, were performed. Samples with and without pre-heat treatment
were tested. The reason for performing the pre-heat treatment is de-
scribed later. Fig. 15 shows the measured yield point and the ultimate
tensile strength at each temperature. The maximum stress in the beam
pipe is 256 MPa as shown in Fig. 13(a), at which the temperature is
about 340 ◦C. The ultimate tensile strength at 340 ◦C is around 450
MPa from Fig. 15. Therefore, although the ultimate tensile strength
decreases at higher temperatures, it is kept more than the maximum
stress. Carbon steel would show a similar property trend as stainless
steel in terms of mechanical strength because both materials are ferrous
metals. Therefore, the above discussion about comparison between
mechanical strength and inner stress based on the calculation holds at
high temperatures as well.

The earlier discussion is based on the results of the steady state
thermal analysis. Here, the effect of one beam pulse with the highest
input beam power into the beam dump is evaluated by the transient
thermal analysis with the consideration for the case that the primary
charge stripper foil is instantaneously broken. The charge stripping
efficiency in such case is 0%. In normal operation, the beam injected
from the linac is bunched in 500 μs with the repetition rate of 25 Hz.
In any case, when the charge stripper foil is completely broken in a
moment, one pulse of beam is injected to the injection beam dump. In
such case, the peak current detected by the beam current monitor is
substantially higher than the threshold level, which is set to the current
level corresponding to the beam power of 4 kW. Then, the interlocking
system prevents the next bunched beam from being extracted from
the ion source. Therefore, the next beam pulse is never injected from
the linac after such event. However, the corresponding peak power
of even one bunched beam is 10 640 kW, (133 kW × 40 ms/500 μs).
Although, only one bunched beam with such short pulse is acceptable

Fig. 13. Calculated stress distribution of each component of the injection beam dump for
total input power of 4 kW. (a) beam pipe, (b) beam stopper and thermal conductor, (c)
carbon steel radiation shield, and (d) concrete.

Fig. 14. Emphatic displacement and temperature distribution around maximum stress
point in radiation shield of layered carbon steel. Dashed line is a visual guide for indicating
initial position.

from the radiation shielding viewpoint, the transient analysis should
be performed to examine the effect of such high peak power on the
beam stopper from the thermal point of view. Only the beam stopper
was modeled to complete calculations within a realistic timeframe. The
temperature distribution result in the 4 kW steady case was used as the
initial thermal condition. Under this assumption, the H+ beam, which
is converted from H− beam by the 3rd foil, is the main component of
the dumped beam. As shown in Fig. 9, the position of the H+ beam
originated from the H− at the beam stopper is symmetric to the 𝑦-axis
compared to the steady thermal analysis where the H+ beam converted
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Fig. 15. Measured yield strength and ultimate tensile strength of stainless steel SUS304 at
each temperature. The data without and with vacuum firing at 850 ◦C for 10 h are shown.

Fig. 16. Calculated transient maximum temperature in the beam stopper with one
bunched beam. Heat at the corresponding power of 10 640 kW was input during 500
μs from 1000 ms in the horizontal axis assuming one bunched beam with full power.

from H0 by the 2nd foil was considered. However, the input heat
position at the beam stopper was set to be the same as the steady analysis
to save the effort of new modeling. Heat with peak power of 10640
kW was input over 500 μs. Fig. 16 shows the result of the transient
calculation of the maximum temperature in the beam stopper. It makes
sense that the temperature in the beam stopper rises during the input of
the pulsed beam and starts to decline just after the beam off. The heat
equation is expressed as

𝑄 = 𝑉 𝜌𝐶p
𝑑𝑇
𝑑𝑡

− 𝑘∇2𝑇 (9)

Fig. 17. Experimental setup of outgassing rate measurement of beam pipe material
SUS304 at high temperature.

where 𝑄 represents the quantity of the heat flow; 𝑉 , 𝜌, 𝐶𝑝, and 𝑘
represent the volume, density, specific heat, and thermal conductivity
of the heated material, carbon steel in this case. The second term in the
right hand side of Eq. (9) is neglected assuming the second derivative of
the temperature is small. Because the time rate of temperature change
𝑑𝑇
𝑑𝑡 is about 7200 ◦C/s from Fig. 16, the volume of the heated material is

calculated by Eq. (9) to be about 370 cm3, which corresponds to a cube
of side length 7.2 cm. This size is comparable to the high temperature
region in the beam stopper shown in Fig. 12(c). Therefore, the transient
analysis with limited model region, only beam stopper in this case,
has enough reliability. The maximum temperature in the beam stopper
reaches only about 410 ◦C owing to the large thermal diffusivity 𝛼
(= 𝑘∕𝜌𝐶𝑝) of the carbon steel. One bunched beam with the maximum
power causes no damage to the beam dump system. The temperature in
the beam stopper becomes less than that in the case with steady 4 kW
beam power in about 1.5 s after stopping the beam. It means that the
beam operation can be immediately restarted after changing the broken
foil to a reserved one.

The outgassing rate of the material, for example stainless steel, is
generally larger at higher temperatures owing to thermal desorption
of gas molecules. The beam pipe was pre-baked at 850 ◦C for 10 h
under high vacuum, less than 10−3 Pa, in a vacuum furnace to reduce
such outgassing. This process, called vacuum firing, is effective not only
for removing molecules adsorbed on the surface but also for depleting
diffusing atoms in the bulk, which are the main cause of outgassing
at high temperatures such as several hundred ◦C [15]. However, the
outgassing rate at high temperatures had not been measured quantita-
tively. To examine the effect of outgassing of the beam pipe at high
temperatures due to beam power deposition on beam line pressure, the
outgassing rate of the beam pipe material, stainless steel SUS304, at
high temperatures was measured. Fig. 17 shows the experimental setup
for outgassing rate measurement. The outgassing rate was measured
using the throughput method [16]. In this method, the outgassing rate
is measured without changing the setup, such as the conductance of the
orifice or the path of the outgassing flow. This means the outgassing rate
at a certain time can be determined without assuming the outgassing
rate is constant during the measurement. Two vacuum chambers were
connected through an orifice, the conductance of which was 2.3 ×
10−3 m3/s. A turbo molecular pump with a pumping speed of 300
l/s was attached to the downstream chamber for evacuation. A sample
chamber was connected to the upstream chamber through an all-metal
angle valve V1. Extractor gauges EXT1 and EXT2 were used to measure
the pressure in the upstream and downstream chambers. Outgassing rate
per unit area, 𝑞, was calculated as

𝑞 = 𝐶
(

𝑃1 − 𝑃2
)

∕𝐴 (10)
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Fig. 18. Outgassing rate per unit area of beam pipe material SUS304 at each temperature.
The data corresponding to samples without and with vacuum firing is plotted.

where 𝐶, 𝑃1 (𝑃2), and 𝐴 are the conductance of the orifice, upstream
(downstream) pressure, and surface area of the material samples, re-
spectively. One set of samples consisted of 20 sheets measuring 96 mm
× 36 mm × 0.5 mm. The sample surface was #400 buffed and polished
chemically to achieve surface finish identical to that of the inner surface
of the beam pipe. The samples were vacuum-fired under the same
condition as the beam pipe and stored in atmosphere. Samples not
subjected to vacuum firing were also prepared for comparison. The
system was firstly evacuated for 10 days at room temperature. Next, the
upstream and downstream chambers were baked at 150 ◦C for 1 day
to reduce background outgassing. Thereafter, the samples were heated
up to 100 ◦C by a heater attached to the outer surface of the sample
chamber. After about 40 h, the samples were heated up to 200 ◦C. This
process was continued up to 400 ◦C. Fig. 18 shows the temperature
dependence of the outgassing rate per unit area of the stainless steel
with and without vacuum firing. The values recorded after maintaining
each temperature for 40 h are shown. It is noticed that the vacuum-
firing process is more effective for reducing the outgassing rate at higher
temperatures because atoms in the bulk, which are depleted by vacuum
firing, become the dominant source at higher temperatures, as described
above. The increased pressure 𝑃 due to outgassing from the heated area
is estimated as

𝑃 = 𝑞𝐴∕𝑆eff (11)

where 𝑞, 𝐴, and 𝑆𝑒𝑓𝑓 are, respectively, the outgassing rate per unit
area at high temperature, heated surface area, and effective pumping
speed, which is the combined value of pumping speed of the pump and
conductance of the beam pipe between the pump and the outgassing
position. The increase in pressure in the heated material is estimated to

be about 5 × 10−9 Pa. This value is considerably lower than the original
beam line pressure without additive outgassing, which is typically 1 ×
10−6 Pa.

5. Summary

The J-PARC RCS is a high intensity proton accelerator, employing
multi-turn charge exchange injection methods. This paper outlines ther-
mal analysis studies performed on the injection beam dump. The cases
for several different input beam powers were calculated by modeling
the realistic structure of the beam pipe, beam stopper, cooling system,
and radiation shields. The validity of the model range and mesh spacing
was supported by the smooth temperature distribution and the length
estimation by the heat flux amount. Uncertainty of the contact level
between the beam stopper and the thermal conductor was resolved by
the parametrization of the gap thermal conductivity. A boundary heat-
transfer coefficient was input based on realistic conditions of the cooling
water and the air in the accelerator tunnel. By using the calculation
results of the temperature, the temperature monitor by thermocouples
at the limited representative points would become the useful indicator
for the entire beam dump temperature. Although the temperature rise
caused by the steady 4 kW dumped beam power causes higher stress
than yield points of materials, it was sufficiently lower than the ultimate
tensile strength at high temperatures. Transient temperature analysis
showed that the one bunched full power beam pulse does not cause
a serious temperature rise in the beam stopper. Additional outgassing
from the high-temperature beam pipe has negligible effect on beam line
pressure. The results of the thermal analysis and the verification from
the mechanical and vacuum viewpoint give a guideline for the future
RCS operation with higher beam power.
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