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A comprehensi v e study on random resonances was conducted to mitigate beam losses and 

ensure sufficient tunability of the operating point for further beam power ramp-up in the 3- 
GeV rapid cycling synchr otr on of the Japan Proton Accelerator Research Complex. Low- 
intensity beam studies re v ealed considerab le e xcitation of the half-integer random reso- 
nance. This half-integer random resonance was successfully compensated for using trim 

quadrupole magnets without exciting other higher-order resonances. By implementing a 

conventional theor etical procedur e based on r esonance driving terms, we identified the 
leakage field from extraction magnets as the primary source of the error field driving the 
random resonance. High-intensity beam studies confirmed that our resonance compensa- 
tion approach substantially mitigated beam loss in higher-tune regions, making it highly 

effecti v e in improving operating point tunability. 
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1. Introduction 

The 3-GeV rapid cycling synchr otr on (RCS) serves as a high-intensity and high-brightness pro-
ton dri v er within the acceler ator chain of the Japan Proton Acceler ator Research Complex (J-
PARC), as detailed in Table 1 [ 1 ]. The RCS accelerates an injected proton beam from 400 MeV
up to 3 GeV at a repetition rate of 25 Hz, deli v ering it to the downstream Material and Life
Science Experimental Facility (MLF) and Main Ring (MR) synchr otr on. The RCS employs
a multiturn charge exchange injection scheme utilizing a carbon stripper foil [ 2 ]. A schematic
of the RCS is shown in Fig. 1 , while its beta and dispersion functions are shown in Fig. 2 .
As shown in Figs. 1 and 2 , the RCS features a 3-fold symmetric lattice, with each superperiod
comprising one arc section and one dispersion-free straight section. 

Since its beam commissioning in October 2007, the RCS has undergone progressi v e improv e-
ments in its beam power ramp-up [ 3–7 ]. In 2019, it achie v ed a design output beam power of 1
MW. We are now advancing the beam power ramp-up, aiming to surpass this design output. In
megawatt-class high-power proton machines, beam losses can result in high le v els of radioac-
tivity, potentially restricting the available beam power. Although the current beam loss in the
© The Author(s) 2024. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the 
terms of the Creati v e Commons Attribution License ( https://creati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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Table 1. Basic parameters of the RCS. 

Cir cumfer ence 348.333 m 

Number of cells 27 

Superperiod ( N sp ) 3 

Operating point (νx , νy ) (6.46, 6.36) 
Injection energy 400 MeV 

Extraction energy 3 GeV 

Design output beam power 1 MW 

Momentum spread ±1% 

Na tural chroma ticity (horizontal/vertical) −9 . 1 / −6 . 9 

Contr olled chr omaticity (horizontal/vertical) −8 . 0 / −9 . 7 

Ring acceptance 486 π mm ·mrad 

Collimator aperture 324 π mm ·mrad 

P ainting ar ea 200 π mm ·mrad 

(MLF) 
50 π mm ·mrad (MR) 

Injection period 0.5 ms 
Injection turns 307 

Harmonic number 2 

Number of bunches 2 

Number of particles per pulse 8 . 3 × 10 

13 

QDT2

QDT1 QDT3

QDT4

QDT5

QDT6

Injection and
collim

ator section

from 400MeV Linac

Extraction
DC magnets

Fig. 1. Schematic of the RCS. Red circles indicate the locations of the QDTs. QDT, trim quadrupole 
magnet; RF, radio frequency. 
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RCS has been successfully minimized to 0.1% at the design beam power of 1 MW [ 8 ], further
reductions in beam loss are necessary to realize the ongoing beam power ramp-up. 

In the lo w-ener gy region of the RCS, the space-charge effect becomes particularly important
regarding beam loss mitigation [ 9–16 ]. To minimize this effect, the RCS adopts transverse in-
jection painting [ 4 , 17–20 ]. The RCS also adopts longitudinal injection painting. This technique
involves creating a momentum offset to the RF bucket and controlling a second harmonic RF
to flatten the particle density [ 5 , 21–23 ]. Howe v er, as beam power increases with the ongoing
2/19 
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Fig. 2. Beta and dispersion functions along the RCS. Black dashed lines indicate the positions of the 
QDTs, while the gray-shaded area indicates the beam transport line adjacent to the extraction DC mag- 
nets. 

Fig. 3. Tune footprints immediately after multiturn injection for output beam powers of 1 MW (red solid 

curves) and 1.5 MW (gray dashed curves). Resonance lines up to the third order are plotted in black. 
Solid lines r epr esent structur e r esonances, wher eas dotted lines r epr esent random r esonances. 
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ramp-up, the space-charge effect becomes increasingly pronounced. This is problematic be-
cause repulsi v e forces between particles e xtend the tune footprint towar d structur e r esonances
( νx (y ) = 6 ), as shown in Fig. 3 . When the tune footprint crosses these resonances, the beam
quality may deteriorate, leading to unacceptable beam losses. To avoid such resonance crossing
of the tune footprint, shifting the operating point to a higher-tune region is essential. On the
other hand, previous studies on high-intensity beams indica te tha t the tunability of the oper-
ating point is inadequate. Consequently, e v en minor shifts in the operating point can result in
substantial beam losses (see the black curves in Fig. 20 given later). 

In addition to the space-charge effect, the large amount of the chromatic tune shift is one
of the key issues. Since the sextupole magnets are devoted to compensating for the thir d-or der
structur e r esonance νx − 2 νy = −6 , the chromaticity cannot be fully corr ected. Mor eover, the
absence of full chromaticity correction is preferable in suppressing the beam instability [ 24 , 25 ].
The RCS features a momentum acceptance of ±1 %, resulting in a horizontal- and vertical-
3/19 
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chromaticity-induced tune shift of a pproximatel y 0.1. This shift r equir es a r esonance-fr ee r e-
gion that is wide enough to accommodate the majority of particles. Furthermore, chromaticity
can induce a positi v e tune shift, potentially leading to resonance crossing above the operating
point in the tune space. The aforementioned chromaticity-induced tune spread complicates the 
identification of the resonance contributing predominantly to the beam loss. 

To enhance the tunability of the operating point for beam power ramp-up, we conducted a
comprehensi v e resonance study. Gi v en that the operations of the MLF primarily influence the
residual radiation in the RCS, due to the higher beam duty of the MLF compared with that of 
the MR, this study predominantly focused on the beam intended for the MLF. Initially, we ex-
amined the half-integer random resonance 2 νx = 13 , which is positioned just above the current
operating point (νx , νy ) = (6 . 46 , 6 . 36) and is speculated to most critically influence the tunabil-
ity of the operating point in higher-tune regions. Compensating for the resonance 2 νx = 13 is
likely a major step toward our goal of surpassing the 1-MW output beam power. Note that,
unlike previous studies that exclusively discuss resonance crossing of a high-intensity beam be-
low the operating point due to the space-charge-induced negati v e tune shift [ 26–32 ], our main
concern is resonance crossing above the operating point due to the chromaticity-induced pos-
iti v e tune shift. The remainder of this paper is structured as follows: Section 2 begins with
our study on the resonance 2 νx = 13 . Subsequently, we discuss the compensation of this res-
onance using trim quadrupole magnets, namely, QDTs. Section 2.3 focuses on the excitation
of thir d-or der random resonances due to the addition of the QDTs. Section 3 is dedicated to
high-intensity beam studies under the same user-operation beam conditions. Finally, Section 4 

presents a summary of our findings. 

2. Low-intensity beam studies 
Gi v en that the excitation of random resonances is fundamentally determined based on the
lattice structure, we performed se v eral low-intensity beam studies. Specifically, by utilizing a low
particle density, the effects of the space-charge-induced tune spread were minimized, allowing 

us to concentrate on beam losses resulting from lattice imperfections. 

2.1. Excitation of the half-integer random resonance 

To investigate the primary cause of the limited tunability of the operating point, we first inves-
tigated the effect of the half-integer random resonance 2 νx = 13 . Figure 4 shows the injection
beam profiles used for this study. The beam was injected into the RCS in a single turn with an
intensity of 0.3 kW-eq. (5.0 ×10 

10 particles per pulse). To focus on the resonance in the horizon-
tal direction, the beam was injected with an offset corresponding to the painting area ε p,x in the
horizontal direction, while the vertical offset was set to zero . Furthermore , to replicate the con-
ditions leading to chromatic-tune-shift-induced resonance crossing, the beam was injected with 

a momentum offset of −0.35% relati v e to the synchronized particle along the longitudinal di-
rection. For simplicity, the second radio frequency (RF) harmonic was deactivated, simplifying 

the synchr otr on motion of particles into an almost simple harmonic oscillation. 
The operating point for the RCS was set at (νx , νy ) = (6 . 46 , 6 . 36) , which matches the current

operational setting used for the MLF. Throughout the acceleration process, spanning 20 ms, this
operating point was shifted following a certain pattern. Figure 5 shows the typical tune tracking
pattern. As shown in this figure, the horizontal operating tune shifts to lower values, effecti v ely
moving away from the resonance 2 νx = 13 . Accordingly, resonance-induced beam losses are
4/19 
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Fig. 4. Schematic of injection beam profile. (a), (b), and (c) depict the horizontal, vertical, and longitu- 
dinal phase spaces, respecti v ely. Furthermore, the separatrices corresponding to the painting area ε p,x 
(dashed curve) and collimator aperture (solid curves) are plotted in (a) and (b), respecti v ely. The dashed 

and solid curves shown in (c) r epr esent the separatrix and acceptance, respectively. 

Fig. 5. Example of the time evolutions of horizontal (blue) and vertical (red) tunes. 
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speculated to be se v ere during injection and the early stages of acceleration. Ther efor e, we focus
on the beam loss occurring over the first 4 ms after injection. 

The numerical simulation results obtained with “Simpsons” [ 33 , 34 ] for a horizontal painting
area of ε p,x = 200 π mm ·mrad are shown in Fig. 6 . The corresponding numerical simulation
does not consider space-charge force due to the low beam intensity. The present parameters of 
the RCS excluding the lattice imperfections are incorporated in the simulation. The nonlinear
components up to the tenth order such as the sextupole magnet and fringe fields are also incor-
porated. To enhance the resonance 2 νx = 13 , an additional quadrupole field with a strength of 
a pproximatel y 0.1% of the strength of the main quadrupole magnets is assumed. Figure 6 (b)
shows that particles affected by the resonance experience severe beta beating, causing their am-
plitudes to exceed the collimator aperture. This results in a periodic increase in the number of 
lost particles corresponding to the synchr otr on oscillation, as shown in Fig. 6 (c). 

Figure 7 (a) shows the beam loss monitor (BLM) signals measured at the collimator section.
These signals resemble the simulation results shown in Fig. 6 (c). Notably, the amplitude of the
BLM signals depends on the energies of lost particles and is not proportional to the number
of lost particles. Similar signals are observed by most other BLMs. This consistency indicates
5/19 
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Fig. 6. Simulation results obtained for the horizontal painting area of ε p,x = 200 π mm ·mrad. (a) and (b) 
The horizontal and longitudinal phase spaces, with X 

′ defined to make the distribution upright relati v e 
to the x –x 

′ plane. The horizontal and longitudinal phase spaces with (a) no momentum offset and (b) 
momentum offset of −0 . 35% at 211 and 349 μs after injection are shown. The definitions of the gray 

curves presented in (a) and (b) are identical to those assumed for the case presented in Fig. 4 (a) and (c). 
(c) The time evolution of the beam loss. The gray dashed lines correspond to the phase spaces shown in 

(a) and (b). 

Fig. 7. (a) BLM signals measured over the first 4 ms at the collimator section for four injection paint- 
ing areas in the horizontal plane and (b) their integrations. The definitions of the gray dotted lines are 
identical to those presented in Fig. 6 (c). 
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considerab le e xcitation of the resonance 2 νx = 13 . The e xcitation of this random resonance
suggests the presence of an error field that disrupts the 3-fold symmetry of the RCS. 

Ne xt, we e valuated the effect of the resonance on transverse beam acceptance. In the RCS,
the beam painting area ε p,x can be changed arbitrarily [ 17 , 35 ]. Figure 7 (b) shows the integrated
curves of the BLM signals for four painting areas in the horizontal plane: ε p,x = 40 , 65, 100, and
200 π mm ·mr ad. Consider ab le beam losses were observ ed for all painting areas except for ε p,x =
40 π mm ·mrad, and these beam losses increased with increasing painting areas, indicating that
particularly for off-momentum particles in low-intensity beams, the horizontal acceptance of 
the RCS around the operating point (νx , νy ) = (6 . 46 , 6 . 36) is substantially reduced by the half-
integer r esonance. Ther efor e, compensating for the resonance 2 νx = 13 is crucial for achieving
broader tunability and beam power ramp-up. 

2.2. Definition of the half-integer random resonance driving term 

The excitation and compensation of the half-integer random resonance can be analyzed by
using the resonance driving term (RDT). When we consider the effect of a small lattice imper-
fection, the single-particle Hamiltonian of the transverse motion subject to a perturbation can
be written as 

H (x, y, x 

′ , y 

′ ; s ) = H 0 + δV, 

H 0 = 

x 

′ 2 + y 

′ 2 

2 

+ 

k x ( s ) x 

2 + k y ( s ) y 

2 

2 

, 

(1) 

where the independent variable s is the path length along the design beam orbit, δV r epr esents
the perturbation driving random resonances, and H 0 r epr esents the unperturbed Hamiltonian.
k x and k y r epr esent s -dependent functions determined by the lattice structure. Assuming a linear
perturbation of δV = κ1 ( s )( x 

2 − y 

2 ) / 2 , where κ1 ( s ) is the s -dependent function reflecting lattice
imperfections, the RDT for the half-integer random resonance 2 νx = 13 is gi v en by 

�G 2 , 0 , 13 = 

1 

4 π

∮ 

βx ( s ) κ1 ( s ) e j[2 χx ( s ) −( 2 νx −13) θ ] ds, (2) 

where βx (s ) is the unperturbed beta function, χx = 

∫ s ds/βx (s ) , and j is imaginary. θ is the
scaled independent variable and given by θ = 2 πs/L , where L is the circumference of the RCS.
Assuming that the error field is localized within a narrow area along the ring, Eq. ( 2 ) is then
approximated to be 

�G 2 , 0 , 13 ≈
1 

4 π
βx (s 0 ) K 1 e j[2 χx ( s 0 ) −( 2 νx −13) θ0 ] , (3) 

where K 1 is the integral of κ1 (s ) over the area, and s 0 r epr esents the position of the quadrupole
field of K 1 . The resonance compensation is equal to making the amplitude of the RDT zero,
and it is achie v ed by canceling the RDT origin from the error field with the additional linear
field. 

2.3. Compensation of the half-integer random resonance 

In the RCS, the QDT is a promising component that is available for resonance compensation.
All QDTs belong to a specific type of defocusing quadrupole magnet, with six QDTs arranged
at both ends of each straight section, as illustrated in Figs. 1 and 2 . These QDTs can be inde-
pendently excited using six independent unipolar power sour ces. Figur e 8 (c) shows the typical
excita tion pa ttern of QDTs. The power sour ces curr ently used for the RCS are not capable of 
7/19 
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Fig. 8. Time evolutions of the (a) horizontal and (b) vertical tune shifts enhanced by the excitation of 
QDT1 with a peak current of 100 A. (c) Typical excitation pattern of QDTs. The black dashed curves 
shown in (a) and (b) r epr esent fitting results. 
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supporting the entire 20-ms acceleration process. Hence, the excitation current of each QDT is
maintained constant for the first 6 ms, then gradually decreased, and finally lowered to zero af-
ter 12 ms. Correspondingly, the quadrupole strength continues to ramp with magnetic rigidity,
as shown in the lower plot of Fig. 8 (c). 

To improve the estimation of the quadrupole strength of the QDTs, we conducted a beam-
based correction of the e xcitation curv e. For this, we adopted a method allowing for high-
accuracy measurements of tunes [ 36 ]. This correction procedure based on the tune shift is
among the most reliable procedures. Figure 8 (a) and (b) show examples of the tune shifts en-
hanced by the excitation of QDT1 with a peak current of 100 A. As long as the tune shift is
not so large, the tune shifts �νx and �νy are well approximated by 

�νx = 

βx (s 0 ) K 1 

4 π
, 

�νy = −βy (s 0 ) K 1 

4 π
. 

(4) 

Her e, s 0 corr esponds to the position of the QDT. The optical functions of the RCS have already
been corrected [ 3 , 17 ]. Based on the optics correction and measurements, the horizontal and
vertical beta functions for the position of QDT1 are assumed to be βx (s 0 ) = 6 . 74 and βy (s 0 ) =
17 . 3 m, respecti v ely, for the first 6 ms. The e xcitation curv e is expressed as K 1 = C 1 I /Bρ, where
Bρ r epr esents the magnetic rigidity, I r epr esents the excitation curr ent, and C 1 is a constant.
By fitting the tune shifts from 1 to 5 ms, as shown in Fig. 8 (a) and (b), we obtain C 1 = −3 . 8 ×
10 

−4 ± 0 . 4 × 10 

−4 T/A for the horizontal tune shift and −4 . 07 × 10 

−4 ± 0 . 19 × 10 

−4 T/A for
the vertical tune shift. Thus, the evaluated C 1 values for the horizontal and vertical directions are
consistent. Corrections for the e xcitation curv e were also conducted for other QDTs, yielding
the same result. Thus, a C 1 value of −4 . 0 × 10 

−4 T/A was adopted in this study. 
Figure 9 shows the direction of the RDT of each QDT in the complex plane. Each RDT

points along a different direction compared with the others, indicating that any error field can
be compensated for b y ex citing two QDTs without using a bipolar power source. To confirm
the effect of the resonance compensation using QDTs, we conducted a beam study. Then, a
difficulty lies in the quantitati v e e valuation of the resonance excitation using the BLM, since
the modulation of betatron beating dri v en by the QDT addition made the beam loss location
shift upstream or downstream. This leads to an increase or decrease in the BLM signal unrelated
to resonance excitation or compensation as shown in Fig. 10 . One can see that the responses of 
8/19 
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Fig. 9. Comparison of the RDTs, obtained using Eq. ( 3 ), for all QDTs. The abscissa and ordinate r epr e- 
sent the real and imaginary parts, respecti v ely, of each RDT. 

Fig. 10. The signals measured with (a) the BLM of Fig. 7 and (b) a BLM installed 7.4 m upstream of 
(a). The horizontal painting area was set at 200 π mm ·mrad, and the other beam conditions are the same 
as employed in Fig. 7 . Red, blue, and gray dashed curves correspond to cases involving the addition of 
QDT4, addition of QDT5, and absence of QDTs, respecti v ely. QDT4 or QDT5 was e xcited with a peak 

current of 30 A. 
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the two BLM signals to the addition of QDTs are opposite, e v en though the two BLMs are only
7.4 m apart from each other. Thus, a DC current transformer (DCCT) was used instead of the
BLM to evaluate the excitation of the resonance through particle survival rate measurements. 

Figure 11 shows the beam profiles immediately after beam injection in this case. The beam
was injected with an offset corresponding to the painting area ε p,x of 120 π mm ·mrad in the
horizontal direction, while the vertical offset was set to zero. The beam intensity was increased
to 5 kW-eq. ( 8 . 3 × 10 

11 particles per pulse) to compensate for the low sensitivity of the DCCT
to beam loss; beam was injected within 30 turns e v ery 2 turn steps. Furthermore, the beam was
injected without a momentum offset along the longitudinal direction to mitigate the chromatic
tune shift for simplicity. 

Figure 12 shows the particle survival rates corresponding to the case wherein the operating
point is set at (νx , νy ) = (6 . 49 , 6 . 36) , which is speculated to be within the resonant stopband
of 2 νx = 13 . In this case, the QDTs were excited with peak currents of 30 A. The survival
9/19 
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Fig. 11. Schematic of injection beam profile. The meanings of each plot and definitions of the gray curves 
are identical to those assumed for the case presented in Fig. 4 . 

Fig. 12. (a) Time evolution of particle survival rates over the first 4 ms after injection. Red, blue, and 

b lack curv es correspond to cases involving the ad dition of QDT1, ad dition of QDT6, and absence of 
QDTs, respecti v ely. (b) Particle survi val rates after 4 ms with the independent addition of each of the 
six QDTs. The excitation peak currents of the QDTs were set to 30 A in all cases, excluding that with no 

QDT. 
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ra tes dif fered clearly depending on the excited QDT, as shown in Fig. 12 (b). Considering the
symmetric positioning of the QDTs, the observed differences in survival rates are attributed
to the excitation or compensation of the resonance 2 νx = 13 . Furthermore, the variations in
the survival rate are consistent with the directions of the RDTs shown in Fig. 9 . For instance,
the addition of QDT1 or QDT4 reduces beam loss, whereas the addition of QDT5 or QDT6,
with RDTs in nearly opposite dir ections, incr eases beam loss. This indica tes tha t QDTs can be
effecti v ely used for compensating the resonance 2 νx = 13 . 

Ne xt, to e xperimentally determine the optimal e xcita tion currents for the QDTs tha t min-
imize resonance-induced beam losses from 2 νx = 13 , survival rate mapping was performed.
Two QDTs were essential and sufficient for this purpose. QDT1 and QDT4 were selected be-
cause their addition mitigated beam losses more effecti v ely compared with the addition of 
other QDTs, as shown in Fig. 12 . Figure 13 presents the mapping result at the operating point
(νx , νy ) = (6 . 50 , 6 . 36) . The excitation currents of the two QDTs were converted to the RDT
using Eq. ( 3 ) and assuming an injection energy of 400 MeV. The maximum survival rate of 
92% was observed when the excitation peak currents for QDT1 and QDT4 were set at 26.6 and
8.5 A, respecti v ely. 
10/19 
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Fig. 13. (a) RDTs for each QDT excited with a peak current of 30 A. (b) Scan of the excitation currents 
for QDT1 and QDT4. The abscissa and ordinate r epr esent the real and imaginary parts, respecti v ely, of 
the RDT generated by the addition of the QDTs at an injection energy of 400 MeV. (a) The gray-shaded 

area indicates the RDT obtained from the beam transport line adjacent to the extraction DC magnets. 
(b) Markers are color-coded based on the corresponding survival rate at 4 ms after injection, with the 
black circle denoting the case when QDT1 and QDT4 are excited with peak currents of 26.6 and 8.5 A, 
respecti v ely. 
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The successful compensation of the resonance 2 νx = 13 by adding QDT1 and QDT4 is a
critical clue for identifying the primary source of the error field driving 2 νx = 13 . This error
field should have an RDT directed between the RDTs of QDT3 and QDT6 in the complex
plane and whose amplitude is comparable to the compensation field from QDTs. The RDT
of the magnetic field difference between each main quadrupole magnet had an amplitude es-
timated from the measurements as | G 2 , 0 , 13 | = 2 . 4 × 10 

−4 , which is about one-eighth of that of 
the QDTs, and hardl y likel y to be the primary source of the error field. Similarly, the amplitude
of the RDT produced by momentum deviation and magnetic field difference between each sex-
tupole magnet is estimated to be only on the order of 10 

−4 compared with that of QDTs. On
the other hand, according to Eq. ( 3 ), the direction of the RDT is determined by the position of 
the error field along the RCS. Furthermore, considering that the QDTs were excited with static
currents over the first 4 ms after injection, the primary component of the error field is likely
sta tic ra ther than varying with the magnetic rigidity. Hence, the most promising candidate for
the r equir ed err or field is the leakage field fr om the extraction DC magnets installed along the
beam transport line (3NBT) adjacent to the extraction section of the RCS [ 37, 38 ], whose RDT
is indicated by the gray-shaded area in Fig. 13 (a) and is almost opposite to those of QDT1 and
QDT4. 1 

Figure 14 (b) shows the particle survival rates at 4 ms after injection at each operating point.
Here, the horizontal tune was varied from νx = 6 . 46 to 6.55 in steps of 0.01 by controlling the
main quadrupole magnets except for the QDTs, while the vertical tune was fixed at νy = 6 . 36 .
The beam conditions were identical to those presented in Fig. 11 . Resonance-induced beam
loss was clearly observed near a horizontal tune of 6.50, which corresponds to the resonance
condition of 2 νx = 13 . The beam loss was considerably mitigated when the extraction DC mag-
nets were deactiva ted, indica ting tha t 2 νx = 13 is mostly dri v en by the leakage field from the
e xtraction DC magnets, as e xpected. Howe v er, some beam loss was still observed, likely due to
1 All injection bump magnets are ra pidl y deactivated after the beam injection, and their effect on the 
excitation of the half-integer resonance should be lower than that of the extraction DC magnets, unlike 
the case of Ref. [ 32 ]. 
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Fig. 14. (a) Time e volution of particle survi val rates measured by the DCCT at a tune of νx = 6 . 50 . (b) 
Tune dependence of the particle survival rate 4 ms after beam injection. The vertical tune was set to 6.36 

in all cases. Red and black curves show the results with and without QDT-based resonance compensation, 
respecti v el y, w hile blue dashed curves show the result obtained by turning off the extraction DC magnets. 

Fig. 15. Schematic of injection beam profile. The meanings of each plot and definitions of the gray curves 
are identical to those assumed for the case presented in Fig. 4 . 
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the other error fields, indicating that shielding to limit leakage is not a perfect solution. The ef-
fecti v eness of QDT-based resonance compensation was reconfirmed in Fig. 14 . Consequently,
the addition of QDTs with appropriate strengths was identified as the optimal solution, e v en
compared to turning off the extraction DC magnets. 

The resonance compensation achie v ed for the on-momentum particle may not be optimal for
the case of resonance crossing due to the chromaticity-induced tune shift of the off-momentum
particle. Since additional focusing or defocusing that is the cause of the chromatic effect modu-
lates the beta function and phase advance of the off-momentum particle, the RDT for the off-
momentum particle differs from that of the on-momentum particle, as is evident from Eq. ( 3 ).
To address this point, we conducted a beam stud y dedica ted to the off-momentum particles at
the operating point of (νx , νy ) = (6 . 46 , 6 . 36) . Figure 15 shows the beam profiles immediately
after beam injection. Unlike the case of Fig. 11 , the beam was injected with a delay of 130 ns,
corresponding to a momentum offset of 0 . 5% , and the horizontal painting area was expanded
to 150 π mm ·mrad to enhance the resonance-induced beam loss. In this case, the particles hav-
ing momentum deviation of about −0 . 5% cross 2 νx = 13 due to the chromaticity-induced tune
shift. As expected, the optimal excitation peak current for QDT4 that is determined similarly
to in Fig. 13 changed from 8.5 A to 3.5 A, and the survival rate was maximized from 95.5% to
12/19 
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Fig. 16. Time evolution of particle survival rates measured by the DCCT at the operating point of 
(νx , νy ) = (6 . 46 , 6 . 36) . Red and black solid curves show the results with the excitation peak currents for 
QDT1: both were set at 26.6 A, while QDT4 was excited at a peak current of 3.5 and 8.5 A, respecti v ely. 
The black dashed curve shows the result obtained without QDT-based resonance compensation. 
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97.6% as shown in Fig. 16 . Consequently, such fine-tuning is preferable to achie v e better reso-
nance compensation for the off-momentum particle. In addition, our resonance compensation
method based on DCCT was confirmed to work well in the case of the off-momentum particle.

2.4. Excitation of the thir d-or der random resonance 

Our next study assesses whether the addition of QDTs, which distorts the beta function, ex-
cites other random resonances. In particular, our focus is on the thir d-or der resonances, which
denote the next higher order to 2 νx = 13 . Given that numerous particles cross 3 νx = 19 and
νx + 2 νy = 19 due to space-charge-induced tune shift, exciting these resonances may increase
beam loss e v en if 2 νx = 13 is completely compensated. 

Assuming δV = κ2 ( s )( x 

3 − 3 xy 

2 ) / 6 in Eq. ( 1 ), the RDTs for the thir d-or der resonances are
described as 

�G 3 , 0 , 19 ≈
1 

12 

√ 

2 π

∑ 

n 

ˆ β3 / 2 
x (s n ) K 

n 
2 e 

j[3 ̂  χx ( s n ) −( 3 νx −19) θn ] , 

�G 1 , 2 , 19 ≈
1 

4 

√ 

2 π

∑ 

n 

ˆ β1 / 2 
x ( s n ) ̂  βy ( s n ) K 

n 
2 e 

j[ ̂  χx ( s n )+2 ̂  χy ( s n ) −( νx +2 νy −19) θn ] . 

(5) 

Here, the hat denotes modulation due to the compensation of 2 νx = 13 , and 

ˆ βx (s ) and 

ˆ βy (s )
satisfy the following relation: 

d 

2 

ds 2 

√ 

ˆ βx (s ) + [ k x (s ) + κ1 (s )] ̂  βx (s ) −
1 

ˆ βx (s ) 3 / 2 
= 0 , 

d 

2 

ds 2 

√ 

ˆ βy (s ) + [ k y (s ) − κ1 ( s )] ̂  βy ( s ) −
1 

ˆ βy ( s ) 3 / 2 
= 0 . 

(6) 

Sextupole fields are localized in some areas along the RCS, and n r epr esents the serial number
assigned to each area. K 

n 
2 represents the integral of κ2 (s ) over the n th area, s n represents the

position of the n th area along the RCS, and θn = 2 πs n /L . The corresponding stopband widths
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Fig. 17. Schematic of injection beam profile. The meanings of each plot and definitions of the gray curves 
are consistent with those assumed for the case presented in Fig. 4 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2025/1/013G

01/7920793 by guest on 07 M
arch 2025
δ3 , 0 , 19 and δ1 , 2 , 19 satisfy the following relations [ 39 ]: ∣∣∣∣∣ δ3 , 0 , 19 

�G 3 , 0 , 19 

∣∣∣∣∣ = 

3 

2 

√ 

A x 

2 

, 

∣∣∣∣∣ δ1 , 2 , 19 

�G 1 , 2 , 19 

∣∣∣∣∣ = 

4 A x + A y 

2 

√ 

2 A x 
, 

(7) 

where A x and A y are single-particle Courant–Snyder invariants in the horizontal and vertical
planes, respecti v ely. For the QDT-addition-based compensation of 2 νx = 13 , the calculated
RDTs are | �G 3 , 0 , 19 | = 1 . 0 × 10 

−3 and | �G 1 , 2 , 19 | = 2 . 0 × 10 

−2 m 

−1 / 2 at an injection energy of 
400 MeV. The corresponding stopband widths for outer particles with A x (y ) = 200 π mm ·mrad
are δ3 , 0 , 19 = 2 . 2 × 10 

−5 and δ1 , 2 , 19 = 7 . 1 × 10 

−4 , respecti v ely. These widths ar e found to bar ely
deteriorate beam stability, which is also seen in single-particle tracking. 

The excitation of third-order random resonances was evaluated through a low-current beam 

study. Both horizontal and vertical painting ar eas wer e set at 200 π mm ·mrad (Fig. 17 ) consid-
ering that the beam loss caused by 3 νx = 19 and νx + 2 νy = 19 will be substantially lower than
that caused by 2 νx = 13 . Other beam conditions were identical to those in the case of Fig. 11 .
Figure 18 shows the tune dependence of the particle survival rates measured using the DCCT.
The operating point was varied from (νx , νy ) = (6 . 31 , 6 . 21) to (6.40, 6.30). Despite increasing
the excitation peak current of QDT1 to 60 A, the resonance νx + 2 νy = 19 was detected with
almost no beam loss. This indicates that this resonance minimally affects beam loss. Further-
more, a considerable beam loss of a pproximatel y 20% was observed near the resonance line of 
3 νx = 19 . As shown in Fig. 18 , QDT excitation resulted in only a 2% increase in the beam loss
at νx = 6 . 33 . Hence, the compensation of the resonance 2 νx = 13 exerts an acceptable effect on
the excitation of third-order random resonances. 

3. High-intensity beam studies 
We conducted a high-intensity beam study to demonstrate the effecti v eness of resonance com-
pensation in mitigating beam loss and improving tunability. The study used the same beam
conditions as those for MLF user operations, with a beam intensity of 1 MW-eq. ( 8 . 24 × 10 

13 

particles per pulse). Figure 19 shows the progress of multiturn beam injection simulated using
14/19 
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Fig. 18. (a) Beam survival rate 4 ms after injection as a function of the horizontal tune. Red and black 

curves show the results obtained with and without QDT1 and QDT4 addition, with excitation peak 

currents of 26.6 and 8.5 A, respecti v ely. The b lue cross indicates the case wherein QDT1 is excited with 

a peak current of 60 A. (b) Red dots denote the operating points used in this beam study. 
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Simpsons. The tune footprints shown in the left column of Fig. 19 are affected by the chro-
ma ticity ef fect, space charge force, and external nonlinear force. In the early stages of injection,
the tune footprint overlaps with 2 νx = 13 due to chromatic effects. As beam intensity increases,
the repulsi v e space-charge f orce pushes the tune f ootprint to a lower value, causing it to move
away from the 2 νx = 13 resonance by the 100th turn. By the end of injection, the beam achie v es
a uniform distribution in real space, along both the horizontal and vertical planes. The painting
area is set to 200 π mm ·mrad in both planes [ 20 ]. Furthermore, the beam density is flattened
along the longitudinal direction through longitudinal painting. 

Figure 20 shows the BLM signals measured at the collimator section over the first 4 ms after
injection. Because the relati v e beam loss is considered extremely small for measurement us-
ing the DCCT, we used the BLM. Here, QDT1 and QDT4 were excited with optimized peak
currents of 26.6 and 8.5 A, respecti v el y. The maxim um tune shifts caused by the addition of 
the QDTs were only −2 . 2 × 10 

−3 and 5 . 9 × 10 

−3 along the horizontal and vertical directions,
respecti v ely, negligib ly impacting beam loss. Notably, the beam loss observed before 500 μs
primarily resulted from foil hitting during injection and is beyond the scope of the present
study [ 5 , 40 , 41 ]. 

Contrary to our expectations, Fig. 20 (a) shows a marginal increase in the beam loss with QDT
addition at the operating point (νx , νy ) = (6 . 46 , 6 . 36) ; a similar tendency is observed for most
BLMs. Moreover, the changes in the excitation currents for QDT1 and QDT4 of several am-
peres hardly affect the beam loss. This indica tes tha t particles do not approach 2 νx = 13 due to
space-charge effects, which is consistent with the results presented in Fig. 19 (c), where the tune
footprint has already moved away from 2 νx = 13 before the horizontal painting area reaches
65 π mm ·mrad. Furthermore, the absence of a considerable increase in beam loss indicates that
the addition of QDTs barely excites any other resonances. 

While Fig. 20 (a) indicates minimal improvement, panel (b) demonstrates a substantial re-
duction in beam loss by a factor of a pproximatel y 3 with QDT addition. The difference be-
tween panels (a) and (b) is attributed to the change in the position of the operating point from
(νx , νy ) = (6 . 46 , 6 . 36) to (6.49, 6.36). As shown in Fig. 20 (b), resonance-induced beam loss and
15/19 
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Fig. 19. Tune footprints (left) and horizontal (center) and longitudinal (right) phase spaces at the (a) 10th, 
(b) 50th, (c) 100th, and (d) 310th turn computed using Simpsons. The definitions of the gray curves in 

these phase spaces are identical to those assumed for the case presented in Fig. 4 . 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2025/1/013G

01/7920793 by guest on 07 M
arch 2025
the ef fects of compensa tion increased as the opera ting point approached 2 νx = 13 . This result
suggests tha t compensa ting 2 νx = 13 is considerably effective in mitigating beam loss in the
higher-tune region and improving tunability. The definiti v e reason for the beam loss increase
in Fig. 20 (b) with the resonance compensation compared to (a) has not been identified yet but
will be re v ealed in future studies. On the other hand, QDT excitation is currently limited by
16/19 
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Fig. 20. BLM signals measured at the collimator section over the first 4 ms at operating points (a) 
(νx , νy ) = (6 . 46 , 6 . 36) and (b) (6.49, 6.36). Red and black curves show the r esults corr esponding to QDT 

addition and no QDT addition, respecti v ely. 
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the performance of power sources, which can only accommodate corrections for up to 6 ms
from the beginning of injection. This limitation results in the interruption of the resonance
compensation if a horizontal operating tune exceeding 6.49 is selected. 

4. Summary 

Random resonances in the J-PAR C R CS were investigated to enhance the tunability of the
operating point in preparation for beam power ramp-up. Low-intensity beam studies re v ealed
that the transverse acceptance of 324 π mm ·mr ad deterior ated to less than 65 π mm ·mrad for
off-momentum particles due to the excitation of 2 νx = 13 . We achie v ed the successful mitiga-
tion of the resonance with QDTs in low-intensity beam studies. Based on RDT analysis, we
identified the extraction DC magnets on the 3NBT as the most likely source of the error field
driving 2 νx = 13 . This theoretical prediction was confirmed through measurements wherein the
extraction DC magnets were deactivated. Furthermore, we examined third-order random reso-
nances, finding that QDT addition for 2 νx = 13 compensation minimally affected the excitation
of the resonances 3 νx = 19 and νx + 2 νy = 19 . High-intensity beam studies further validated
the effecti v eness of this r esonance compensation. The r esults r e v ealed tha t a t the current op-
erating point (νx , νy ) = (6 . 46 , 6 . 36) , QDT addition did not ad versel y affect beam stability. At
the operating point (6.49, 6.36), 2 νx = 13 compensa tion considerably mitiga ted beam loss to
a pproximatel y one-third, demonstrating the feasibility of tunability improvement. 

Based on these promising outcomes, our focus has now shifted to the exploration of higher-
tune regions and the realization of output beam powers beyond design specifications. Our pri-
mary concern is the timing delay observed when the beam crosses 2 νx = 13 . In this case, the
QDT-based resonance compensation method must remain valid; the excitation currents of the
QDTs can be optimized to minimize beam loss during resonance crossing (Section 2 ). Once we
resolve the limitations imposed by QDT power sources, we expect to achieve adequate operat-
ing point tunability for beam power ramp-up. 
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