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Abstract: We performed beam studies with a cycling period of 1.36 s in the main ring synchrotron
(MR) of Japan Proton Accelerator Research Complex (J-PARC) after hardware upgrade to enable high
repetition operation. After optics tuning, we have successfully controlled the beam with an intensity
of 2.7× 1013 protons per bunch, corresponding to a beam power of 740 kW considering the beam
survival ratio, during the beam injection period. We have verified the beam optics for the 740 kW
FX operation. Split quadrupole families caused three-fold symmetry breaking of the beam optics,
resulting in deterioration of the beam survivals. We are planning further beam loss reduction by
adding correction quadrupole magnetic fields and recovering the three-fold symmetry.

Keywords: accelerator physics; proton beam; beam diagnostics; beam loss; beam optics; high intensity
beam dynamics; beam resonances

1. Introduction

The main ring synchrotron (MR) [1] of Japan Proton Accelerator Research Complex
(J-PARC) [2] provides high power proton beams with a kinetic energy of 30 GeV for the T2K
experiment [3–5] by fast extraction (FX). The MR set a world record for the beam intensity
of 2.66× 1014 protons per pulse (ppp), corresponding to the beam power of 515 kW [6].
To realize higher statistic physical experiments, we launched an upgrade plan aiming at
1.3 MW FX operation [7]. This upgrade plan consists of higher repetition, reinforcement of
the RF system, and beam loss reduction/localization. As the first step, we upgraded all the
machines for high repetition and shortened the cycling period from 2.48 s to 1.36 s. All the
power supplies of the main magnets were replaced during the long shutdown in JFY2021.
This paper reports the first results of the beam commissioning with a cycling period of
1.36 s.

2. Hardware Upgrade

The combination of the magnets which is ramped by the same power supply is called
“family” in the MR. The bending magnets were ramped by 6 power supplies, that is, there
are 6 families for the bending magnets. All the power supplies of the bending magnets
were newly constructed with capacitor banks.

The quadrupole magnets were ramped by 11 power supplies in total until 2021:
7 families for the straight sections and 4 families for the arc sections. The combinations of
the quadrupole magnets were chosen so that the MR could secure three-fold symmetry. In
2021, two power supplies for the arc sections were newly constructed with capacitor banks.
On the other hand, the remaining two families for the arc sections were split. We realized
significant cost reduction by reusing the previous power supplies. As a result, the number
of families for the arc section increased from 4 to 6. Since these families were split without
satisfying the three-fold symmetry due to the cabling problem, the magnetic fields of the
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split families should be the same values. In the straight sections, 3 families were split and
the total number of families became 10.

In contrast to the quadrupole magnets, the families for the sextupole magnets were
combined. The power supplies were newly constructed without capacitor banks. The
number of families becomes from 3 to 2.

Many other hardware were also upgraded during the long shutdown. The low-
level RF control system [8] was replaced with the new-generation system implementing
multi-harmonic vector voltage feedback control and longitudinal mode-by-mode feedback
control, enabling suppression of longitudinal dipole oscillations induced by the coupled
bunch instability.

The FX septum magnets were also newly constructed. The low-field septum magnets
employ eddy-current type [9]. Inner pure iron shields were installed in all the septum
magnets to reduce the leakage fields which had caused beta modulations.

The upgrade of the collimator system is also ongoing. We are increasing the collimators
in order to improve the localization efficiency of beam losses by covering wider phase
space regions. The number of the collimators became from 4 to 6 in Summer 2022, and it
will be 7 in Summer 2023, corresponding to the capacity of 3.5 kW.

3. Results of Beam Commissioning

The beam study was performed using beams with a kinetic energy of 3 GeV which
is the injection energy. In the user operation, two-bunch beams are injected four times at
intervals of 40 ms during the injection period (130 ms). In this beam study, we used a single
two-bunch beam and circulated it 220 ms to minimize current-dependent effects such as
bunch train tune shift.

3.1. Optics Adjustment

In the beginning, we adjusted the beam optics using weak intensity beams with an
intensity of 1.2× 1012 protons per bunch (ppb). After adjustment, the tune was

νx,model = 21.35, νx,meas. = 21.3526± 0.0033, (1)

νy,model = 21.43, νy,meas. = 21.4313± 0.0039, (2)

where νq,model and νq,meas. are the model and measured tunes, respectively. The measured
tunes matched the models within the margins of errors. The tune errors originated from
the current ripple of power supplies of main magnets.
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Figure 1. Beta functions (left) and ratios of measured to model beta functions (right). The blue circles
and red triangles denote horizontal and vertical measured results, respectively. The blue and red
lines in the left panel show horizontal and vertical model betas, respectively.
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The beta functions were also measured via the Fourier analysis of turn-by-turn trans-
verse dipole oscillation using 512 turns. The results are shown in Figure 1. The RMSs of the
ratios of measured betas βq,meas. to model betas βq,model were

(RMS[
βx,meas.

βx,model
], RMS[

βy,meas.

βy,model
]) = (3.5%, 2.5%). (3)

These 3% errors are consistent with previous measurements before hardware upgrade.
The precision of the beam position monitors (BPMs) in turn-by-turn measurements is
approximately 300 µm. The 3% beta modulation can be explained by this BPM precision.

The dispersion function was also measured; the measured and model dispersions
were in good agreement. The MR employs an achromat lattice in its arc sections. The
leakage of the dispersion in the straight sections ηx,straight was evaluated as

|ηx,straight| < 65 mm, (4)

which was small enough.

3.2. Ripple Measurement

The fractional current deviation below 200 Hz of the new power supplies of the
bending magnets is 10 times smaller than that of the old power supplies [10]. To verify
this improvement, we measured horizontal beam positions for 220 ms at intervals of
1 ms. The beam positions at the high-dispersion position, where the model dispersion is
ηx,model = 2.6 m, was analyzed via Fourier transformation. The same measurements were
also performed before the upgrade of the power supplies of the bending magnets. The
results are shown in Figure 2. The beam ripple in the range of 80–220 Hz using the new
power supplies (red line) was successfully suppressed compared to the ripple using the
old power supplies (blue line). By further optimization of the power supplies, the ripple
below 80 Hz will also be lowered. The spectra appearing around at 340 Hz correspond to
the synchrotron frequency; their differences do not necessarily show the difference of old
and new power supplies because they depend on longitudinal dipole oscillations.
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Figure 2. Fourier spectra of horizontal beam center positions measured every 1 ms at high-dispersion
positions. The blue and red lines show the spectra before and after the upgrade, respectively.

3.3. Beam Loss Measurement

Currently, the anode power supplies of the RF cavities limit the beam intensity of the
MR. As the cycling period becomes short, the synchronous phase during the acceleration
period should be larger. The maximum beam intensity is estimated as 1.8–2.0× 1014 ppp
at present. The RF system will be upgraded step-by-step and it will eventually be able to
accelerate high intensity beams with an intensity of 3.3× 1014 ppp. The beam loss study
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was performed using two-bunch beams with an intensity of 2.7× 1013 ppb, corresponding
to 2.16× 1014 ppp for 8 bunches, taking into consideration the upcoming FX user operation.

Figure 3 shows the beam survival ratios measured by the direct-current current trans-
former (DCCT) after adjustments (red line in the left panel) and beam loss counts measured
by the proportional beam loss monitors (right panel). The beam loss during the beam
injection period (130 ms) was 2%. It is slightly worse than the beam loss in the previous
user operation (1%). On the other hand, the beam loss localization quality was very high.
Since the limitation for the user operation is the beam loss at the non-collimator area, and
besides the collimator system was upgraded after this beam study, this beam condition
is acceptable for the user operation. Considering the beam loss of 2%, the intensity of
2.7× 1013 ppb corresponds to the beam power of 740 kW, which is almost the same as the
original design parameter of 750 kW.
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Figure 3. Beam survival ratio measured by DCCT before (blue) and after (red) adjusting split
quadrupole families (left panel), and beam loss counts measured by proportional beam loss monitors
during 220 ms (right panel). The beam intensity was 2.7× 1013 ppb. The horizontal axis of the right
panel represents the address assigned based on the positions of the quadrupole magnets. The gains
of the proportional beam loss monitors at non-collimator area (violet bars) were 8 times larger than
those at collimator area (green bars).

4. Discussion for the Beam Survival
Effects of Family Splitting

The main cause for the deterioration of the beam survival was three-fold symmetry
breaking of the beam optics due to splitting several quadrupole families. In fact, we verified
its effect by comparing the two beam optics before and after adjusting the quadrupole
families in the arc sections.

Figure 4 shows the measured phase advances of the three arc sections in the MR. The
phase advances were measured using the BPMs at the boundaries of the straight sections
and the arc sections by the Fourier analysis of turn-by-turn transverse dipole oscillations.
Both the horizontal and vertical phase advances of the three arc sections differed from each
other before adjusting the families. The differences of the magnetic fields between the split
families were estimated to be 0.5%. After the adjustment, the phase variations became
small and the magnetic field differences between the split families were estimated to be
0.1%.

The beam survival ratios were measured with both optics, shown in the left panel of
Figure 3. With the optics before adjustment (blue), the beam loss during the beam injection
period (130 ms) was 7%. It was much worse than the beam loss after adjustment of the split
families. It proves that the three-fold symmetry breaking provokes severe beam losses.
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Figure 4. Horizontal (left) and vertical (right) measured phase advances of the three arc sections in
the MR before (blue triangles) and after (red circles) adjusting split quadrupole families. The error
bars show the rms of 10 data.

In Figure 4, even with the beam optics after adjustment, there were statistically signif-
icant differences among the three phase advances. It indicates that the beam loss can be
minimized by better phase balancing. In the MR, correction quadrupole magnetic fields
were added by energizing the coils at three quadrupole magnets using independent power
supplies. Originally, these hardware for correction fields were installed to cancel the leak-
age fields at the FX septum magnets, but now the leakage fields are small enough [9]. We
are planning to reuse and increase them for phase balancing and tune operation against
bunch train tune shifts. By recovering three-fold symmetry using correction quadrupole
fields, nonstructure resonances can be suppressed, resulting in beam loss reduction.

5. Conclusions

In the J-PARC MR, we upgraded hardware to enable FX operations with a cycling
period of 1.36 s and to realize FX operation with a beam power of 1.3 MW in the future. We
performed beam studies with a high repetition period in June 2022. The beam optics was
carefully adjusted and the tunes, beta functions, and dispersion functions were reproduced
with almost the same precisions of the previous measurements before upgrade. We also
verified that ripples of the power supplies of the bending magnets were lowered in the
range of 80–220 Hz. In this upgrade, several power supplies of quadrupole magnets were
split. It caused three-fold symmetry breaking of the beam optics, resulting in deterioration
of the beam survival. We performed beam loss studies using beams with an intensity
of 2.7× 1013 ppb. Before adjusting the split quadrupole families in the arc sections, the
beam loss during the beam injection period was 7%. After adjustment, it recovered to 2%.
Although 2% loss is still worse than the beam loss before upgrade, it is acceptable for the
user operation because the beam loss localization quality was very high and the collimator
system was upgraded. This beam intensity corresponds to 740 kW operation, considering
2% loss. We have successfully verified the beam optics for the 740 kW FX operation. We
also measured the phase advances in the arc sections. Even after the adjustment, variations
of three phase advance were measured, indicating necessity of further phase balancing. We
are planning to add correction quadrupole magnetic fields at multiple places to recover the
three-fold symmetry. It will suppress nonstructure resonances and reduce beam losses.

After JFY2022, the RF system is going to be upgraded step-by-step. By reinforcing
the anode power supplies and increasing the number of RF cavities, we will be able to
accelerate beams with an intensity of 3.3× 1014 ppp. The study for beam optics is also
ongoing. We are planning to apply the new beam optics which can compensate or suppress
several strong structure resonances [11].
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