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Abstract
The high-frequency systems for the RIKEN Ring Cy-

clotron (RRC) were upgraded to increase the acceleration
voltage at 18.25-MHz operation by remodeling its cavity res-
onators and rf controllers. After the upgrade, the maximum
gap voltage at 18.25 MHz improved from about 80 kV to
more than 150 kV. The beam intensity of 238U for the RI
Beam Factory was increased up to 117 pnA in 2020 by over-
coming the beam intensity limitation of the RRC due to the
space charge effect. This article presents the details of the
upgrade as well as the current status of the high-frequency
systems for the RRC.

INTRODUCTION

RI Beam Factory
The Radioactive Isotope Beam Factory (RIBF) [1, 2]

at the RIKEN Nishina Center started operation in 2006
in order to pursue heavy-ion beam science through basic
and applied research, such as determining the origin of the
elements, establishing new nuclear models, synthesizing
new elements and isotopes, researching nuclear transmuta-
tion, and supporting industrial applications including bio-
logical breeding and producing useful RIs. The RIBF has
four separate-sector cyclotrons: the RIKEN ring cyclotron
(RRC [3], K = 540 MeV), the fixed-frequency ring cyclotron
(fRC [4–6], K = 700 MeV), the intermediate-stage ring cy-
clotron (IRC [7], K = 980 MeV), and the world’s first super-
conducting ring cyclotron (SRC [8], K = 2600 MeV). The
RIBF can provide the world’s most intense RI beams for
all masses by accelerating heavy-ion beams up to 70% of
light speed in cw mode, using a cascade of the four ring
cyclotrons combined with different types of injectors: a
variable-frequency heavy-ion linac (RILAC [9, 10]), a fixed-
frequency heavy-ion linac (RILAC2 [11, 12]), and a K70-
MeV AVF cyclotron (AVF [13]).

Uranium is one of the most important beams in the RIBF
because it can produce many rare isotopes via the in-flight fis-
sion of uranium ions by a superconducting in-flight fragment
separator, BigRIPS [14]. As shown in Fig. 1, the uranium
ions are produced with a powerful 28-GHz superconduct-
ing ECR ion source [15,16] at the charge state of 35+ and
accelerated through the RILAC2 and RRC up to 11 MeV/u.
After changing their charge state to 64+ by a helium gas
stripper [17], they are further accelerated in the fRC and
converted to 86+ by a graphite sheet stripper [18]. Finally,
they are boosted up to 345 MeV/u by the IRC and SRC, and
directed to the BigRIPS.
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Figure 1: Schematic of uranium acceleration at the RIBF.

This article describes in detail the modification of the
high-frequency systems for the RRC.

Overview of RRC
The RRC is a four-sector normal-conducting isochronous

ring cyclotron that has been in operation for over 35 years.
The RRC can accelerate light ions up to 135 MeV/u and
is also frequently used to provide the intermediate-energy
beams. Figure 2 indicates the equipment layout of the RRC.
The RRC has an injection radius of 89.3 cm and an extraction
radius of 356 cm, giving a large velocity gain of 4. Each
radial sector has a sector angle of 50 degrees and is equipped
with 26 trim coils. Beams are injected and extracted by
one electrostatic deflector and two magnetic channels and
bending magnets, respectively. The specifications of the
RRC are summarized in Table. 1.
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Figure 2: Equipment layout of the RRC.
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Table 1: Specifications of the RRC

Parameter Value

K-value 540 MeV
Sectors 4
Sector angle 50∘

Pole gap 80 mm
Maximum field 1.6 T
Trim coils 26
Velocity gain 4.0
Mean injection radius 89 cm
Mean extraction radius 356 cm
Acceleration cavities 2
Frequency range 18–42 MHz
Harmonics 5, 9, etc.

The RRC has two variable-frequency acceleration cav-
ities and does not use a flat-top system. The acceleration
cavities of the RRC [19] are based on a half-wavelength
resonator, which has two gaps between the dee electrode
and the outer wall. The dee angle is 23.5 degrees, the ac-
celeration gap length is 100 mm, and the outer dimensions
of the cavity are 2.1 m(H)×3.5 m(W)×1.6 m(D). As shown
in Fig. 3, the variable frequency devices of the RRC use a
unique mechanism called a movable-box-type. The movable
box is not in contact with the stem, only with the outer wall.
The frequency can be varied using not only a change in the
inductance but also the capacitance when the movable-box
approaches the dee electrode. This mechanism makes it
possible to vary the frequency from about 20 to 45 MHz
with a size less than one-third that of a movable-short-type
cavity. However, the dee voltage is frequency dependent due
to the large shunt-impedance variation. The rf amplifier of
the RRC is a three-stage configuration using tetrodes and
has a maximum rf output of around 150 kW. The rf system
has a voltage stability of less than 0.1% and a phase stability
of less than 0.1 degree. We are currently using low-level
circuits with analog feedback.

UPGRADE OF HIGH-FREQUENCY
SYSTEM FOR RRC

Objective of the Upgrade
As a result of many improvements [20] since the beginning

of the operation of the RIBF in 2007, the beam intensity was
steadily increased to nearly 1 p𝜇A, the target value of the
RIBF project, for various ion beams. However, the intensity
of the uranium beam had reached a peak at about 70 pnA at
the exit of the SRC in 2017, in contrast to other ion beams.
The transmission efficiency of the RIBF was also increased
over the years, but the beam loss at the RRC extraction on the
electrostatic deflection channel (EDC) was close to reaching
its limit of about 300 W. As the beam intensity supplied from
upstream increased, the beam quality deteriorated due to
space-charge effects in the RRC [21], resulting in increased
beam loss at the RRC extraction. This was a major cause
limiting the uranium beam intensity of the RIBF.

Movable box

Movable box

Stem

Stem

Dee

Outer wall

2.1 m Trimmer

Figure 3: Schematic drawing of the movable-box-type cavity
resonator for the RRC. An rf power coupler is concentric
with a fine-tuner (trimmer).

The underlying cause of this increased beam loss was the
inability to obtain enough turn separation due to the insuffi-
cient acceleration voltage of the RRC. During the accelera-
tion of very heavy ions including uranium, the rf system of
RRC have to operate at 18.25 MHz. However, a gap voltage
of only 85 kV could be generated at this frequency because
the operation frequency of 18.25 MHz was actually out of
the design specifications. For example, applying the RRC
parameters to the equation reported by Baartman [22], the
limit current for the uranium beam acceleration of the RRC
with an rf voltage of 85 kV was derived to be 2.3 p𝜇A. This
value was close to the beam current in the RRC at that time.

The upper panel of Fig. 4 shows the calculation model
with the original cavity operated at about 18.25 MHz. The
gap length between the dee electrode and the movable box
had to be set very small, about 20 mm beyond the design
range. As a result, the maximum voltage had been limited
to 85 kV, because of the frequent rf discharge caused by this
small gap. The actual parallel shunt impedance was also very
low, less than 40 kΩ, and the large rf input power caused
a severe shock during discharge. Therefore, we decided to
modify the cavity resonators to increase the acceleration
voltage of the RRC.

Design and Modification of RF Components
To increase the acceleration voltage of the RRC, the gap

between the dee electrode and the movable box had to be
widened. As shown in the lower panel of Fig. 4, a new
slanted stem structure was adopted to shift the resonance
frequency range to the lower side by increasing the induc-
tance of the resonator. The increased inductance reduced the
capacitance for the same frequency, so the gap length could
be almost doubled at 18.25 MHz as shown in Fig. 4. At
the same time, the shunt impedance was more than doubled
and thus the required rf power was significantly reduced.
This modification was expected to increase the voltage at
18.25 MHz by a factor of 1.5 or more.
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Figure 4: Calculation models of the original cavity (upper
panel) and the modified cavity (lower panel).

For this modification, we decided to replace only the in-
ternal conductors, the stem and dee, and to not change other
components such as the outer wall and movable box. 3D
electromagnetic calculations were performed using the CST
Studio Suite [23] to find the optimal geometry of the inner
conductor. As shown in the lower panel of Fig. 4, the three
dimensions (a), (b), and (c) were used as parameters to de-
termine well-balanced dimensions to ensure the required
frequency range was obtained while widening the gap as
much as possible and increasing the shunt impedance. The
calculated design parameters are summarized in Table 2 as
well as the original cavity values. Since frequencies above
39 MHz are not used today, the maximum resonant fre-
quency was designed to be less than 39 MHz. The mounting
parts were made to have identical dimensions for compati-
bility. The distribution of heat generation obtained from the
electromagnetic calculation was also used for the cooling
design.

The radial voltage distribution at the acceleration gap
was also taken into account with regard to maintaining the
bunch compression effect by the high-frequency magnetic
field [24]. Since there is no flat-top cavity in the RRC and the
phase acceptance is small, acceleration with compression of
the bunch is advantageous for beam extraction. From this
point of view, the voltage distribution should be such that
the voltage increases toward the outer circumference without
any mid-range sagging, and such a distribution was obtained
in the original cavity. Noted that the voltage distribution of
the RRC is gentle at the low-frequency side, which affects
the high-frequency side. In the calculation, dimension (b)
works to compensate for the mid-range sag. The mid-range
sag was not completely eliminated, but it was kept to a level
that did not affect the beam acceleration.

Figure 5 shows pictures during the modification work of
the RRC cavity. As shown in panel (a), the new dee electrode
and stem were fabricated as four sets of half-units using

Table 2: Calculation results for the original cavity and the
modified cavity. The definition of shunt impedance is 𝑅 =
𝑉2

gap/2𝑃 here

Original Modified
Cavity Cavity

Frequency range 20–45 MHz 16–38.8 MHz
Stroke of MBOX 680 mm each 680 mm each
Shunt impedance 61–594 kΩ 78–451 kΩ
Shunt impedance ∼48 kΩ ∼99 kΩ
(around 18.25 MHz)
Quality factor 𝑄0 8865 11160
(around 18.25 MHz)
Gap length 22.5 mm 43 mm
(b/w dee and MBOX)
Maximum voltage ∼85 kV >120 kV
(around 18.25 MHz)

oxygen-free copper. The modification work was performed
from February to March 2018, and the interior of the cavity
after completion of the modification is shown in panel (d)
of Fig. 5.

a) b)

c) d)

Figure 5: Photographs of the modification work, showing a
new half-unit of the stem and dee electrode (a), delivery of
fabrication parts (b), replacement of cavity contents (c), and
completed assembly (d).

The aging rf control system and tetrode grid power sup-
plies for the RRC were also updated before and after the
cavity upgrade. The rf controller, which was implemented
with hardware relay logic, was replaced by a programmable
logic controller (PLC) based system. All the driving mo-
tors and motor drivers for the cavity resonators were also
replaced, with only the analog low-level circuits retained.
All the components are now controlled directly from the
PLC, and remote operation has been moved to an Ethernet
base. This renewal resulted in a faster recovery time in a
trip event, less damage to the amplifiers, and improved res-
olution of rf voltage and phase set points. The aging grid
power supplies, in use for more than 30 years, were renewed
because they were beyond repair and had been unstable in re-

23rd Int. Conf. Cyclotrons Appl. CYCLOTRONS2022, Beijing, China JACoW Publishing

ISBN: 9 7 8 - 3 - 9 5 4 5 0 - 2 1 2 - 7 ISSN: 2 6 7 3 - 5 4 8 2 d o i : 1 0 . 1 8 4 2 9 / J A C o W - C Y C L O T R O N S 2 0 2 2 - M O A I 0 2

MOAI02

Co
n
te
n
t
fr
o
m

th
is

w
o
rk

m
ay

b
e
u
se
d
u
n
d
er

th
e
te
rm

s
o
f
th
e
CC
-B

Y-
4
.0

li
ce
n
ce

(©
20

22
).
A
n
y
d
is
tr
ib
u
ti
o
n
o
f
th
is

w
o
rk

m
u
st

m
ai
n
ta
in

at
tr
ib
u
ti
o
n
to

th
e
au

th
o
r(
s)
,t
it
le

o
f
th
e
w
o
rk
,p

u
b
li
sh

er
,a

n
d
D
O
I

8 Cyclotron and Technology



cent years. Since they are placed in a radiation environment,
they were manufactured using a standard logic IC without
using a micro-controller.

UPGRADE RESULTS AND CURRENT
STATUS

After the modification, the frequency response was mea-
sured with a network analyzer in April 2018. For each
movable-box position, the resonant frequency correspond-
ing to each trimmer position is plotted in Fig. 6. Each point
represents the result of a measurement and the curves indi-
cate the calculation results for four movable-box positions.
As shown in Fig. 6, the frequency response is almost exactly
as expected from the calculations. No detrimental resonance
peaks were observed up to 200 MHz for each operating fre-
quency. The quality factor was also measured with a network
analyzer for each frequency. The internal quality factor of
each frequency is almost 80% of the calculation. This is due
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Figure 6: Resonant frequencies measured with a network
analyzer for two cavities. The markers are changed according
to the movable-box position.

to the many contact points of the sliding parts, however it is
consistent with the value assumed in advance based on past
experience.

Immediately after the low power test, we started applying
high power at 32.6 MHz for conditioning. In a few hours,
the voltage was up to the specified voltage of 220 kV for
32.6-MHz operation, and a week later in May 2018, the
beam supply to the experiment was resumed. In the 18.25-
MHz operation, the voltage was increased step by step. The
maximum acceleration voltage of 160 kV was achieved at
18.25 MHz in 2020 by increasing the anode voltage of the
final stage tetrode from 10 kV to 12 kV. The shunt impedance
at 18.25 MHz was also more than double the previous value
based on the relationship between voltage and power. Thus,
it is now possible to operate the cavity at a voltage about
twice as high as before at 18.25 MHz.

Figure 7 shows the radial beam pattern of the uranium
accelerated in 2017 and 2020. The left side is injection and
the right side is extraction. The operating voltage in 2017
was 85 kV and in 2020 it was 140 kV. As can be seen in
Fig. 7, the effect of the voltage enhancement is remarkable,
and the turn separation of the RRC has been significantly
improved even with uranium acceleration. This increased
turn separation has reduced the beam loss on the RRC EDC
by a factor of three. Thus, there is now a margin for beam
intensity that can be accelerated by the RRC.

Operated @ 85 kV (2017/10/18)

Operated @ 140 kV (2020/10/21)

B
ea

m
 c

u
rr

en
t 

(a
rb

. u
n

it
)

B
ea

m
 c

u
rr

en
t 

(a
rb

. u
n

it
)

Radius [mm]Inj. Ext.

Figure 7: Radial beam pattern in the RRC for the uranium
beam acceleration before (upper panel) and after modifica-
tion (lower panel).

In addition, the cavity modifications significantly reduced
rf discharges and resulting trips as expected. The upper
panel of Fig. 8 shows the number of rf discharges-per-day
and rf trips-per-day during uranium acceleration in 2017, be-
fore the cavity modification. We suffered from rf discharges
about 20 to 60 times per day at around 85 kV. On the other
hand, after the modification, the number of discharges has
been greatly reduced to only a few times per day in spite
of the higher voltage, and tripping almost never occurs, as
shown in the lower panel of Fig. 8. This dramatic reduc-
tion in rf discharges also contributes to improving the beam
availability of the RIBF and now exceeds 90%.
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Figure 8: Comparison of rf discharges and trips during ura-
nium acceleration. Upper panel indicates the numbers per
day in 2017 and lower panel indicates those in 2018.

Figure 9 shows the evolution of the maximum beam inten-
sity at the exit of the SRC from 2007 to summer 2022. After
the upgrade of the RRC high-frequency systems, the uranium
beam current achieved 117 pnA at the end of 2020, which
corresponds to almost 10 kW. The beam power of other ions
in the medium-mass regions now approaches 20 kW.

The modification of the RRC cavity resonator has im-
proved the transmission efficiency of RRC to about 90%.
This efficiency value of 90% excludes components that can-
not be accelerated by the RRC in principle. This is because
the upstream RILAC2 is operated at twice the frequency of
the RRC, 36.5 MHz, and thus some of the beam components
are injected in the deceleration phase of the RRC.

Recently, we have clearly seen a phenomenon in which the
beam transmission efficiency decreases due to the influence
of fluctuations in the receiving voltage. This occurs when
the receiving voltage drops, but the cause is still unclear as
it seems to have a compound cause. It has been found that
the rf voltage of the RRC fluctuates very slightly despite
the feedback. This may be due to an unstabilized filament
current and anode voltage. At present, the rf voltage is fine-
tuned manually by the operator when the receiving voltage
fluctuates. We are planning to introduce a new digital low-
level circuit in the RRC next year to further increase stability.
Prior to this, a similar circuit was introduced into the injector
RFQ, and it is clear that the new circuit has greatly improved
stability. If this does not improve the situation, we will
consider updating the filament power supplies.
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