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The Hadron Experimental Facility at the Japan Proton Accelerator Research Complex is used for various
nuclear and elementary particle physics experiments that use secondary particle beams. The secondary-
particle production target is a key element for the generation of particles such as kaons and pions. To
increase beam power, a new target was developed and installed. The target, which is made of gold and
indirectly cooled with water, was designed so that the maximum stresses do not exceed the allowable
stresses determined based on the pressure vessel standard. 95 kW is considered to be the maximum power
of the primary proton beam for a 5.2-s beam duration. The new target was stably operated up to a power of
65 kW. In addition, beam position estimation based on multipoint temperature measurements of the target

was demonstrated.

DOI: 10.1103/PhysRevAccelBeams.25.063001

I. INTRODUCTION
A. J-PARC

The Japan Proton Accelerator Research Complex (J-
PARC) [1,2] is a high-intensity proton accelerator facility
located in Tokai, Ibaraki, Japan. J-PARC has a linear
accelerator (LINAC) [3] and two synchrotrons. Negative
hydrogen ions from the ion source are accelerated to
400 MeV by a LINAC and then extracted to a 3-GeV
accelerator [rapid-cycling synchrotron (RCS)] [4]. Then,
the negative hydrogen ions are converted to proton beams
and accelerated to 3 GeV by the RCS. The majority of the
3-GeV proton beams are extracted to the Materials and Life
Science Experimental Facility (MLF) [5], and some are
sent to the 30-GeV main ring (MR) [6]. The MLF utilizes
neutron or muon beams generated by the intense 3-GeV
proton beams. At the MR, proton beams accelerated up to
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30 GeV are supplied to the Neutrino Experimental Facility
[7] or the Hadron Experimental Facility [8,9].

B. Hadron Experimental Facility

The Hadron Experimental Facility (Fig. 1) was built
mainly for particle and nuclear physics experiments.
Various experiments are carried out using kaons or pions
as the secondary-particle beams [10,11]. There are three
secondary beam lines [12—15]. The K1.8 beam line can
deliver charged kaons and pions up to 2.0 GeV/c. The
K1.8BR beam line can deliver charged kaons and pions up
to 1.1 GeV/c. The KL beam line [11,15] is a dedicated
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neutral kaon beam line for the study of the rare decay
K; — n’vi. The secondary particles used at these beam
lines are generated at the production target located near the
most upstream section of the Hadron Experimental Facility.
Secondary particles, such as kaons and pions, are produced
at the target by the primary proton beam. The secondary
beams are delivered to the experimental areas by the
secondary beam lines mentioned above. The primary
beams that go through the production target are transported
by the primary beam line and are finally absorbed by the
beam dump.

C. Production target and beam conditions

The production target in the Hadron Experimental
Facility has been replaced several times with new ones
to accept higher beam power. The previous target [16] was
used from 2014 until 2019 and could accept proton beams
up to 50 kW. In total, 1.5 x 10%° protons irradiated the
previous target, and no damage was observed.

To accept more intense proton beams, this target was
replaced by a new target, as described in this paper. The
power of the primary proton beams has been increased;
65-kW beams were achieved in 2021.

The standard deviation of the beam size at the production
target is 2.5 mm (oy) in the horizontal direction and
1.0 mm (oy) in the vertical direction. Currently, the MR
accelerator is operated with a repetition cycle of 5.2 s and
the proton beams are extracted slowly for 2 s out of the 5.2 s
in one cycle.

II. NEW TARGET

A. Target structure and materials

For the secondary beam lines, the most important goal is to
provide intense, high-quality secondary beams (mainly
kaons and pions). One of the most important qualities of
the secondary beams is the separation of particle species
(protons, kaons, pions, electrons, etc.). To obtain well-
separated secondary beams, the production volume of the
secondary particles at the target should be as small as
possible. For charged particles, the vertical beam size (o)
is more important than the horizontal beam size (o37) because
such particles are separated in the difference in their vertical
orbits [12]. For neutral particles, both dimensions are
important due to the configuration of the collimators [15].
The dimensions of the primary beam at the position of the
target were thus decided to be 2.5 and 1.0 mm in the
horizontal and vertical directions, respectively.

For the target material, properties such as density,
strength, melting point, thermal conductivity, and coeffi-
cient of linear thermal expansion should be considered.
Higher density is desirable because it increases the pro-
duction rate of the secondary particles per unit volume.
Higher thermal conductivity is desirable because it lowers
the thermal resistance between the heat source and the

cooling water. Stress and strain are generated at the bonded
interface of two materials due to the difference in the
coefficient of linear thermal expansion between the materials.

Gold was selected as the target material. Other materials,
such as platinum, have a higher production rate of
secondary particles but their thermal properties are worse.
Tungsten was evaluated during the design of the previous
target, but it was concluded that the design margin for the
tungsten target was smaller than that for the gold target
[16]. Figure 2 shows schematic drawings of the target. The
upper and lower halves of the target were made separately
and then assembled to make the complete target [Fig. 2(a)].
Figure 2(b) shows the lower half (the upper half has the
same structure). The gold (K24) target was placed on a
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FIG. 2. Schematic drawings of new target: (a) cross-sectional
view of target, (b) lower half of target, and (c) expanded view.
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copper (C1020) pedestal in which water pipes made of
stainless steel (SUS316L) were embedded. Hot isostatic
pressing was used to bond the gold and copper. In this
method, diffusion bonding is conducted by pressing the
materials isostatically in a high-temperature atmosphere,
which generally reduces defects in the bonded layer [17,18]
and leads to good thermal conduction [19,20]. This method
was applied to the previous target [16], for which no
damage was found after beam operation, and is thus
considered to be reliable for the new target.

The longitudinal size of the target affects the horizontal
source size of secondary beams because the secondary
beams are extracted at horizontal angles (6° for charged
particles, 16° for neutral particles) with respect to the
direction of the primary beam. Hence, the total length of the
gold target was determined to be 66 mm. The gold was
divided into six segments in the direction of the beam to
reduce thermal stress. As shown in Fig. 2(c), the width of
the target is 12 mm and the total height, including a 0.3-mm
gap between the upper and lower gold blocks, is 10 mm.
The gap was introduced to allow the thermal expansion of
the target, as described in the following section. The gold is
sunk in the copper block by 2 mm to improve the bonding
strength. Primary protons are injected into the center of the
upper and lower gold blocks, as shown in Fig. 2(a). The
generated heat is shared between these blocks. Each copper
block has two ridges. The gold blocks are bonded to each
ridge. One of the two ridges is a spare. The ridges can be
remotely swapped with each other by moving the copper
blocks in the horizontal direction. This mechanism allows
fast target exchange and the resumption of beam operation
if one target is damaged. Figure 3 shows a photograph of
the new target after assembly.

B. Thermal stress analysis

First, the criteria for allowable stress were determined
for the thermal stress analysis. The criteria are mainly based
on the pressure vessel standard [21]. The maximum thermal
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FIG. 3. Photograph of front view of new target after assembly.

stress and fatigue strength are calculated using the
following relations:

(i) Sy x 3 for thermal stress; (1)

(i) 10*-cycle fatigue strength x 1/2
for low-cycle fatigue; and (2)

(iii) 107-cycle fatigue strength x 1/2
for high-cycle fatigue, (3)

where Sy, is the design stress, which is adopted as the smaller
value between [ultimate strength (oyjimae) X 0-85/3] and
[0.2% proof strength (6p00r) X 0.85/1.5] of bulk gold. The
design margins, a factor of 0.85/3 and a factor of 0.85/1.5,
were determined based on the standard for welding pipes
[21]. Low-cycle fatigue refers to the fatigue caused by the
temperature difference between the target temperature before
the start of beam operation and that after thermal equilibrium
is reached during beam operation. High-cycle fatigue refers
to the fatigue caused by the temperature rise and fall due to
each extraction of the beam during the 2-s beam-on duration.
The typical temperature cycles that cause low- and high-
cycle fatigue are shown in Fig. 4. The new target was planned
to be used for up to 5 years and to be operated 125 days per
year on average. The design life of the target is thus
15000 hours (125 days x 5 years). Considering this design
life, the numbers of low and high cycles in a typical case
correspond to 10* and 107 cycles, respectively. Given that the
10*- and 107-cycle fatigue strengths of bulk gold are 0.7 and
0.4 times the ultimate strength of bulk gold, respectively
[22,23], the low- and high-cycle fatigue strengths were
determined to be oyimae/2 aNd Cyiimae/ 3, TeSpectively.
The design margin for fatigue, which is a factor of 1/2 in
Egs. (2) and (3), was also determined based on the pressure
vessel standard [21].
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6 fatigue
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FIG. 4. Typical temperature cycles for gold calculated with
beam power of 95 kW. The beam operation started at O s in the
calculation. The definitions of the temperature difference (AT)
for each type of fatigue are shown on the right side.
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FIG. 5. Stress-strain curves obtained from tensile tests with

gold specimens at several temperatures. The horizontal axis
shows the engineering strain in the specimen (%) and the vertical
axis shows the engineering stress (MPa). The tests were per-
formed with the specimens at 25, 200, and 400°C.

The stress-strain curves for gold at several temperatures
were obtained using tensile tests with rolled gold specimens
(13B in the tensile testing standard) [24]. The same heat
treatments as those in the actual fabrication process for the
target were applied to the specimens before the tensile tests.
Figure 5 shows the stress-strain curves obtained from
tensile tests performed on two specimens at each temper-
ature. For the evaluation, we used the average of the results
for each specimen pair. Table I shows the values of the
ultimate and 0.2% proof strengths obtained from the tensile
tests. Shear tests were carried out on the bonded interfaces
between the gold and copper at the same temperatures as
those in the tensile tests (25, 200, and 400°C) because the
difference in thermal expansion causes mainly shear stress
at the bonded interfaces. The results confirmed that the
fracture strength of the bonding was higher than the bulk
gold strength.

The heat generation distribution in the target caused by
the primary beam was simulated with the Monte Carlo code
MARS-15 [25,26]. Then, the time dependence of the
temperatures and stresses was calculated using thermal
stress analysis software with the finite element method
(ANSYS v12.0.1) [27]. In the simulation, the power of the
primary beam was set to 95 kW and the repetition cycle of
the accelerator was set to 5.2 s with 2-s beam irradiation of
the target. The beam position was the center of the target.
The primary beam was assumed to have a Gaussian shape
with oy = 2.5 mm and oy = 1.0 mm. Although the beam
loss at the target was about 50%, the heat deposition at the

TABLE 1. Results of tensile tests for bulk gold.
Ultimate 0.2% proof
Temperature (°C) strength (MPa) strength (MPa)
25 118 8.6
200 87 7.8
400 43 7.6

Bonded interface 264°C

(b) ANSYé ‘:OI?AI;ISCLUTI(‘N
GOId 119.0 jg;tl
8.1 MPa ;’Egg:; (ave)

Bonded interface
9.0 MPa

Beam

FIG. 6. Simulation results for (a) temperature distribution and
(b) von Mises equivalent stress for new target irradiated with
beam. ANSYS thermal stress analysis software was used. In this
simulation, a beam power of 95 kW and a repetition cycle period
of 5.2 s were assumed. The large red arrow indicates the direction
of the beam. Only the lower half of the new target is shown.

target was 7.4 kW. The target was cooled by water (heat
transfer coefficient: 10000 W/m?/K). Because the temper-
ature rise of the cooling water was expected to be only 2°C,
the temperature of the water was set to a constant value of
30°C. Surface cooling by He gas (heat transfer coefficient:
10 W/m?/K) was also applied. The temperature of the gas
was set to 30°C. Figure 6(a) shows the temperature
distribution after the temperature rise became stable.
Figure 6(b) shows the distribution of the von Mises
equivalent stress. In the simulation, the maximum temper-
ature of the gold was 375°C and that of the bonded
interfaces between the gold and copper was 264°C.
These maximum temperatures are sufficiently lower than
the melting points of gold and copper. The thermal stress
was calculated based on the stress-strain curves (Fig. 5)
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TABLE II. Stress evaluation results for new target irradiated

with 95-kW beam for 5.2 s.

Location

(maximum Stress Calculated  Allowable

temperature) classification  stress (MPa) stress (MPa)

Gold (375°C) Thermal 8.1 13.0
High-cycle fatigue 7.9 8.1
Low-cycle fatigue 8.2 12.2

Bonded interface Thermal 9.0 13.2

(264°C) High-cycle fatigue 9.0 12.2

Low-cycle fatigue 9.2 18.3

using an elastic-plastic analysis that took plastic deformation
into account. Based on the results, the maximum value of the
von Mises equivalent stress was 8.1 MPa in the gold and
9.0 MPa at the bonded interfaces between the gold and
copper. Since the calculated stresses were larger than 6.
(Table I), plastic deformation is caused. Because only heat
load is applied for the target by the beam irradiation, only
thermal stress (“secondary stress”) is generated while no
mechanical stress (“primary stress”) is generated, where the
primary and secondary stresses are defined in the pressure
vessel standard [21]. Based on the Bree diagram [28], the
stress-strain behavior by the cyclic secondary stress without
the primary stress is converged to plastic cycling, i.e.,
repeating a same hysteresis loop, and thus progressive plastic
deformation is converged and does not directly lead to
failure. For this case, the main cause of failure is considered
to be fatigue due to the cyclic stress. The stress for fatigue was
calculated from the alternating stress amplitude between the
lowest and highest temperatures shown in Fig. 4. Table II
shows the simulation results for the stress (“Calculated
stress”’) and the allowable stress described above. The
calculated stresses are lower than the corresponding allow-
able stresses. The calculated stress for the high-cycle fatigue
for the gold is close to the allowable stress, and thus the
maximum beam power was determined to be 95 kW.

The maximum vertical displacement due to thermal
expansion for the top surface of the lower gold target
was 0.1 mm upward and that for the bottom surface of the
upper gold target was 0.1 mm downward. With a 0.1-mm
margin added to these values, the gap between the upper
and lower gold blocks was determined to be 0.3 mm.

The soundness of the copper blocks was evaluated in the
same manner. The maximum temperature and thermal
stress for the copper were 264°C and 43 MPa, respectively.
The calculated thermal stress and stress amplitudes for the
low and high cycles are lower than the corresponding
allowable stresses. The maximum temperature rise of the
stainless-steel pipes was below 100°C, and the thermal
stress was sufficiently low.

Proton irradiation induces a displacement of atoms in the
target material, resulting in damage that causes changes in
the thermal properties and mechanical strength. Because no

damage was observed in the previous target, problem-free
operation of the new target is expected up to a similar
irradiation level, 1.5 x 10?° protons, which corresponds to
7.4 displacements per atom at maximum in the gold, as
estimated by PHITS code version 3.24 [29] with the arc-dpa
model [30]. For any irradiation level, the temperature of the
gold will be carefully monitored. If an obvious change is
observed, the gold target can be swapped with another one,
as mentioned above.

C. Monitoring equipment for new target
and target chamber

The temperature of the target is monitored with thermo-
couples. The thermocouples were attached to the edges of
each gold segment [Figs. 2(c) and 7]. The thermocouples
for the most upstream gold segment are denoted channel 1
and those for the most downstream segment are denoted
channel 6. Each segment contained four thermocouples.
The temperatures of the cooling water pipes and the copper
blocks were also monitored by thermocouples. All ther-
mocouples were class-2 type-K sheath thermocouples, as
specified in the thermocouple standard [31].

The tolerances in the standard are prescribed as +2.5 K
from —40°C up to 333°C, and £0.0075 x T(°C) above
333°C. These tolerances were adopted as the errors in tem-
perature measurements. All thermocouples were sampled
every 100 ms. If the target temperature exceeds the
threshold, the beam operation is stopped to avoid damage
to the target. Other monitors, such as beam rate monitors
and beam profile monitors, can also detect unusual beam
conditions and trigger a stop in the beam operation.
However, if an abnormally intense beam is injected in a
few milliseconds, the maximum temperature might rise

¢ Thermocouples | %
Channel1[" | ~ ,&;P,e?m

FIG. 7. Photograph of thermocouples attached to edges of each
segment of gold target before final assembly. The gold target was
divided into six segments along the beam direction. The ther-
mocouples for the segments are labeled as channel 1 to channel 6,
starting from the upstream.
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I
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above the melting point of the gold before the beam can be
stopped. Such a beam may also cause thermal stress that is
much higher than the allowable stress. The target is thus
placed in a gas-tight chamber, referred to as the target
chamber, to prevent the radioactive materials from spread-
ing to the beam tunnel in the case of target failure. Figure 8§
shows a schematic drawing of the target chamber in the
beam line, and Figs. 9(a) and 9(b) respectively show
photographs of the chamber during assembly and after
the completion of major assembly. The target chamber was
filled with helium gas at a pressure of around 90 kPa. The
soundness of the target was monitored by measuring the
amount of radioactive material contained in the gas [32].

D. Beam windows of target chamber

The beam windows, which are vacuum-tight partitions
between the beam-line vacuum and the target chamber, are
made of beryllium, S-200-F [33]. As shown in Fig. 8, the
beam window is a simple flat disk, which is clamped onto
an inner surface of the target chamber wall together with a
HELICOFLEX-type metal seal [34] using a clamping
flange and bolts. The upstream and downstream beryllium
disks are 6 mm thick x300 mm in diameter and 8 mm thick
x455 mm in diameter, respectively. The clamping flange is
made of nickel (UNS-N02201) and the target chamber wall
is made of stainless steel (SUS304). Cooling water pipes
are attached to the target chamber wall and the downstream
clamping flange (Fig. 8). In the inspection after assembly,
the helium leakage rate for the beam window was smaller
than the background rate, 1 x 1071 Pa - m3/s. No leakage
signal was detected during beam operation.

For evaluation of the beam window soundness with a beam
power of 95 kW, heat deposition in the beam window was
simulated by MARS-15, and the thermal and mechanical

Clamping flange
(nickel)

Metal seal
(HELICOFLEX-
type)

Helium gas side
Vacuum side

@455 mm

[S———Downstream
beam window
(beryllium)

8 mm

Cooling water pipes

-7 (Sus316L)

Schematic drawing of target chamber in beam line with expanded view of downstream beam window.

T |
Downstream
beam window

Secondary-particle
production target

Upstream
beam window
beryllium

* View from upstream

FIG.9. (a)Photograph of target chamber with new target during
assembly. (b) Photograph of target chamber from upstream side
after assembly.
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) (MPa)
Beryllium 223

D EEE—
R227.5 mm

Max. stress

FIG. 10. von Mises stress distribution for downstream beam
window for the most stringent case: abnormal beam extraction
from accelerator, i.e., 5-us-width bunched beam with power of
95 kW. The bottom figure shows an expanded cross-sectional
view around the beam window center.

stresses were calculated using the finite element method with
LS-DYNA R10.2 [35]. The heat deposition in the downstream
beam window was estimated to be 162 W, which is much
higher than that in the upstream beam window, 8.7 W, owing
to the contribution of secondary particles produced in the
target. In addition to the thermal load, the mechanical load
generated by the pressure difference between the helium gas
and vacuum and the clamping force from the metal seal and
the clamping flange were applied to the beam window. For
the He gas side, surface cooling by the He gas (heat transfer
coefficient: 12 W/m?/K for the upstream window and
30 W/m? /K for the downstream window) was applied. In
the evaluation, the allowable stresses were determined based
on the pressure vessel standard [21]. Based on the results, the
most stringent case for the beam window was found to be
abnormal beam extraction from the accelerator, namely a
5-pus-width bunched beam. For the 5-us-width bunched
beam, the temperature rise of the downstream beam window
was calculated to be 132°C at the beam center. Figure 10
shows the von Mises stress distribution for irradiation by a
5-us-width bunched beam of the downstream beam window.
The maximum von Mises stress in this case was estimated to
be 223 MPa, which is lower than the allowable stress
(282 MPa). Thus, it is concluded that the beam window
will remain sound even for an abnormal bunched beam.

200
180
160
140
SD 120

D
o
LI I |

O 1 1 1 1
1 2 3 4 5 6

Channel number

FIG. 11. Temperature rise relative to cooling water temperature
vs channel number (i.e., position in beam direction) with beam
power of 50 kW.

III. TEMPERATURE DATA FOR NEW TARGET
DURING BEAM OPERATION

The new target was installed in the beam line in
November 2019. The first beam commissioning started
with a primary beam power of 5 kW in May 2020. The
beam power has been increased in steps; it has thus far
reached 65 kW without any problems. The distribution of
the temperature rise above the cooling water temperature at
50 kW is shown in Fig. 11. Here, the vertical axis is the
temperature rise averaged over the temperatures measured
by the four thermocouples for each channel. As shown in
the figure, the temperature rise was highest for channel 5.
According to the simulation, this result is considered to be
due to the loss of the primary beam and the absorption of
secondary particles inside the target. Figure 12 shows the
maximum temperature rises measured by the thermocou-
ples for each beam power along with the simulation results.

320

® Measured data
-A-Simulation

0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Beam power (kW)

FIG. 12. Maximum temperature rise for channel 5 as a function
of beam power. The result of the ANSYS simulation is also plotted
for comparison.
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Here, the simulation results show a temperature rise at the
position of the thermocouples for channel 5 that is 12%
lower than the maximum temperature rise in the gold target.
The measured maximum temperatures are consistent with
the simulation results to 10%.

IV. ESTIMATION OF BEAM POSITION BASED ON
TARGET TEMPERATURE

As the temperature of the target was measured at four
edges around the beam [Fig. 2(c)], it is possible to estimate
the position of the beam based on the temperature differ-
ence between the four thermocouples. Figure 13 shows the
temperature differences in the vertical and horizontal
directions for channel 5 during stable beam operation with
a beam power of 50 kW. The vertical difference AT}  and
the horizontal difference AT\, were calculated as

Ty, +Tp.  Tur + Tor

ATy g =~ 5 (4)
T T T T
ATyp = UL ‘; R IpL ‘; DR 5)

where Ty, Tyr, Tpr, and Tpr denote the temperatures
measured with the upper-left, upper-right, lower-left, and
lower-right thermocouples, respectively. As shown in
Fig. 13, the values of AT r and ATy p changed during
beam irradiation. The measured temperature difference is
expected to show a good correlation with the beam
position. The correlation was obtained by changing the
beam injection position with MARS-15 used for the heat
deposition simulations and ANSYS used for the temperature

30
20
10 |
S o4
N -
&~
-1
<| 0
-20
-30 |
rBeam irradiation 2 s.
_40 T TR RN RN TN RN PR R
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45
Time (s)
FIG. 13. Time-dependent temperature differences in horizontal

and vertical directions for channel 5 with beam power of 50 kW.
Time zero indicates the start of beam extraction.
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-04 00 04 08 1.2 16 20 24

FIG. 14. Beam center positions estimated from temperature
differences and measured with beam profile monitor located at
about 1-m upstream of the target. Letters A through H indicate the
time from the start of beam extraction.

calculations. Based on the calculation results, the beam
position was estimated from the measured temperature
difference. Figure 14 shows the results. For comparison, the
beam positions measured by a beam profile monitor located
at about 1 m upstream of the target [9] are also shown.
Here, the H and V axes indicate the horizontal and vertical
directions, respectively. The tendency of the position
change from the lower right to the upper left between
0.5 and 1.5 s is well reproduced by the estimation. From the
measurements by profile monitors located more upstream,
this position change of the beam center is consistent with
the change in the angle and momentum of the beam at the
extraction from the MR. This result suggests that the
multipoint temperature measurement of the target can be
used for redundant beam position monitoring.

V. CONCLUSION

A new target for secondary-particle production was
designed and manufactured to accept a more intense slowly
extracted primary proton beam in the Hadron Experimental
Facility at J-PARC. The target was designed so that the
maximum stresses do not exceed the allowable stresses
determined based on the pressure vessel standard. 95 kW is
considered to be the maximum power of the primary proton
beam for a 5.2-s beam duration. The new target was stably
operated up to a power of 65 kW. In addition, we
demonstrated that the beam position could be estimated
from multipoint temperature measurements.
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