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R&D in AVF cyclotron

J. Ohnishi,∗1 A. Goto,∗2 and Y. Kotaka∗3

We aim to increase the beam intensity and energy
in the AVF cyclotron. In 2020, 7.25 MeV/nucleon He
beams with intensity greater than 40 µA were sta-
bly supplied for RI-production experiments, and the
maximum beam energy was successfully increased from
14 MeV to 30 MeV for protons. This paper describes the
supply of a 30 MeV proton beam and the temperature-
monitoring system in the deflector septum for extracting
beams with an intensity greater than 1 kW.

Previously, the maximum energy of the AVF cyclotron
for protons was 14 MeV; however, in the summer of
2017, the new central region was installed to accelerate
beams with higher energies, for example, a 30 MeV pro-
ton (Harmonic H = 1 acceleration) and 14 MeV/nucleon
deuteron.1) The shape of the old and new central regions,
orbits of 30 MeV protons, and the central orbit of nor-
mal H = 2 operation are shown in Fig. 1. In February
2020, an acceleration test was conducted because the RI-
production experiment using the 30 MeV proton beam
was scheduled. The results of this test showed that a
part of the beam in the second turn hit the phase slit,
which was modified in 2019, and the shape of the slit was
corrected in a hurry. As a result, a 30 MeV proton beam
with a current of 10 µA was successfully accelerated and
supplied for the user’s experiment in June. The passing
efficiency in the AVF cyclotron was approximately 7%.

To prevent the deflector septum from melting due to
beam loss, a system was installed to monitor the tem-
perature of the septum with thermocouples (TCs) and
to stop the beam when an abnormal temperature rise
is detected. Figure 2 shows a part of the deflector to
which the TCs are attached. The septum is made of

Fig. 1. New and old central region of the AVF Cyclotron.
Hatched area indicates the old region. Beam orbits for
30 MeV protons and the central orbit of the normal H = 2
acceleration are also shown.
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Fig. 2. Tip of the deflector septum to which thermocouples
are attached.

Fig. 3. Time response of temperatures on the septum calcu-
lated by ansys.

copper, and it has a thickness of 0.3 mm and a height
of 12 mm. As shown in the figure, the septum has a
notch with a length of 20 mm in the beam direction for
dispersing beam loss. The two TCs were attached 6 mm
above and below the tip of the septum notch. Figure 3
shows the time response of the temperatures at the tip
of the septum notch (beam loss point) and the TC po-
sition calculated with ansys2) for a beam loss of 300 W
(assuming a beam diameter of 2 mm). These calculation
results show that the maximum temperature of the sep-
tum exceeds the melting point of copper (1085◦C) within
1 s with a beam loss of approximately 370 W. Further,
it is found that the temperature rise at the TC position
was as small as one tenth of the maximum temperature
and its response speed was slow. Therefore, we will stop
the beam before the septum melts when the temperature
rise for each 0.1 s measurement interval exceeds a prede-
termined value owing to any abnormal beam loss. The
system will be used in 2021 when the permission limit
on the radiation protection for the 7.25 MeV/nucleon He
beams will be increased to 70 µA.
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Charge stripper ring for RIKEN RI beam factory†

H. Imao∗1

The use of charge strippers is almost inevitable for
the efficient acceleration of particularly heavy ions such
as uranium in heavy-ion accelerator complexes. At
the RIKEN RI Beam Factory (RIBF), the total charge
stripping efficiency of two strippers, He gas1,2) and ro-
tating graphite sheet disk strippers,3) used for uranium
acceleration is less than 5%, which creates a serious
bottleneck for potential intensity upgrades in the near
future. We have proposed the use of charge stripper
rings (CSRs)4,5) as a cost-effective method to achieve a
10-fold increase in the intensity of the 238U beams at
RIBF.

Figure 1 shows a design view of the CSR for the
first stripper (CSR1), which is a compact isometric
ring with the same design circumferences of 37.1953 m
(15 times the distance interval of the beam bunches
from the RIKEN Ring Cyclotron (RRC) at a fre-
quency of 18.25 MHz) for all circulating uranium beams
with eight different charge states from 59+ to 66+.
CSR1 consists of gas strippers (He and nitrogen strip-
pers), eight main bending magnets (BM1-8), two accel-
eration cavities, a re-buncher, four charge-dependent
quadrupole stations, injection magnets (IBM and in-
jector quadrupole triplets), extractor bending magnets
(EBM1 and EBM2), steerers for closed-orbit distortion
corrections, and diagnostic boxes involving beam diag-
nostics and vacuum pumps. In the CSR1, beams other
than the selected U64+ beams reenter the stripper with
a ring after recovering the energy lost in the stripper.
The U35+ beams are injected simultaneously into the
charge stripper ring using the charge exchange injec-
tion method. The recycling cycles are repeated, and
only the U64+ beams are continuously extracted, us-
ing a magnetic deflection channel. The isometric ring
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is used to hold the bunch structure of beams to match
the acceptance of the latter-stage cyclotrons.

The CSR1 lattice is a mirror-symmetric reversed lat-
tice with the symmetry plane at the center of the
stripper section. The high-density quadrupole stations
equipped with a quadrupole doublet or triplet for all
charge states will be used to control the optics for all
charge states. The design of a compact quadrupole
magnet is a key issue. We have already finished the cal-
culations and are preparing to manufacture “hourglass-
like” quadrupole magnets6) as shown in Fig. 1.

We conducted some calculations for the key design is-
sues of CSR1. A realistic lattice for 8 charge states cir-
culating in CSR1 was derived. Possible sources of emit-
tance growth with a new multi-stage stripper scheme
were also investigated. We also performed calculations
for the beam transport of U35+ from RRC to CSR1 and
then those of U64+ from CSR1 to fRC. The effective
charge stripping efficiency of CSR1 in the present cal-
culation was approximately 60%, and further detailed
calculations and optimizations were conducted.
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Fig. 1. Design view of the CSR1 (left) and “hourglass-like” quadrupole magnet (right).
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