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J-PARC

The main ring synchrotron (MR) provides 
high power proton beams with a kinetic energy of 30 GeV 
to neutrino and hadron experimental facilities.
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大強度陽子加速器施設
J-PARC

宇宙・物質・生命の起源に迫る

1000m

500m

ニュートリノ実験施設

物質・生命科学実験施設
（MLF)

ハドロン実験施設
RCS

（3GeVシンクロトロン、周回型加速器）

リニアック
( 直線型加速器 )

MR
（30GeV 主リング、周回型加速器）

H- Linac 
(→ 400 MeV)

RCS 
(400 MeV → 3 GeV)

MR 
(3 GeV → 30 GeV)

MLF
Hadron

Neutrino



MR beam power history
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 MR beam power history

To accumulate the statistics of neutrinos and hadrons, 
stable beam operation with higher power is required.
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MR beam power upgrade plan
Power  =  Energy(30 GeV)  ×  Number of protons  /  Cycle time

JFY2021 515 kW 2.66×1014 ppp 2.48 s
Mar. 2025 830 kW 2.36×1014 ppp 1.36 s

Feb. 2026
(continuous)  900 kW 2.41×1014 ppp

1.28 s
 (1 shot) 1000 kW 2.69×1014 ppp

JFY2028 1300 kW 3.3  ×1014 ppp 1.16 s
ppp … protons per pulse



MR beam power upgrade plan
Power  =  Energy(30 GeV)  ×  Number of protons  /  Cycle time

JFY2021 515 kW 2.66×1014 ppp 2.48 s 2.1%
Mar. 2025 830 kW 2.36×1014 ppp 1.36 s 1.5%

Feb. 2026
(continuous)  900 kW 2.41×1014 ppp

1.28 s
0.4%

 (1 shot) 1000 kW 2.69×1014 ppp 1.1%
JFY2028 1300 kW 3.3  ×1014 ppp 1.16 s

ppp … protons per pulse

Beam loss

To realize 1.3 MW operation, we need 
　・ further hardware upgrades 
　・ beam loss reduction
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Recent upgrade (Nov. 2025-)
The following two major upgrades were applied. 
・ From Nov. 2025 
　 Modification of the beam optics to reduce the beam loss 
・ From Jan. 2026 
　 Shortening the cycle time from 1.36 s to 1.28 s
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Beam intensity (measured by DCCT) 
Magnet ramping pattern

Beams are extracted 
within one turn: 
fast extraction (FX)

Injection 
0.01 s + 0.13 s

Acceleration 
0.65 s

Recovery 
0.57 s

Cycle 1.36 s

Injection: 
2 bunches × 4 times
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Beam intensity (measured by DCCT) 
Magnet ramping pattern

Injection 
0.01 s + 0.13 s

Acceleration 
0.65 s

Recovery 
0.57 s → 0.49 s (-14%)

Cycle 1.28 s Rep. freq.: +6.25%



Reduction of systematic 
fluctuations of bend current

In 1.36 s cycle, the bending magnet current showed a systematic 
fluctuation at the beginning of acceleration period. 
Despite the shorter cycle and the increased difficulty of tuning, 
the systematic fluctuation was successfully reduced.
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Injection Acceleration Injection Acceleration
1.36 s cycle 1.28 s cycle
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New beam optics
We developed a new beam optics to weaken structure resonances. 
　・ νx  –  2νy  =  –21  (driven by sext. field) 
　・ 2νx  –  2νy  =  0    (driven by space charge) 
　・ 8νy  =  171          (driven by space charge)
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T. Yasui et al., PTEP 2022, 013G01 (2022)

T. Yasui and Y. Kurimoto, PRAB 25, 121001 (2022)

Beam loss of 830 kW beams 
estimated by the DCCT

with previous optics

with new optics

https://doi.org/10.1093/ptep/ptab146
https://doi.org/10.1103/PhysRevAccelBeams.25.121001


Tune scan with the new optics
Taking advantage of the resonance νx − 2νy = −21 correction, 
we significantly changed the tune.

14
21 21.5 νx

21

21.5

νy

tune spread
νx − 

2νy = −21

νx + 2νy = 64

3ν
x =

 6
4 bare tune The bare tune must be placed 

so that the tune spread can 
avoid the black and red lines. 
　　　　　　　↓ 
Impossible to avoid two green 
dashed lines. 
　　　　　　　↓ 
Two green dashed lines are the 
main source of beam loss.



Tune scan with the new optics
Taking advantage of the resonance νx − 2νy = −21 correction, 
we significantly changed the tune.
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from Jan. 2026

By significantly lowering the 
tune, we can avoid one of the 
green dashed lines.
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Tune scan with the new optics
Taking advantage of the resonance νx − 2νy = −21 correction, 
we significantly changed the tune.
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1 MW demonstration
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Beam intensity and beam loss estimated by the DCCT

2.69×1014 ppp 
1008.9 kW

2.98×1012 ppp (1.1%) loss 
1160 W loss

Beam loss at the neutrino beamline was also acceptable.
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1 MW demonstration
Proportional Beam loss monitors

Collimator area

Non-collimator area 
(Maintenance area)
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3rd nonstructure resonance
The main sources of the beam loss are the resonances 3νx = 64 
and νx + 2νy = 64. They are simultaneously corrected by 4 trim 
coils of sextupoles, but the correction is still insufficient 

20
21 21.5 νx

21
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νy

previous
νx − 

2νy = −21

νx + 2νy = 64

3ν
x =

 6
4

from Jan. 2026

because … 
・ Resonances are uncorrected 
　 during the acceleration period 
　 in practice. 
・ Resonances are not fully 
　 corrected for off-momentum 
　 particles.



Idea 1: Under 21 optics
The effect of resonances on the halo particles is much larger than 
that on the core particles. 
In 20.5 < νx, νy < 21.0, the tune can be set away from 3rd resonances. 
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Idea 1: Under 21 optics
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Beam loss (simulation)

Resonance νx + 2νy = 64 has a significant impact on beam loss. 
The impact of resonance 3νx = 64 is even larger.
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Idea 1: Under 21 optics
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Beam loss (simulation)

Resonances 3νx = 62 has little effect on the beam loss. 
The effect of resonances νx + 2νy = 62 is also limited.

20.5 21 νx
20.5

21

νy

νx − 
2νy = −21

νx + 2νy = 62

3ν
x =

 6
2



Idea 2: upgrade trim sext.

 

Figure 2: Beta function modulations along the ring 
measured with the FX septum magnets turned off 
(closed circles), and the fitted results (solid curves), 
where the blue and red ones are for the horizontal and 
vertical planes, respectively. 

 

Figure 3: Resonance driving terms of 3νx=64 and 
νx+2νy=64 measured with two different optics (left and 
right). 

 
contribute to beam loss, so that we re-evaluated K1 and K2 
errors through the beam-based measurements. 

The major K1 errors in the MR are: K1 random errors of 
the main quadrupoles and K1 components in the leakage 
fields from the FX septum magnets. They were evaluated 
from beta function modulations measured with the FX 
septum magnets turned off (a) and on (b); the K1 random 
errors of the main quadrupoles were derived to fit (a) using 
all the main quadrupole K1 strengths as free parameters, as 
shown in Fig. 2, while the K1 field components in the 
leakage fields were evaluated in the similar way to fit the 
difference of (b)−(a). The actual beta function beating was 
well reproduced in the numerical simulation model using 
these updated K1 errors. 

The major K2 errors in the MR are: K2 random errors of 
the main sextupoles and K2 components intrinsic in the 
main bending magnets. Among them, we have 
experimentally confirmed that the K2 errors of the main 
sextupoles are not the main source of the two resonances 
3νx=64 and νx+2νy=64 causing major beam loss; the 
optimal trim-sextupoles setting that minimized beam loss  

 

Figure 4: Numerical simulation results; beam losses 
obtained with both trim-quadrupoles and -sextupoles, 
where the red, green, and light-blue curves are the 
results obtained with 4 sets (currently available 
configuration), 12 sets, and 24 sets of trim-sextupoles, 
respectively. The result obtained with the ideal lattice 
with no error is also shown as a black curve for 
reference. 

 

Figure 5: Numerical simulation results; normalized 
transverse emittances obtained with both trim-
quadrupoles and -sextupoles, where the color definitions 
are the same as in Fig. 4. 

 
hardly changed even if the main sextupole magnets were 
turned on and off. That is, the most probable source of the 
two resonances is the random errors of the K2 components 
intrinsic in the main bending magnets. In order to derive 
the K2 errors, we measured the driving terms of the two 
resonances with two different optics, as shown in Fig. 3; 
the betatron tune was set on each resonance, where the 
resonance driving term was derived from the optimal trim-
sextupoles setting that minimized beam loss. The random 
errors of the K2 components intrinsic in the bending 
magnets were determined so that the measured resonance 
driving terms were reproduced in the numerical simulation 
model. 

The right panel in Fig. 1 shows the latest numerical 
simulation results obtained with the updated lattice errors 
and the actual experimental conditions using the self-
consistent space-charge tracking code, simpsons [4,5]. The 
numerical simulation well reproduced the measured beam 
loss trends. We then discussed possible scenarios for 

Simulations of beam survivals

ー Ideal (no errors)　ー TrimS×24 
ー TrimS×12　　　　ー TrimS×4 (present)

further beam loss mitigation using the numerical 
simulation results. 

BEAM LOSS MITIGATION SCENARIOS 
The red result in the right panel in Fig. 1 is compared 

with the beam loss obtained with the ideal lattice with no 
error (black curve) in Fig. 4. The difference means that 
there still remains significant beam loss arising from lattice 
errors. The red and black curves in Fig. 5 show the 
corresponding normalized emittances as a function of time, 
in which significant emittance growth is found on the 
horizontal plane for the red curves. This emittance growth 
generates the extra beam loss, i.e., the difference between 
the red and black curves in Fig. 4. 

Thus, we then investigated the mechanism of the 
horizontal emittance growth. Figure 6-(i), -(ii) and -(iii) 
show the 2d plot of the horizontal and vertical actions, 
longitudinal phase space and tune footprint, respectively, 
calculated at 54 ms (at 10001 turns), in which the red ones 
correspond to the large amplitude particles found on the 
horizontal plane. In these figures, we can find that the large 
amplitude particles move on the outer region of the 
longitudinal phase space, i.e., they are off-momentum 
particles. Thus, we then investigated a turn-by-turn single-
particle motion for such off-momentum particles. Figure 7 
shows the typical samples of the single-particle motion 
growing horizontally, in which we can find that the 
particle’s tune oscillates according to the synchrotron 
oscillation, frequently crossing the 3rd-order resonance 
3νx=64, and that the betatron amplitude increases with each 
resonance crossing. As mentioned above, the resonance 
correction has already been applied to 3νx=64. However, it 
is only for on-momentum particles, i.e., the effect of the 
resonance is still present for off-momentum particles. This 
is the major mechanism of the horizontal emittance growth. 

For further beam loss reduction, we tried the resonance 
correction for both on- and off-momentum particles; the 
driving terms of 3νx=64 and νx+2νy=64 for both on- and 
off-momentum (∆p/p=0 and ±0.2%) particles were 
corrected simultaneously using 12 sets of trim-sextupoles. 
As shown in Figs. 4 and 5, the updated resonance 
correction well mitigated the emittance growth and beam 
loss from the red curves to the green ones, as expected. 

However, there still remains a slight difference between 
the green and black curves on the horizontal plane in Fig. 
5. A possible source of the remaining horizontal emittance 
growth is the 4th-order resonance 4νx=85, which is driven 
through a higher order term in the canonical perturbation 
expansion as a combination of the two resonances νx=21 
and 3νx=64 driven by sextupoles. Based on this assumption, 
we further updated the resonance correction, which 
simultaneously compensates 4νx=85 as well as 3νx=64 and 
νx+2νy=64 for both on- and off-momentum particles using 
24 sets of trim-sextupoles. As shown in Figs. 4 and 5, the 
emittance growth and beam loss were successfully reduced 
from the green curves to the light-blue ones, i.e., to the 
same level as that of the ideal lattice, by the updated 
resonance correction. 

 

Figure 6: Numerical simulation results; (i) 2d plot of the 
horizontal and vertical actions, (ii) longitudinal phase 
space and (iii) tune footprint, calculated at 54 ms (at 
10001 turns), in which the red ones correspond to the 
large amplitude particles found on the horizontal plane. 

 

Figure 7: Numerical simulation results; typical samples 
of the turn-by-turn single-particle motion growing 
horizontally; 2d plot of the horizontal tune and 
horizontal action.  

OUTLOOK 
Numerical simulations clearly show that upgrading the 

trim-sextupoles will contribute to significant beam loss 
reduction. We are now proposing to add trim-sextupoles in 
stages over several years, eventually increasing the number 
to 24, which will allow us to compensate sextupole-driven 
resonances 3νx=64, νx+2νy=64 and 4νx=85 for both on- 
and off-momentum particles at the same time. 

The next task is to develop further beam loss reduction 
scenarios for the remaining 1% beam loss (light-blue curve 
in Fig. 4), which is primarily due to high-order space-
charge resonances. 

REFERENCES 
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Simulations of tune spread
off-momentum

We are currently using trim coils of 4 sextupole magnets. 
In principle, by increasing the number of trim coils, it is possible 
to extend the correction to off-momentum particles. 

Tracking simulations suggest that the beam loss can be reduced 
by increasing the number of trim coils to 24. 
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Over 1.3-MW plan
Plan 0. RCS beam power upgrade 
RCS beam power is planned to be upgraded to 1.5 MW. 
In MR, we are studying how to receive RCS-1.5 MW beams. 

Plan 1. Booster ring between RCS and MR 

By increasing the injection energy to MR, 
MR can receive higher intensity beams.  

Plan 2. Reuse Super-KEKB tunnel 
Use the tunnel as a proton linac.
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3 - 5 MW

>1.3 MW

1.2 GeV
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6.4 GeV

9 GeV

~9 MW

H- Linac 
(→ 400 MeV)

RCS 
(→ 3 GeV)

Booster 
(→ 8 GeV)

MR 
(→ 30 GeV)
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Summary
Since Nov. 2025, we have adopted a new beam optics that can 
suppress the structure resonances. 

In Jan. 2026, the cycle time was shortened to 1.28 s. 

In Feb. 2026, we successfully demonstrated a 1 MW beam. 
The beam loss was about 1.1 kW, which is acceptable for 
continuous operation. 

Further reduction of beam loss requires addressing the third-
order resonances. One approach is to lower the tune below 21 
to avoid the resonances. Another approach is to increase the 
number of trim coils.
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