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Radiation Transport Calculation Using PHITS Code
for Radiation Heat Load and Damage to
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The BigRIPS separator is the superconducting in-flight radioactive isotope (RI) beam separator at RIKEN Nishina
Center. In the RI production process with an intense primary beam, the radiation heat load and damage are critical
issues for the BigRIPS separator. To estimate these quantities, the radiation transport calculation was performed by
using the PHITS code. The PHITS code reproduces the measured heat load data within a factor of 1.5.
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l. Introduction

In 2007, a new-generation radioactive isotope (RI) beam
facility called “RI beam factory” (RIBF)Y has started its op-
eration at RIKEN Nishina Center. At RIBF, the BigRIPS,?
which is a new-generation superconducting in-flight RI
beam separator, is used to produce variety of Rl beams by
the projectile fragmentation of various heavy ions, or
in-flight fission of a 22U beam. In this facility, heavy ions up
to uranium can be accelerated to 345 MeV/nucleon. The goal
intensity at RIBF is as high as 6.2x10" particles/sec, and the
maximum beam power reaches to 83 kW in the case of the
uranium beam.

Figure 1 shows a schematic layout of the BigRIPS sepa-
rator, which consists of 14 superconducting triplet
quadrupoles (STQ1-STQ14)*® and 6 room-temperature di-

poles (D1-D6). There are seven foci (F1-F7) in the beam line.

The BigRIPS separator is characterized by two-stage sepa-
rator scheme.? The first stage from the production target at
the FO focus to the F2 focus is used for the production and
separation of RI beams, and the second stage from the F3
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focus to the F7 focus is employed to identify RI beams in an
event-by-event mode.

A rotating target system® is installed at FO, and a
high-power beam dump” is placed inside the gap of the first
dipole D1 as well as at the exit side of D1. The beam dump
at the exit of D1 is a movable one in order to stop a primary
beam at different position depending on the Rl beam pro-
duction condition.

In the production process of RI beams, high-energy light
charged particles and neutrons are produced at the produc-
tion target and the beam dump. These particles hit the beam
line devices, especially STQ1 just after the production target
and STQ2 at the downstream of the beam dump. These
STQs are cooled by the liquid helium cryogenic plant®
which has a total cooling capacity of about 500 W at 4 K and
a extra cooling capacity of about 300 W at 4 K. The total
radiation heat load to the cryostats of STQ1l and STQ2
makes serious problem on the operation of the cryogenic
plant, if it exceeds 300 W. The heat load density at the su-
perconducting coil of the STQ is also important in order to

Fig. 1 Schematic layout of the BigRIPS separator. The STQn and Dn denote the superconducting quadrupole triplets
and the room-temperature dipoles, respectively. Fn indicates the focus.
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keep the coil in the superconductive state. The radiation
damage is one of the critical issues, because it limits the life-
time of the beam line devices.

The radiation heat load to the cryostat containing STQ1
was first observed with a *Ca®®* beam at 345 MeV/nucleon
in December 2008. The setting of the BigRIPS separator was
set to the production of the neon isotopes, *!Ne and **Ne.
This heat load was caused by a large number of the
high-energy light charged particles and neutrons produced at
the production target.

In May and June 2010, a series of experiments on oxygen
and aluminum isotopes was performed with an intense
“Ca®®* beam at 345 MeV/nucleon. The radiation heat load to
the STQ2 cryostat as well as the STQ1 cryostat was ob-
served during the aluminum isotope experiment. In this case,
the source of the radiation heat load to the STQ2 cryostat
was the charged particles and the neutrons from the movable
beam dump, because it was set to the location in the beam
bore tube of the STQ2 cryostat.

A radiation transport calculation, which can transport
heavy ions, is required to estimate the radiation heat load
and damage caused in the RI beam production. PHITS (mul-
ti-purpose Monte Carlo Particle and Heavy lon Transport
code System)? is one of the calculation code which includes
reaction processes of heavy ions as well as light particles.

In this paper, we report details of the radiation transport
calculation on the radiation heat load and damage using the
PHITS code and the comparison with the experimental data.

I1. Calculation Model

The radiation transport calculation was performed by us-
ing the PHITS code.? In the PHITS code, the collisions of
light particles and heavy ions with materials are calculated
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Fig. 2 Schematic layout of the calculation model of the
BigRIPS separator

by using the JAM and JQMD models,? respectively. Evapo-
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ration and fission processes of heavy ions are also included.
The PHITS code employs the cross sections from evaluated
nuclear data libraries for low energy protons and neutrons.?
To get enough event sources and a fast computation, the
calculation was made at RIKEN Integrated Cluster of Clus-
ters (RICC) facility, which has a 107 TFLOPS performance
and 8,192 CPUs.

Figure 2 shows the schematic drawing of the beam line of
the BigRIPS separator from the production target to the F2
focus in the calculation model. Beam line devices in this
model were the production target, the magnets, the beam
dump, the vacuum chambers, the concrete shields around the
magnet, and the concrete walls. A prototype beam scraper®
was installed at the entrance of STQ1 inside the beam bore
tube in order to reduce the heat load to STQ1. The beam
scraper was a 126 mm long copper block with the collima-
tion hole which was 36 mm in a diameter. In addition, a
local shield between the beam dump and STQ2 was placed
to prevent STQ2 from particles produced at the beam dump.
The local shield consists of tungsten and iron shields. The
structure of the beam line devices was modeled in a
three-dimensional way with their constituent materials.

In the calculation, a sharp edge shape was used for the
magnetic field of the quadrupole and the dipole. The correc-
tion of the effective length was applied to the magnetic field
of the quadrupole. The strength of the magnetic field was set
to the experimental values.

The PHITS code transports not only primary beam and
fragments produced in the target, but also neutrons, protons
and light charged particles produced along the beam line of
the BigRIPS separator. As a result of the transport calcula-
tion, we obtain the estimation of the radiation heat load and
damage to the beam line devices.

I11. Measurement and Comparison with PHITS
Calculation

1. Measurement of Radiation Heat Load

In 2008 and 2010, an intense “*Ca®® beam at
345 MeV/nucleon was employed to produce Rl beams. The
maximum beam intensity was reached to about 4 pA. The
heat load to the STQ1 cryostat was clearly observed by
comparing the heater power of STQ1 with and without the
beam irradiation. The heater power of the cryostat was con-
trolled to keep the liquid helium level in the cryostat, so that
the heat load was compensated by the heater power. To de-
duce the heat load from the measurement of the heater power,
the heat load analysis of STQ was performed.'®

Table 1 shows the summary of the experimental settings
performed in 2008 and 2010, and the measured heat load to
the STQ1 cryostat. The settings used in the *!Ne, **Ne, 0,
and **Al isotope experiments are named as Setting I, II, 11l
and 1V, respectively. The following paragraphs describe
more detail of the measurements.

In 2008, the *Ne and **Ne isotopes were produced with
15 mm and 20 mm thick Be targets with a “®Ca”®* beam at
345 MeV/nucleon, respectively. The beam current was
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Table 1 Experimental condition and measured heat load to
the STQ1 cryostat

Setting Target Bp* Be target Average Heat
isotope [Tm] thickness current  load

[mm] [LA] W]

| ¥INe 8.2 15 0.53 11.9

Il Ne 8.4 20 2.25 42.6
mt 20 8.1 15 35 32.7
\YAl Bl 7.0 10 3.7 26.8

" Magnetic rigidity used for the optics from the FO focus to the
F1 focus in the BigRIPS separator.
"The beam scraper was installed inside STQ1.

measured by a fast current transformer'™” (FCT) which was
installed at upstream of the target chamber. The FCT reading
was calibrated with a Faraday cup reading. During the expe-
riments, the heater power decreased clearly when the beam
bombarded the target. Taking the average of the heater pow-
er and the beam current, we evaluate the radiation heat load
caused by the beam, which is shown in Table 1.

The O isotope experiment was performed with a *4Ca®*
beam at 345 MeV/nucleon in May 2010. The production
target was 15 mm thick Be target. The beam scraper, which

Tetsuya OHNISHI et al.

is described in Section Il, was installed at the entrance of
STQ1. The beam intensity was monitored by using the phase
probe at the exit of the accelerator calibrated with a Faraday
cup reading, because the FCT beam monitor was not availa-
ble in this beam time. The heat load was estimated in the
same way as in 2008, and it was 32.7 W with the beam in-
tensity of 3.5 pA.

In June 2010, the *Al isotope experiment was also per-
formed using 10 mm thick Be target with the same Ca beam
as the 2O isotope experiment. In this experiment, the mova-
ble beam dump at the exit of D1 was set to the position
within the beam bore tube of the STQ2 cryostat, because the
stop position of the primary beam was 67 mm apart from the
central beam axes. The beam dump became the main source
of neutrons and light charged particles which directly hit
STQ2. As a result, the heat load to the STQ2 cryostat was
first observed about 13 W, while the heat load to the STQ1
cryostat was about 26.8 W. The beam intensity was about
3.7 pA monitored in the same way as the O isotope expe-
riment.

The systematic error of the measured heat load is esti-
mated to be about 30%. The error comes from the averaging
of the heater power and the determination of the beam inten-
sity.
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Fig. 3 Calculated flux intensity of particle around STQ1 in Setting Il1l. The flux intensities of a) neutrons, b) protons
and c) nuclei including primary beam are plotted in units of [L/cmZ/source]. Here, the normalization factor “per
source” means “caused by one nucleus of primary “éCa beam”. Left and right panels show the flux intensity in the ho-
rizontal and vertical cross sections, respectively.
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2. Radiation Heat Load Estimation Using PHITS

We performed the radiation transport calculation of Set-
ting I, 11, 111, and IV by using the PHITS code, and estimated
the radiation heat load. The experimental values were ap-
plied to the production target thickness, the shape of the
primary beam, and the magnetic field settings. Concerning
the shape of the primary beam, a Gaussian shape was applied
to the position and angular distribution of the primary beam,
and the width of the distribution was obtained from the ex-
perimental data. The calculation was performed by
generating about a million event sources.

Figure 3 shows the calculated distribution of the flux in-
tensities of neutrons, protons, and nuclei including primary
beam around STQ1 in Setting Il (Table 1). Neutrons are
produced at the target, and they pass through STQ1 mainly
in the forward direction. Protons produced at the target are
transported inside STQ1, and hit the inner duct of STQ1 in
both horizontal and vertical directions due to its different
optics from objected isotope and its large spreads in size and
angle.

The heat load distribution around STQ1 calculated in Set-
ting 11 is shown in Fig. 4. In Fig. 4, the heat load mainly
distributes at the inner duct of STQ1. This is supposed to be
caused by protons, compared with the flux shown in Fig. 3.
The heat load around the first coil is larger than around other
coils, because the first coil is close to the production target.

Table 2 shows the calculated heat load to the STQ1
cryostat with the experimental settings listed in Table 1. In
addition, we calculated the heat load with a setting which is
the same as Setting | except for using the beam scraper,
named as Setting I’. All results in Table 2 correspond to the
beam intensity of 20 pA. Total heat loads are calculated by
integrating the heat density over each part of the STQ1
component. The statics error of the calculated total heat load

x [cm]
Heat [MeV/cm®/source]

y [em]

Heat [MeV/cm®source]

Fig. 4 Heat load distribution around STQ1 in Setting I11. Upper
and lower panels show the distribution in the horizontal and
vertical cross section, respectively. The normalization factor
“per source” is the same as in Fig. 3.
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Table 2 Estimated heat load by PHITS calculation
Setting I I I m v
Liquid He 221 131 280 128 9.01
First coil 235 940 28.7 9.14 6.58
Second coil 111 758 137 733 535
Third coil 431 401 524 388 2389
First coil case 121 47.6 151 459 314
Second coil case  27.3 185 335 179 129
Third coil case 163 146 20.0 138 9.30
Inner flanges 186 840 230 814 5.80

He vessel 208 147 263 143 102

Total 4K load 452 271 567 262 186
All numbers are given in unit of W. The results are calculated
with the beam intensity of 20 pA.

* The beam scraper is included inside STQ1.

with Monte Carlo method is estimated to be less than 0.01%.
Scaling with the experimental beam intensity, total 4 K
heat load to the STQ1 cryostat was estimated to be 12.0,
63.8, 45.9, and 34.4 W for Setting I, II, 1lI, and 1V, respec-
tively. The estimated results are about 1.3 - 1.5 times larger
than the measured heat loads in Table 1 except Setting I.

To evaluate the effect of the beam scraper, we compare
the calculated results of Setting I and I’. The beam scraper
reduces the total 4K heat load about 40%. This effect is con-
firmed using the measured heat load in Setting 1 and IlI,
because the target thickness and magnetic rigidity in Set-
ting 111 is almost the same as in Setting I. Scaling the
measured heat load, the reduction using the beam scraper is
about 58%. It almost agrees with the calculation.

Concerning STQ2, the heat load to the STQ2 cryostat was
estimated in Setting IV. The estimated heat load was 10.5 W,
while the measured heat load was 13 W. The PHITS code
also reproduces the heat load to the STQ2 cryostat.

3. Estimation of Absorbed Dose at First Coil of STQ1

To estimate the radiation damage, the peak value of the
absorbed dose at the first coil of STQ1 was obtained from
the calculated heat load distribution.

Results of the peak of heat load density and absorbed dose
are summarized in Table 3. The results are calculated with
the beam intensity of 20 pA. The superconducting coil of the
STQ consists of NbTi and copper, and its radiation tolerance
is about 10® Gy. Using the calculated value in Setting 111, the
lifetime of the first coil of STQL1 is estimated about 30 years

Table 3  Estimated peak dose at the first coil of STQ1

Setting Peak heat load density ~ Peak absorbed dose
[mWicm?] [Gy/sec]
| 9.9 1.1
1 13 15
1l 3.0 0.30
\Y 2.2 0.24

The results are calculated with the beam intensity of 20 pA.
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with the beam intensity of 20 pA and the beam time period
per year of 10’ seconds. The epoxy resin insulation, of which
its radiation tolerance is about 10" Gy, is also used in the coil
of the STQ. If the coil consists of only epoxy, the calculated
peak heat load density and absorbed dose are 0.75 mW/cm?®
and 0.61 Gy/sec in Setting Ill, respectively. The estimated
lifetime of the epoxy resin insulation is about 2 years with
the same beam intensity and period condition used in the
case of the NbTi and copper coil.

IV. Summary

In summary, we have performed the radiation transport
calculation for the radiation heat load and damage to the
BigRIPS separator by using the PHITS code. We compared
the calculated heat load to STQs with the measured values in
several experimental settings with an intense **Ca?** beam at
345 MeV/nucleon. The PHITS code reproduces the meas-
ured heat load within a factor of 1.5. The results will be used
for the final design of the beam scraper at STQ1 and the op-
timization of the local shield of the beam line devices.
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