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Abstract
The J-PARC Main Ring (MR) is a high-intensity pro-

ton synchrotron, which accelerates protons from 3 GeV to
30 GeV. In addition to protons, we are considering acceler-
ating heavy ions to GeV/u energies in the MR as part of the
J-PARC heavy-ion program (J-PARC HI). The heavy ions
will be injected from the new heavy-ion injector into the
J-PARC Rapid Cycling Synchrotron (RCS) and delivered
to the MR. As the first stage of the program, Au ions are
considered the ion species to accelerate. A full stripping
beam of Au ions (197Au79+ ) with an energy of 500 MeV/u
is injected from the RCS to the MR. Au ions are accelerated
up to 11.5 GeV/u and delivered to the hadron experimental
facility. Since the change in revolution frequency during
acceleration of Au ions is larger than that for protons, addi-
tional cavities dedicated to ion acceleration or modifications
to the existing RF cavity will be needed to cover a wider
frequency range. To estimate the RF system requirements
for accelerating Au ions in the MR, we conducted a longitu-
dinal beam dynamics simulation. In this paper, we present
the simulation results with various harmonic numbers and
acceleration times.

INTRODUCTION
The Main Ring synchrotron (MR) [1] in the Japan Pro-

ton Accelerator Research Complex (J-PARC) [2] is a high-
intensity proton synchrotron which accelerates protons from
3 GeV to 30 GeV. The beam injection starts at t = 10 ms
from the cycle start. The acceleration starts at t = 140 ms
and finishes at t = 790 ms. J-PARC MR has two operation
modes with different extraction schemes. The fast extraction
(FX) mode is used for the beam delivery to the neutrino
experiment. In the FX mode, the beam is extracted using
the extraction kickers in one turn. The other operation mode
is the slow extraction (SX) mode for the hadron experiment.
Since the hadron experiments require a smooth time structure
for a long duration (∼2s), the beam is extracted slowly after
the debunching process by turning the RF off. MR delivered
900 kW (2.40 × 1014 protons at 1.28 s cycle, FX) to the
neutrino experiment and 94 kW (8.4 × 1013 protons at 4.24
s cycle, SX) to the hadron experiment in April 2026 [3, 4].

In addition to protons, we are considering accelerating
heavy ions to GeV/u energies in the MR as part of the J-
PARC heavy-ion program (J-PARC HI) [5–8]. The heavy
ions will be injected from the new heavy-ion injector into
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the J-PARC Rapid Cycling Synchrotron (RCS) and delivered
to the MR. Ions accelerated in the MR are delivered to the
hadron experimental facility by a slow extraction process.
As the first stage of the program, Au ions with low intensity
(∼ 1.0 × 108 particles per pulse) are considered the ion
species to be accelerated in the MR.

Because the charge and mass of Au ions differ signifi-
cantly from those of protons, estimating the RF frequency
and voltage programs is essential to determining RF system
requirements for Au-ion acceleration in the MR. In this pa-
per, we present the calculation and simulation results with
various harmonic numbers and acceleration times.

ION INJECTION TO MR
In the J-PARC HI program, ions are accelerated in the

new injector and delivered to the RCS. The new heavy-ion
injector consists of an ion source, a superconducting linear
accelerator, and a booster synchrotron. In the RCS, single-
bunched ions are accelerated in the ring at a repetition rate of
25 Hz. After acceleration in the RCS, ions are fully stripped
in the beam transport line and injected into the MR. In the
same way as in the case of protons, ions are injected from
the RCS to the MR four times. As a result, four bunches of
ions are injected into the MR and accelerated in total.

As the first stage of the program, the acceleration of
Au56+ and Au79+ is considered in the RCS and MR, re-
spectively. The energy of the ions extracted from the RCS
is 500.4 MeV/u.

FREQUENCY PROGRAM
The revolution frequency program can be calculated from

the magnetic field program of the bending magnet and the
MR circumference (1567.5 m). The magnetic field program
of magnets of the MR consists of three parts. In the most of
the ramp duration, dB/dt is kept constant and the magnetic
field increases lineary. In the start and end of the acceleration,
there are 100 ms smoothing section of parabola curves to
reduce the dI/dt of the magnets. For the protons acceleration
from 3 GeV to 30 GeV, the magnetic field strength ranges
from 0.143 T to 1.15 T, corresponding to a magnetic rigidity
of 12.8 Tm to 103 Tm. The lower minimum magnetic field of
0.101 T is required to have a magnetic rigidity of 9.03 Tm for
the Au79+ ions with energy of 500.4 MeV/u from the RCS.
The maximum energy of Au79+ ions after the acceleration
in the MR is 11.5 GeV/u.

Since the charge-to-mass ratio of Au79+ ions is smaller
than that of protons, the change in revolution frequency



Figure 1: The program of magnetic field (left), kinetic energy (center), and revolution frequency (right) of the J-PARC MR
for protons and Au79+ ions with the acceleration time of 1.4 s.

during acceleration of Au ions is larger than that for protons.
The revolution frequency changes from 144 kHz to 190 kHz
for Au79+ ions, while it ranges from 185 kHz to 191 kHz
for protons.

While protons are accelerated in 650 ms to achieve higher
beam power, a longer acceleration time can be used for low-
intensity ions to reduce the required RF voltage. While the
acceleration time and the smoothing time can be chosen
freely, this study is done for varying the acceleration time
with keep the smoothing time to be 100 ms. Figure 1 shows
the programs of magnetic field, kinetic energy, and revolu-
tion frequency of the MR for protons and Au79+ ions with
an acceleration time of 1.4 s.

HARMONIC NUMBER FOR
ACCELERATION

The harmonic number for the RF system needs to be de-
termined to estimate the RF voltage program and for the
tracking simulation. The minimum harmonic number for
the acceleration is ℎ = 5 since four bunches are accelerated
in the MR and one additional bucket is required to maintain
the gap for the extraction kickers.

Figure 2 shows the frequency response of the impedance
of the existing RF cavity for protons and the frequency range
for each harmonic component for accelerating the Au79+

ions. Since the existing RF cavity of the MR for the pro-
ton acceleration does not have a large impedance for the
frequency range of ℎ = 5, a new dedicated RF cavity is
required in the case of ℎ = 5. In the case of the utilization of
the existing RF cavity for protons, ℎ = 9 to ℎ = 12 are can-
didates for the harmonic number. In this paper, estimations
are performed for the cases ℎ = 5 and ℎ = 11.

LONGITUDINAL BEAM TRACKING
SIMULATION

The longitudinal beam tracking simulation is performed
to determine the RF voltage program for accelerating Au79+

ions in the MR. The goal of the tracking simulation is to
estimate the RF voltage program to achieve a momentum
filling factor below 0.8, ensuring sufficient space in the RF
bucket. The momentum filling factor (MFF) is the ratio of

Figure 2: Impedance of the existing RF cavity for protons
(upper) and frequency range for each harmonic component
for the Au79+ ions (lower) in the J-PARC MR.

the maximum momentum difference from the synchronous
particle with given beam emittance to the bucket height. To
simplify the calculation, the ratio of the maximum momen-
tum in phase space to the bucket height is used as the MFF
in this estimate.

The longitudinal beam dynamics tracking simulation was
performed using the BLonD (Beam Longitudinal Dynam-
ics) [9]. The space-charge and beam-loading effects were not
accounted for in the tracking simulation since the ion’s inten-
sity is low. The number of macroparticles for the tracking
simulation was 10,000 particles per bunch. The parabolic-
line distribution that matches the shape of the RF bucket is
used as the initial distribution. The emittance of the initial
distribution is assumed to be 50 eVs. The tracking simula-
tion was performed with a single bunch from the injection
to the end of acceleration. The simulation is performed for
the acceleration times of 1.4 s, 2.0 s, 3.0 s, 4.0 s, and 5.0 s.

For simplicity, the RF voltage program used in this study
consists of a flat bottom, a flat top, and the slope between
them. The RF voltage for the beam injection period (t =
0 ∼ 140 ms) is set to achieve an RF bucket height of 0.125%
in Δ𝑝/𝑝. After the acceleration starts at t = 140 ms, the RF
voltage increases linearly with time until it reaches its maxi-
mum at t = 200 ms. The RF voltage remains at its maximum



Figure 3: The RF voltage amplitude program (left), synchronous phase program(center), and momentum filling factor
(right) obtained from the tracking simulation for various acceleration times in the case of ℎ = 5 for acceleration.

Figure 4: The RF voltage amplitude program (left), synchronous phase program (center), and momentum filling factor
(right) obtained from the tracking simulation for various acceleration times in the case of ℎ = 11 for acceleration.

until the end of the acceleration. The maximum RF voltage
𝑉max is determined from the simulation results to achieve
an MFF below 0.8 throughout the cycle. At first, 𝑉max is
set to the minimum voltage that yields an RF bucket height
greater than 0.125% in Δ𝑝/𝑝 throughout the acceleration pe-
riod. Then, 𝑉max is adjusted to the voltage needed to reach a
maximum MFF of 0.8, based on the momentum distribution
obtained from the simulation. Since changes in 𝑉max affect
the distribution and change MFF during the acceleration,
this minimization process is repeated until the maximum
MFF reaches close to 0.8.

Figures 3 and 4 show the RF voltage amplitude program,
synchronous phase program, and momentum filling factor
obtained from the tracking simulation for various acceler-
ation times in the case of ℎ = 5 and ℎ = 11, respectively.
For ℎ = 5, acceleration with maximum RF voltage below
100 kV is achievable when the acceleration time exceeds
2 s. In the case of ℎ = 11 for acceleration, acceleration
with a maximum RF voltage below 100 kV and a maximum
synchronous phase for an acceleration time larger than 3 s.

DISCUSSION

As seen in the Figs. 3 and 4, the maximum RF voltage
estimated by this study is determined by the RF voltage to
have the MFF of 0.8 at the beginning of the acceleration
during the smoothing section. A longer smoothing time
or smoothing with another function can help to reduce the
maximum RF voltage.

Since the frequency and voltage required to accelerate the
Au ions have been estimated, the RF system configuration
needs to be considered to achieve acceleration. In the case
of ℎ = 5 with new dedicated RF cavities, we can choose an
optimal bandwidth for the cavities and the high-power RF
system, but additional cost is required to produce and install
them. Because the available space in the MR for installing
cavities is limited, the types and numbers of cavities need to
be studied. For ℎ = 11, the existing RF system can be used,
minimizing additional cost. On the other hand, because the
RF frequency range for ion acceleration is much broader than
that for protons, the bandwidth of the cavity and the high-
power RF system may be insufficient to deliver the required
RF voltage, necessitating modifications. Changing the har-
monic number in the middle of the acceleration [10, 11] can
help to minimize the required bandwidth. An introduction
of the intermediate flat portion will be required to change
the harmonic number with multiple bunches in the ring.

SUMMARY
RF frequency and voltage programs for accelerating

Au79+ ions in the J-PARC MR are estimated from calcu-
lations and longitudinal beam dynamics simulations with
various harmonic numbers and acceleration times. With the
acceleration time larger than 3 s, the acceleration of Au79+

ions can be achieved with the maximum RF voltage less
than 100 kV. Further work will focus on the estimation with
different smoothing patterns and on estimating the required
specifications for the RF system.
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