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Abstract
In 2002, KEK/J-PARC and CERN started the collabora-

tion on the RF systems of Low Energy Ion Ring to use mag-
netic alloy loaded cavities for heavy ion collision program
at LHC. It was an exchange of our expertise on the wide-
band cavities and high-power solid-state amplifiers. This
paper summarizes the 20-year collaboration which includes
many synchrotrons at both facilities: J-PARC rapid cycling
synchrotron (RCS) and main ring (MR), CERN Proton Syn-
chrotron, PS Booster, Antiproton Decelerator, Extra Low
Energy Antiproton ring, and MedAustron. With the im-
provements of cavity core by the magnetic annealing, field
gradient and compactness of cavity were improved to ful-
fill the needs of the LHC Injector Upgrade (LIU) program.
Radiation-hard and compact high-power solid-state ampli-
fiers were also developed for LIU and future accelerator im-
provements.

INTRODUCTION
In a synchrotron, particles circulate on the fixed orbit.

Therefore, the magnetic field of bending, quadrupole and
other magnets are ramped according to the variation of par-
ticle momentum. The variation in particle velocity is sig-
nificant in hadron and proton synchrotrons, although it re-
mains negligible in electron synchrotron. On the resonant-
type cavity technology for hadron beam acceleration, it has
been an issue how we change the resonant frequency of the
RF cavity. When synchrotrons were invented as a weak-
focusing machine in the 1950s, a large amounts of ferrite
rods and blocks were used for the cavity [1]. To change
the permeability of the ferrite material, a large biasing cur-
rent was applied on so-called Figure-of-Eight loop which
surrounded ferrite materials. In strong focusing machines
invented in the late 1950s, the ferrite rings became much
smaller than the ferrite bricks of weak focusing machines
[2, 3]. The ferrite cavity technology made the energy of
these synchrotrons higher. However, the tuning circuit was
still inevitable. A large frequency swing was an issue on
this scheme to apply for heavy-ion synchrotron because it re-
quired a large variation of permeability. In the 1980s, a new
approach to extend the frequency bandwidth of RF cavity
was tried in Saclay, France. A magnetic alloy, amorphous,
material was used as a cavity core instead of ferrite [4].
However, the tuning circuit was still applied to change the
resonant frequency because of the large frequency swing.
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In the mid-1990s, an iron-based nano-crystalline mate-
rial, Finemet® [5], was tested as the cavity material in Japan
[6]. The material exhibited three significant characteristics:
thermal stability, stable shunt impedance on high voltage
and a very large permeability [7]. The saturation magnetic
flux density 𝐵𝑠 of Finemet® (∼1.2 T) was higher than that
of ferrite (∼0.3 T). Therefore, the material has stable shunt
impedance to use for ordinary accelerators. Our measure-
ment shows it is stable up to 200 mT as a RF flux density.
This was an important feature for a high intensity proton
machine. The cavity exhibited wideband characteristics, in-
dicating that cavity tuning circuit was not needed.

In the late 1990s, the first beam test was carried out at
HIMAC in National Institutes for Quantum Science and
Technology, Japan [8]. It was the first demonstration to
show that ion beam acceleration was possible by a com-
pact RF cavity without tuning. This is because magnetic
alloys including nano-crystalline and amorphous materials
have much higher permeability than ferrites. As a result,
𝜔𝐿 ∼ 𝑅, and 𝑄 ∼ 1, assuming the magnetic alloy cavity
system as a paralell LCR circuit. In case of ferrite cavity
system, 𝜔𝐿 < 𝑅, and typically 𝑄 ∼ 100. The ferrite cavity
system, therefore, exhibits narrowband characteristics and
needs a tuning circuit to sweep the resonant frequency for
acceleration. In many proton-ion medical synchrotrons, the
cavity system based on the magnetic alloys is adopted be-
cause of its simple structure without a tuning circuit and
easier beam acceleration [9, 10].

At J-PARC, the cavity bandwidth was controlled. A cut-
core technique was used to obtain narrow-band cavity for
MR [11]. For RCS, Alexander Schnase used an external in-
ductor to adjust bandwidth for beam acceleration and the
2nd harmonics [12]. Using these technologies, J-PARC
succeeded in accelerate the beam at the RCS in 2005 and
at the MR in 2006. And, the beam intensity of the RCS
reaches 1 MW, which is the design value and the MR deliv-
ers 515 kW for T2K long-baseline neutrino experiments.

LOW ENERGY ION RING (LEIR)
Our collaboration between CERN and KEK began in

March 2002 to develop the LEIR wideband cavities and
high-power solid-state amplifiers of J-PARC. The LEIR is a
Pb-ion accelerator converted from the Low Energy Antipro-
ton Ring (LEAR) [13,14]. It is the first ring in the ion-beam
injection chain for Pb-ion collision in the LHC. An RF sys-
tem was required to accelerate Pb-ion beam by a single cav-
ity. Another RF system was installed as a backup. They
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were designed to generate 4 kV with a frequency sweep of
0.72-2.84 MHz for the operation on harmonics h = 2. Ac-
tual bandwidth was 0.35-5 MHz. Multi-harmonic RF oper-
ation was also performed with a single cavity [15].

Figure 1 shows the LEIR cavity designed based on the
HIMAC experiences [7, 8]. Direct water cooling scheme
is also used in the LEIR cavities similar to the J-PARC RF
cavities. The nano-crystalline cores were coated and dipped
in cooling water [13]. Since the installation, no significant
cavity trouble and variation have been noticed.

The solid-state amplifier has been another key subject for
this collaboration. J-PARC required kW-class driver ampli-
fiers to drive tube amplifier as a final stage. Especially, RCS
requires 8 kW amplifiers to drive the amplifier as a dual har-
monic system. CERN designed a reliable 1 kW solid-state
amplifier unit. Now, J-PARC uses 140 units for stable beam
operation in both rings.

Figure 1: LEIR cavities during installation in 2005.

HIGH IMPEDANCE CORES
Nano-crystals in Finemet® are formed through the high

temperature annealing of amorphous Fe-Si-B-Ni-Cu alloy.
Magnetic annealing improves the characteristics of the ma-
terial used for the RF cavity. In the late-2000s, because
of the increased demand, the small-size magnetic-annealed
materials became available commercially. In 2009, the first
mid-size core production was tested at the factory of Hi-
tachi Metal Ltd. in Thailand. The mid-size core yielded
a good result. Simultaneously, J-PARC started to build its
own magnetic annealing system for large cavity cores in co-
operation with the Hitachi Metal Ltd. [16].

CERN and J-PARC have started cooperation to use the
magnetic-annealed cores. In 2011, J-PARC succeeded to
demonstrate the production of 80 cm diameter core by
the magnetic annealing. CERN ordered mid-size cores
with a diameter of 33 cm for new projects, PS booster
and MedAustron. Magnetic annealing improved cavity
impedance without changing the core size. The improved
impedance affects the cooling design and even compactness
of the cavity space.

After the successful magnetic annealing test production,
J-PARC started to build a mass-production system to im-
prove the cavity performance [16]. The system produced

magnetic-annealed cores for both J-PARC and CERN. It
also supplied the cores for the accelerator R&D in UK.

PS BOOSTER CAVITIES
The PSB is the first synchrotron in the LHC injection

chain for proton beam collision. The LHC Injectors Up-
grade (LIU) was launched in 2010 in synergy with the High
Luminosity LHC (HL-LHC) project [17,18]. It includes the
consolidation/upgrade of the PSB RF systems. The consol-
idation plan was to improve the existing ferrite-loaded RF
system. The replacement of all the existing ferrite-loaded
RF cavities with wideband RF systems was started as a back-
up plan.

In 2011, the magnetic-annealed cores were prepared to
install in a test cavity. It was a 5-cell cavity and each cell
comprised 2 cores cooled by copper cooling discs. Each
cell was driven by a solid-state amplifier installed beside
the cavity. The configuration made the system more robust
by having a margin for number of cells and amplifiers. The
cavity was installed in the PSB. Another test cavity was pre-
pared for the beam test in J-PARC. The beam test using a
high intensity beam of 1 × 1014 ppp was carried out [19].
The solid-state amplifier has a direct feedback system and J-
PARC prepared a feed forward beam loading compensation
system. Both the systems were found to work together.

Radiation damage on the solid-state amplifiers was also
investigated. The collimator section of the J-PARC MR was
used for an irradiation test of solid-state devices to investi-
gate single-event effects (Fig. 2). After a long shutdown, the
irradiation test was also performed at the CERN High En-
ergy Accelerator Mixed-field (CHARM) facility [20]. The
tests demonstrated the durability of devices under irradia-
tion and that the total ionization dose effect can be compen-
sated. [21].

Cavity performances and beam test results were reviewed,
and the replacement of the ferrite system with the wideband
system was approved. While four straight sections were
used for the ferrite system, the new system needs only three
sections. The J-PARC magnetic annealing system was used
for the mass-production of cores because of better charac-
teristics. During the long shutdown (LS2), the replacement
works were carried out (Fig.3) [22, 23]. After LS2, PSB
was restarted and a more flexible beam operation became
available [24]. The maximum RF voltage for acceleration
increased to 24 kV from 8 kV.

Figure 2: J-PARC MR collimator section. Three radiation
monitors (RadMON) were used to estimate the dose on the
device.
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Figure 3: Wideband cavities in PS booster.

PS DAMPER CAVITY
Longitudinal coupled-bunch instabilities limited the in-

tensity of LHC-type beam in PS [25]. A wideband feed-
back system similar to PSB wideband cavity was installed
to damp the dipole mode of the oscillation [26]. The
damper cavity worked well up to 2 × 1011 protons per
bunch. However, beyond this intensity, quadrupole oscil-
lations were observed. To damp the oscillation, a 40 MHz
RF cavity was operated as a higher harmonic RF system, in-
creasing Landau damping. [27]. The design goal intensity
(2.6×1011ppb) was achieved by the combination of damper
and Landau cavities (Fig. 4) [28].

Because PS is a more radioactive environment than PSB,
the solid-state amplifiers to drive the damper cavity were
protected in an iron shielding below the cavity. The radia-
tion in the shielding was about 5 Gy/year and acceptable for
5-10 years operation.

Figure 4: Intensity evolution with LHC-type beam.

ANTIPROTON DECELERATORS
Moreover, the wideband cavity technology is used for Ex-

tra Low ENergy Antiproton decelerator (ELENA) and An-
tiproton Decelerator (AD) [29]. ELENA needs a very wide-
band system, especially, 100 kHz as the bottom frequency
to obtain 100 keV antiprotons. Because ELENA is a very
small ring, it requires an extremely compact system. There-
fore, a single-gap cavity of approximately 15 cm thickness
was used for ELENA. Test-produced cavity cores using J-
PARC magnetic annealing system were tested before mass-
production for PSB. These cores were used for ELENA. Fig-
ure 5 shows the PSB-size and J-PARC-size cores. For AD,
a test cavity of PSB was reused after replacing all PSB cav-
ities.

Figure 5: J-PARC-size (left) and PSB-size (right) cores af-
ter magnetic annealing. Two PSB-size cores in this photo
were installed in ELENA cavity.

IRRADIATION TESTS OF NEW DEVICES
Gallium Nitride (GaN) devices exhibit high power and ra-

diation hardness. In 2019, we tested stability of GaN device
under biasing. A small GaN device QPD1013 was set down-
stream of collimator in the J-PARC MR (Fig. 2). We mea-
sured variation in the drain current by the irradiation doses
increased up to 30 kGy. The total ionization dose (TID) and
neutron flux on the device were measured using RadMON
V6 developed by CERN. [30, 31]. In 2020, we prepared
an amplifier using high power GaN devices QPD1016 and
tested in the same location. We have tested the amplifier
under the RF operation of ∼300 W with 30% duty. Total
dose was 18 kGy and approximately 2 × 1014neutron/cm2.
No obvious variations in the amplifier gain and single-event
effect were observed, as shown in Fig. 6. The variations at
200 Gy and at 15.8 kGy were caused by bias adjustments.
The dose corresponds to about 10 years use of feedback am-
plifier in PS tunnel [32].

Moreover, we also tested small sample of magnetic-
annealed cores that are used in CERN and J-PARC. No vari-
ations in complex permeability and hysteresis curve were
observed under high irradiation.

Figure 6: GaN amplifier gain during irradiation test.

SUMMARY
A lasting collaboration between CERN and J-PARC has

been successful. The desired beam intensity and quality for
LIU have been achieved.
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