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The transverse impedance of eight extraction pulsed kicker magnets is a strong beam instability source in
the 3-GeV rapid cycling synchrotron (RCS) at the Japan Proton Accelerator Research Complex. Significant
beam instability occurs even at half of the designed 1 MW beam power when the chromaticity (ξ) is fully
corrected for the entire acceleration cycle by using ac sextupole (SX) fields. However, if ξ is fully corrected
only at the injection energy by using dc SX fields, the beam is stable. In order to study realistic beam
instability scenarios, including the effect of space charge and to determine practical measures to accomplish
1 MW beam power, we enhance the ORBIT particle tracking code to incorporate all realistic time-dependent
machine parameters, including the time dependence of the impedance itself. The beam stability properties
beyond 0.5 MW beam power are found to be very sensitive to a number of parameters in both simulations
and measurements. In order to stabilize a beam at 1 MW beam power, two practical measures based on
detailed and systematic simulation studies are determined, namely, (i) proper manipulation of the betatron
tunes during acceleration and (ii) reduction of the dc SX field to reduce the ξ correction even at injection.
The simulation results are well reproduced by measurements, and, as a consequence, an acceleration to
1 MW beam power is successfully demonstrated. In this paper, details of the ORBIT simulation and the
corresponding experimental results up to 1 MWof beam power are presented. To further increase the RCS
beam power, beam stability issues and possible measures beyond 1 MW beam power are also considered.

DOI: 10.1103/PhysRevAccelBeams.21.024203

I. INTRODUCTION

The 3-GeV rapid cycling synchrotron (RCS) in the Japan
Proton Accelerator Research Complex (J-PARC) acts as a
high-intensity proton beam source for the neutron and
muon production targets in the Material and Life Science
Experimental Facility (MLF), as well as the injector for the
main ring synchrotron (MR) [1]. The designed extracted
beam power of the RCS is as high as 1 MW, which
corresponds to 8.33 × 1013 protons per pulse (ppp) in two

bunches. The beam energy at injection has recently
been upgraded from an initial value of 0.181 GeV
to the designed value of 0.4 GeV. The beam is then
accelerated up to 3 GeV in the RCS and delivered
simultaneously to the MLF and MR at a repetition rate
of 25 Hz. The production beam power for the user
operation so far has reached 0.5 MW, but systematic
studies have been performed at power levels up to the
designed beam power [2].
Figure 1 shows a schematic view of the RCS. The RCS

has a threefold symmetric lattice with three arcs and three
long straight sections and a circumference of 348.333 m.
The H− charge exchange injection and the beam collima-
tion systems are placed in the first straight section, while
the beam extraction and the rf systems are placed in the
second and third straight sections, respectively.
The key parameters of the RCS, especially those

related to the present article, are summarized in Table I.
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The time-independent parameters are given in the upper
half, while time-dependent ones are listed in the bottom
half of the table. Details about RCS parameters can be
found in the J-PARC technical design report [1].

Beam instability is always a big concern for a beam of
intensity as high as 1 MW. In the design stage, sources of
beam instability throughout the machine were addressed
carefully, and the transverse horizontal impedance of the
eight pulsed extraction magnets (KMs) was found to be the
dominant driver of beam instability in the RCS [3–5].
Compared to a similar high-intensity machine, the imped-
ance of the RCS KMs is nearly one order of magnitude
higher than that of the kicker magnets in the Spallation
Neutron Source in Oak Ridge [6]. It is worth mentioning
that in the RCS alumina ceramics vacuum chambers has
been installed. The chambers have titanium flanges and an
exterior rf shield to reduce the duct impedance. The TiN
coating has also been done in the inner surface of the ducts
to suppress secondary electron emission [7,8]. The trans-
verse wall impedance Zx can be expressed as ∼ jLZ0

2πβγ2
1
ρ2
[9],

where L is the circumference of the RCS, Z0 is the
impedance of free space (377 Ω), ρ is the average radius
of the vacuum chamber (0.145 m), and β and γ are
relativistic parameters. The Zx for the RCS is estimated
to be ∼j9.94 × 105/βγ2 ½Ω/m�.
Recently, a direct measure to reduce the KM impedance

was proposed and also demonstrated experimentally [5,10],
but practical implementation will require extensive R&D to
ensure that the modified KMs can extract the beam without
any problem. Unfortunately, thus far, there has been little
progress in that direction. Moreover, previous studies on
the severity of the KM impedance and the development of
alternative measures, such as the optimization of machine

FIG. 1. Schematic view of 3-GeV RCS at J-PARC. The eight pulsed kicker magnets (KMs) placed in the second straight (extraction)
section are used for beam extraction. The extracted beam is delivered simultaneously to the MLF and MR. The transverse impedance of
the KMs is a strong source of beam instability in the RCS.

TABLE I. Main parameters of the RCS [1]. The time-
independent and time-dependent parameters are separated into
the upper and lower halves of the table, respectively.

Name Value

Circumference [m] 348.333
Transition energy [GeV] 9
Repetition rate [Hz] 25
Harmonic number (h) 2
Number of bunches 2
Number of protons per pulse (ppp) 8.33 × 1013

Output beam power [MW] 1
Average beta function hβxihβyi [m] 11.6, 11.9
Δp/p acceptance [%] 1
Natural chromaticity (ξx, ξy) −10, −7

Name Injection Extraction

Kinetic energy [GeV] 0.4 3
Revolution frequency (f0) [MHz] 0.614 0.84
Betatron tunes (νx, νy) (6.45, 6.42) (6.399, 6.405)
Synchrotron tune (νs) 0.0053 0.0005
Slippage factor (η) −0.478 −0.047
Momentum spread (Δp/p) [99%] 0.8 0.4
Bunch length [m] 160 60
Bunching factor (Bf) 0.47 0.21
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and beam parameters, to stabilize the beam at the designed
1 MW beam power are inadequate. Given the impedances,
one can generally estimate the beam instability threshold by
calculating the growth rate of the beam instability. This
depends on many parameters, of which the beam intensity,
chromaticity, and betatron tunes are the most significant
[11]. However, in synchrotrons, one needs to cope with
many detailed time-dependent machine parameters, error
sources, and impedances. Therefore, a precise numerical
simulation that considers the details of these variations as
well as the effects of space charge and other beam
instability sources is required.
The effect of space charge on beam instabilities has been

studied theoretically and discussed intensively by many
authors [12–19], and a short summary of their findings
appears in Ref. [20]. By taking into account only the direct
space charge effect and in a moderate space charge regime
defined by the ratio of the space charge tune shift to the
synchrotron tune (Δν/νs), Balbekov [15] considered the
general problem in the limit that the instability growth rate
is small compared to the synchrotron and space charge
frequency shifts. Balbekov’s main conclusion is that the
space charge tune spread causes significant Landau damp-
ing which suppresses most transverse modes. Recently,
Balbekov has also shown that the threshold of the trans-
verse mode coupling instability increases with increasing
the space charge parameter, and the threshold is not limited
up to the moderate space charge regime, but also withΔν/νs
far exceeding the unity [19]. In the present work, we
studied with dynamic variations of the RCS parameters,
injected beam parameters, and also the beam intensity,
which eventually give a scope to study in a wide range of
the space charge regime or the above space charge
parameter Δν/νs. Although these theoretical studies can
provide significant insight into the dynamical effects of
space charge on beam stability, the detailed study of beam
stability in a complicated scenario, such as acceleration in
the RCS, demands a simulation approach.
To assess the magnitude of the space charge force in the

RCS, we consider the incoherent space charge tune shift,
known also as the Laslett incoherent tune shift (Δνincoh).

For a bunched beam, the Δνincoh can be simply expressed,
neglecting wall effects, as [21]

Δνincoh ¼ −
Nrp

2πβ2γ3ϵ

1

Bf
; ð1Þ

where N is the number of particles in the ring, rp is the
classical radius of the proton (1.54 × 10−18 m), β (0.713)
and γ (1.4263 MeV) are the relativistic parameters
of the beam, ϵ is the transverse emittance (which is
100π mmmrad at injection energy in the RCS), and Bf

is the bunching factor, defined by the ratio of the average
beam current to the peak beam current. The bunching factor
is typically kept at more than 0.4 at the injection energy by
applying dual harmonic rf voltages and longitudinal
injection painting.
The incoherent space charge tune shift according to

Eq. (1) increases at lower beam energies due to the β2γ3

factor, while it is also worth mentioning that the direct
space charge tune shift also increases on the beam energy
similarly by a factor of βγ2. The effect of space charge
effect in the RCS is very significant not only because of the
1 MW beam power but also because of the low injection
energy of 0.4 GeV. For example, the value of Δνincoh
obtained by using Eq. (1) is estimated to be as high as
−0.29 at injection energy. In this estimation, a bunching
factor of 0.47 and transverse emittance ϵ ¼ 100π mmmrad
are assumed.
Table II gives a summary of Δνincoh estimated using

Eq. (1), at injection and extraction for the beam intensities
considered in the present study. The values of Δνincoh are
estimated for both the previous and the present injection
energies of 0.181 and 0.4 GeV, respectively, as well as for
the extraction energy of 3 GeV.
In a similar way, the coherent betatron tune shift (Δνcoh)

for the bunched beam, shown here for the vertical plane,
can be expressed as [21,22]

Δνcoh ¼−
Nrphβyi

πγ

��
1

β2γ2Bf
þ 1

�
ξ1
ρ2

þF
ξ2
h2

�
; ð2Þ

TABLE II. Incoherent tune shift Δνincoh at injection and extraction energies estimated by using Eq. (1) for the
beam intensities considered in the present study. The measured rms momentum spreads (Δp/p) of the injected beam
used in the simulations are also given.

Bf Δνincoh
Einj [GeV] Eext [GeV] Δp/p [%] N (×1013) (Inj) (Ext) (Inj) (Ext)

0.181 3 0.08 3.124 0.45 0.16 −0.34 −0.04
0.181 3 0.08 4.165 0.45 0.16 −0.45 −0.06
0.4 3 0.08 4.165 0.45 0.18 −0.15 −0.03
0.4 3 0.08 6.248 0.45 0.18 −0.23 −0.05
0.4 3 0.18 6.248 0.47 0.21 −0.22 −0.04
0.4 3 0.18 8.33 0.47 0.21 −0.29 −0.05
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where hβyi is the average vertical betatron function of the
ring, ξ1 and ξ2 are Laslett coefficients, which depend on the
shape of the vacuum chamber, ρ is half the vertical height of
the vacuum chamber, which is taken to be a conducting
boundary in this simulation, and h is half the vertical gap
between magnet pole faces, which is set equal to ρ here.
The vacuum chamber is circular for our case, and thus
ρ is the radius of the vacuum chamber, which is 0.145 m.
F is the fraction of the vacuum chamber with magnet pole
faces, which is considered to be 0.5. The values of ξ1 and ξ2
are given to be 0.5 and 0.617, respectively [21]. The value
hβyi for the present betatron tune is calculated to be 11.9 m.
As with Δνincoh, the value of Δνcoh decreases with increas-
ing beam energy in synchrotrons, but the reduction factor is
1/γ. Regardless of the transverse beam size, the coherent
tune shift is inversely proportional to the square of the half
size of the vacuum chamber.
Table III gives a summary of Δνcoh estimated for the

same beam parameters as used for estimating Δνincoh
(Table II). The values of Δνcoh are found to be more than
one order of magnitude smaller than Δνincoh, but they are
almost a similar order of magnitude larger than the
synchrotron tune (see Table I). In simulations, one can
study the effect of the indirect space charge effect on
multiparticle beam dynamics by changing the vacuum
chamber radius.
The motivation of the present work was to study realistic

beam instability scenarios in the J-PARC RCS while
incorporating all relevant dynamics including the effect
of the space charge. The object was to determine definite
measures to accomplish the designed 1 MW beam power in
the RCS. For that purpose, we used the ORBIT 3D particle
tracking code with space charge, which has incorporated
many time-dependent quantities to make it capable of
detailed beam simulations in synchrotrons [23]. The basic
models in the ORBIT code are described in Ref. [24], and
detailed descriptions of the space charge and impedance
models used here are presented in Ref. [20]. In order to
perform realistic simulations of the RCS, we introduced
numerous enhancements to the code to cope with all
relevant time-dependent machine parameters and error
sources, as well as realistic transverse and longitudinal

injection painting. We also upgraded the impedance model
to incorporate realistic time-dependent impedances for
the beam instability simulation. As a result, we obtained
simulations in agreement with experimental results at the
then maximum beam power of 0.5 MW. These found that
beam instability occurs only when the chromaticity (ξ) is
fully corrected for the entire acceleration cycle by using ac
sextupole (SX) fields, but no beam instability occurs if
ξ is fully corrected only at the injection energy by using dc
SX fields.
Fortunately, the latter choice of the SX fields was adequate

to maintain acceptable beam losses, which occur mainly at
injection energy, and thus there were no serious issues
pertaining to beam instability in RCS operation up to
0.5 MW of beam power. However, that does not guarantee
that the beam will remain stable up to the designed 1 MW
beampower, not only because the beam power is doubled but
also because the injection energy is upgraded from
0.181 GeV to the design value 0.4 GeV. For example, the
effect of space charge at injection, as seen in both Δνcoh and
Δνincoh, is significantly reduced by a factor of 2 or 3 at the
upgraded injection energy. In addition, themomentumspread
(Δp/p) of the injected beam was 0.08% at 0.181-GeV
injection energy, but it was set to bemore than twice, namely,
0.18%, for 0.4-GeV injection. A wider Δp/p leads to a
reduced circulating peak beam density through a higher Bf,
and the tune shift is inversely proportional to the Bf [21].
A reduction of the space charge effect (tune shift),

especially at lower energies, is very beneficial for mini-
mizing beam losses by keeping the beam away from many
lattice resonances. However, the beam instability scenario
would possibly be changed due to the change of the space
charge effect. The situation, especially at high intensities,
becomes rather complicated because of nonlinear depend-
ence on many parameters and their coupled effects.
Accordingly, systematic simulation studies were carried
out to study the detailed beam instability scenarios at 1 MW
beam power, as well as to determine realistic parameters by
which beam instabilities can be suppressed completely. The
simulation results were well reproduced by measurements,
and an acceleration to 1 MW beam power has also been
successfully demonstrated.

TABLE III. Estimated values of coherent tune shift Δνcoh at injection and extraction energies using Eq. (2) for the
beam intensities considered in the present study. The measured rms momentum spreads (Δp/p) of the injected beam
used in the simulations are also given.

Bf Δνcoh
Einj [GeV] Eext [GeV] Δp/p [%] N (×1013) (Inj) (Ext) (Inj) (Ext)

0.181 3 0.08 3.124 0.45 0.16 −0.025 −0.002
0.181 3 0.08 4.165 0.45 0.16 −0.033 −0.003
0.4 3 0.08 4.165 0.45 0.18 −0.015 −0.003
0.4 3 0.08 6.248 0.45 0.18 −0.023 −0.004
0.4 3 0.18 6.248 0.47 0.21 −0.022 −0.004
0.4 3 0.18 8.33 0.47 0.21 −0.030 −0.005
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II. RCS KICKER MAGNETS AND THEIR
TRANSVERSE IMPEDANCES

Figure 2 shows a schematic view of the RCS extraction
area, where eight pulsed kicker magnets (KMs 1–8) have
been placed for beam extraction. Fast extraction is per-
formed by these eight KMs followed by three dc extraction
septum magnets (ESEPs 1–3). The two circulating bunches
of the beam at the top energy of 3 GeV (each typically
200 ns long and 600 ns apart each other) are kicked out
horizontally, first by the KM system and then by the ESEPs

to accomplish the extraction. A detailed description of the
configuration of the KMs, their power supplies, and their
working principle can be found in Ref. [25]. Here, we list
only a few key parameters. The longitudinal length and the
gap width of all magnets are the same at 0.638 and 0.280 m,
respectively, but they fall into three different classes
categorized by gap height as small (S), medium (M),
and large (L). The gap heights of the S type (KMs 3–5),
M type (KMs 2 and 6), and L type (KMs 1, 7, and 8) are
0.153, 0.173, and 0.199 m, respectively.
Figure 3 shows the theoretical transverse horizontal

impedances of one of the eight KMs in the RCS. The left
and right plots are the real and the imaginary parts of the
impedances, respectively [5]. The upper figures expanded
in the lower frequency region are shown in the lower plots.
The impedances are plotted for three different energies
given in terms of Lorentz β: β ¼ 0.5 corresponds nearly to
the original 0.181-GeV injection energy; β ¼ 0.7 corre-
sponds to the present injection energy of 0.4 GeV; while
β ¼ 0.97 corresponds to the extraction energy of 3 GeV.
The corresponding revolution frequencies are 0.47, 0.614,
and 0.84 MHz, respectively. It can be easily seen that the
transverse impedances of the KMs depend strongly on the
Lorentz factors and that they increase in the case of a
relativistic beam. The sharp peaks are the characteristic
impedances of the RCS KMs, and they are caused by cable
resonances of the beam-induced currents in the kicker
magnets. The beam instability excited by the transverse
horizontal impedances of the KMs leads to a transverse
beam position growth in the horizontal plane [16].

III. ORBIT CODE ENHANCEMENT FOR
REALISTIC SPACE CHARGE AND BEAM
INSTABILITY SIMULATIONS IN THE RCS

To carry out realistic beam instability calculations, we
first focused on performing accurate simulations of the
beam losses under different rf focusing conditions that lead
to different levels of space charge. This is because the effect
of space charge level on beam instability has been inten-
sively discussed recently [12,14,16–19]. However, unlike a
storage ring, all parameters of the machine and beam, error

FIG. 2. Layout of the RCS extraction straight section. A total of eight pulsed kicker magnets is used for the beam extraction. The first
three are placed upstream of a horizontally focusing quadrupole magnet (QFL), while the other five are placed downstream of the QFL.
The transverse impedance of the kicker magnets is the dominant source of beam instability in the RCS.
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sources and impedances, are time dependent in the RCS.
We accommodated this by enhancing the time-dependent
capabilities of the ORBIT code beyond those described in
Ref. [23]. In particular, tables of longitudinal and transverse
impedances, given as functions of the frequency and beam
energy, are used by ORBIT to interpolate the modal
impedances at the instantaneous beam energy during the
simulation. These are then used in ORBIT’s FFT-based
impedance modules [20] to calculate the related forces on
the beam. The upgrades are quite useful for realistic beam
simulations of any synchrotron in which parameters change
over time. It is important to mention that the ORBIT code
takes indirect space charge into account in the simulation.
A conducting wall boundary, which is circular in the RCS,
is used with a value (radius) of 0.145 m in the simulation. It
is defined as ρ in Eq. (2), where the coherent tune shift
Δνcoh is inversely proportional to the square of ρ. To check
the effect of space charge on the beam stability, we have
done detailed simulation studies by varying the value of ρ,
and the results are given in a later section.
Figure 4 shows the ramping pattern of the sinusoidal B

field of the RCS bending magnets, the corresponding
kinetic energy (T) of the beam, and the change in the
synchronous phase (ϕs) as functions of time. ORBIT is now
capable of considering time-dependent, turn-by-turn,
changes in any parameters upon which lattice functions,
error sources, nonlinearities, or any other relevant quan-
tities depend. The first issue to consider was the additive
edge-focusing effect of the four horizontal injection dc
chicane magnets, also called shift bump magnets (SBs), and
the four horizontal transverse injection painting magnets
[26–28]. Among them, the effect of SBs is very significant
because they are placed very close to each other [29]. They
induce a substantial vertical focusing perturbation, result-
ing in a considerable deviation of the vertical lattice
functions from the design values. The maximum vertical
beta modulation is as high as 30%, leading to a vertical tune

deviation of nearly 0.02. Details of this study can be found
in Ref. [30]. The next significant issues to implement in the
code were the 100 kHz ripples in the power supply (PS) of
the SB [27], the 1 kHz ripples in the PS of the main dipole
magnet [31], and dc leakage fields from the extraction
septum magnets [32,33]. Notably, realistic injection proc-
esses, including both transverse and longitudinal injection
painting, were successfully included as well. The details of
both transverse and longitudinal injection painting princi-
ples in the RCS can be found in many of our earlier articles
[34–38]. Finally, the enhanced ORBIT code was used to
incorporate the time-dependent KM impedances.
Figure 5 shows typical patterns of rf voltages, where V1

and V2 are the amplitudes of fundamental and second
harmonic rf voltage, respectively. In order to reduce the
effect of space charge at the lower beam energy, V2 was
applied up to first 5ms, while it is kept 80%ofV1 for the first
1 ms. The applied dual harmonic rf voltage is expressed as

Vrf ¼ V1 sinϕþ V2 sin f2ðϕ − ϕsÞg; ð3Þ

whereV1 is the amplitude of the fundamental rf voltage,V2 is
the amplitude of the second harmonic rf voltage, ϕ is the
phase of the rf voltage, and ϕs is the synchronous phase. In
addition, the phase ofV2was swept linearly from−100° to 0°
during the injection period of 0.5ms, which results in a rather
asymmetric rf potential well. Equation (3) for the applied rf
voltage is then expressed as

Vrf ¼ V1 sinϕþ V2 sin f2ðϕ − ϕsÞ þ ϕ2g; ð4Þ

where ϕ2 is the phase offset of V2. In the course of
longitudinal injection painting, a momentum offset of
−0.2% was applied in addition to the above application of
the rf voltage shown by Eq. (4). This is called “maximum
longitudinal injection painting.”
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In order to consider the coupled bunch instability, a beam
was injected into two bunches in the RCS simulation, just
as in the machine. Figure 6 shows distributions of circulat-
ing particles on the longitudinal phase space (top) and their
projections onto the longitudinal position (bottom)
obtained in the simulation at the end of the 0.5 ms injection
period. The horizontal axis is the longitudinal position,
denoted by ϕ in radians, while the vertical axis is the energy
deviation of the particles from the synchronous energy,
denoted by ΔZ in GeV. The two bunches are π apart, where
the circumference of the ring is defined by 2π. The plots on
the left were obtained by applying only the fundamental rf
voltage V1, while the plots in the right were obtained by
applying dual rf harmonic voltages (V1 þ V2) and also by
considering longitudinal injection painting. The peak
density of the circulating beam is considerably decreased
in the latter case, resulting in a bunching factor (Bf) of 0.45
at the end of injection as compared to 0.27 for the peaked
bunch in the former case. However, as V2 was applied up to
only 5 ms, the subsequent values of Bf, particularly at the
extraction energy, become relatively independent of the
injection details, with values of about 0.2.

A. Space charge simulation results

In this subsection, we present a comparison between
simulated and measured results of time-dependent beam
survival studied in the presence of strong space charge at

the previous injection energy of 0.181 GeV for a beam
power of 0.375MW. The effect of space charge was studied
by considering the cases with and without the second
harmonic rf voltage and momentum offset injection for the
longitudinal injection painting.
Figure 7 shows a comparison of beam survival between

simulated and measured results for beam power of
0.375 kW (3.124 × 1013 ppp). The injection energy
(Einj) was 0.181 GeV, while the extraction energy was
3 GeV. A transverse injection painting emittance of
100π mmmrad was applied. The chromaticity was fully
corrected only at Einj, and no instability sources were
considered in the simulation. The experimental data were
measured using a dc current transformer placed in the first
arc section of the RCS. Owing to strong space charge
forces, the beam intensity was significantly attenuated by
around 3% when only the fundamental rf voltage (V1) was
applied and no longitudinal injection painting was per-
formed. However, this beam loss can be well mitigated by
reducing the effect of space charge through the application
of dual harmonic rf voltages (V1 þ V2) and by performing
longitudinal injection painting [37,38]. The time-dependent
beam survival results between the simulation and the
measurement were found to agree very well for both cases.
In order to understand the cause of the huge particle

losses at a lower energy when applying V1 only, we have
calculated the betatron tune footprint for the two injection
schemes. Figure 8 shows simulation results of betatron tune
footprints by alternatively using fundamental (left) and dual
(right) harmonic rf voltages (including longitudinal injec-
tion painting for the latter case) at a beam power of
0.375 MW. The top, middle, and bottom plots correspond
to acceleration times of 1, 4, and 10 ms, respectively. The
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integer resonances at νx;y ¼ 6 and half integer resonances at
νx;y ¼ 6.5 are also shown by black solid lines. The space
charge detuning at a low energy (top), especially when
applying the rf voltage V1 only, is much larger than that
with applying both V1 and V2, where all order nonlinear
systematic resonances are excited at νx;y ¼ 6. The particles
with large tune depression suffer from emittance dilution,
and those with large emittance blowup reached to the
physical aperture limit and lost, which is the main reason
for the significant beam loss observed at a low energy in the
former case. To check in detail, we set the tunes to slightly
lower and higher values than their nominal values of
νx;y ¼ 6.45, 6.42. The beam survival decreases by lowering
the tunes, while the beam survival increases by the other
action.
On the other hand, the effect of space charge is well

suppressed by applying dual harmonic rf voltages (includ-
ing longitudinal injection painting), and that leads to a
significant suppression of the beam loss. As the beam

energy is increased during acceleration, the space charge
detuning is significantly reduced [see Eq. (2)], resulting in
no particle losses in the later stages of the accelera-
tion cycle.
As shown in Table II, the bunching factor Bf at the end of

the injection process was determined to be 0.45 in the latter
case. At the injection energy Einj ¼ 0.181 GeV and
0.375 MW beam power the value of Δνincoh is estimated
to be −0.34. It is worth mentioning that, due to 1

β2γ3

dependence [Eq. (1)], Δνincoh at higher injection energy
Einj ¼ 0.4 GeV is significantly reduced, which for the
designed beam power of 1 MW yields a lower value of
−0.29 than for the beam power of 0.375 MW at the
lower Einj ¼ 0.181 GeV.

B. Implementation of kicker impedance
in the ORBIT code

The implementation of impedances in the ORBIT code
and the simulation of stability incorporating space charge
and impedances are basically the same as already reported
in Ref. [20]. However, for our purpose, we have adapted the
code to ensure it considers time-dependent, turn-by-turn
impedance, as the impedance changes with increasing
beam energy (see Fig. 3). Instead of a constant impedance
table (as for an accumulator ring), impedance tables are
given as functions of relativistic β and frequency for β
varying from 0.5 to 1.0 in steps of 0.05. The program
generates an interpolated set of impedance values by mode
number and uses those to calculate a transverse dipole kick
for every turn. However, with the present version of ORBIT,
the total impedance must be represented by a single node,
instead of one node for each of the eight KMs in the RCS.
The eight KMs are located within a span of about 8 m, and
a horizontally focusing quadrupole magnet (see Fig. 2) lies
between the third and the fourth KMs. We introduced the
impedance node between the second and the third KMs,
where the horizontal optical beta function (βx) has a value
of about 15 m. This is close to the average over the eight
kickers, as shown in Fig. 9. The impedance of one KM, as
shown in Fig. 3, is multiplied by 8 to account for all the
KMs. All KMs are identical with equal longitudinal lengths
and gap widths including their cable lengths.

IV. SEXTUPOLE STRENGTH VERSUS
LATTICE CHROMATICITY

Transverse beam instability depends strongly on the
degree of lattice chromaticity (ξ) correction. The ξ deter-
mines the variation of betatron tunes with respect to beam
momentum variation, and it is usually defined as Δν/ν

Δp/p.
Generally, the beam instability growth rate can be sup-
pressed by keeping the ξ as close as to the natural value
because of enhanced Landau damping due to a large tune
spread. However, ξ is usually corrected to control the
spread in betatron tunes to keep the beam away from
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resonances. A chromatic tune spread is expressed as the
product of beam momentum spread (Δp/p) and lattice ξ.
By using the RCS parameters listed in Table I, the
chromatic tune spread at injection for the maximum
Δp/p of 1% is estimated to be as much as 0.1.
Figure 10 shows the calculated horizontal chromaticities

(ξx) (broken lines) for sextupole (SX) field strength factors
as functions of time. An SX strength factor of 1 with an ac
field (SX ac) guarantees a full correction (ξx ¼ 0) through-
out the entire acceleration cycle, while no ξx correction
occurs when SX is turned off (SX off). The SX with a dc
field (SX dc) with a strength factor of 1 at the injection
energy leads to a full correction of ξx only at the injection
energy, but the SX field strength decreases gradually as the
beam is accelerated, resulting in a decreasing correction of
ξx and almost no ξx correction at the end of the cycle. We
call this pattern “SX dc ×1,” where “×1” means a full
correction of ξx at injection. In this study, we also

considered reduced SX dc fields, namely, “SX dc ×0.5”
and “SX dc ×0.25” for ξx correction at the injection energy
by a half and by a quarter, respectively. The situation is
exactly the same for the vertical chromaticity (ξy).

V. BEAM INSTABILITIES: COMPARISON
BETWEEN SIMULATED AND MEASURED

RESULTS

In this section, we present and compare the details of
simulated and measured results of beam instabilities at
beam powers up to 0.5 MW, which was the maximum beam
power available until 2013. First, we clarify the definition
of beam power used throughout this paper. In this study, the
beam was delivered either by a single shot on demand or at
a lower repetition rate than the designed 25 Hz. The
measured number of particles was used to calculate the
beam power, based on the 25 Hz “equivalent beam power.”
We performed systematic studies on the dependence of
beam instability growth on various parameters, such as
choice of betatron tunes, the momentum spread (Δp/p)
of the injected beam, and the degree of chromaticity
correction.

A. Beam instability up to a beam power of 0.5 MW

Until 2013, the output energy of the linac and, thus, the
RCS injection energy (Einj) was 0.181 GeV. At the end of
2013, the injection energy was upgraded to the designed
0.4 GeV. The extraction energy was always at the designed
value of 3 GeV. Beam instability up to the beam power of
0.5 MW has been studied for both injection energies.
Figure 11 shows the instability results obtained in the

simulation for an output beam power of 0.5 MW.
The horizontal axis represents the acceleration time, while
the vertical axis represents the turn-by-turn horizontal beam
position at a beam position monitor (BPM) located in the
injection area [39]. The difference between the data in the
left and the right plots is the beam energy at injection,
which was 0.181 and 0.4 GeV, respectively. The kinetic
energies of the beam calculated by using the acceleration
pattern are depicted at the top of each figure for 5 ms
intervals. The rms Δp/p of the injected beam was 0.08%,
while a transverse injection painting emittance of
100π mmmrad and the full longitudinal injection painting
were applied in both cases. The time-dependent beam
position offset at the beginning of the cycle represents the
time-dependent closed orbit variation in transverse injec-
tion painting, because the BPM was located in the injection
area. Ripples in the beam position can be seen clearly,
especially for Einj of 0.181 GeV, and they are caused
mainly by the 1 kHz switching noise in the power supply
(PS) of the main dipole magnets [31]. The 100 kHz ripples
caused by the injection dc chicane magnets (SB) persist
until 1 ms, during the first half of which they are used for
beam injection and they are then turned off during the
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subsequent 0.5 ms [27]. However, the ripples are compen-
sated almost completely when the injection energy is
0.4 GeV. The 1 KHz switching noise was compensated
by optimizing the phase and the strength of the orbit
correctors (steering magnets) used for correcting closed
orbit distortion, while the 100 KHz ripples were eliminated
by designing the new PS of the SB to be ripple-free [27].
The corresponding measurement results are shown in
Fig. 12. The evolutions of the beam centroid caused by
the KM impedance as obtained by the simulated results are
found to be in good agreement with the corresponding
measured results. The characteristics of beam instability at
the beam power of 0.5 MW can be summarized as follows.

Beam instability occurs (red lines in Figs. 11 and 12)
only when the ξ is fully corrected to zero for the entire
acceleration cycle by using SX ac (red lines in Fig. 10),
while no beam instability occurs (green lines in Figs. 11
and 12) when ξ is fully corrected at injection energy only,
but the ξ correction is reduced as a function of time by
using the SX dc pattern (green lines in Fig. 10). This is a
very general behavior of the beam instability growth
dependence on ξ; namely, the beam instability is sup-
pressed when the ξ is kept higher.
It has also been observed that the beam instability growth

rate is slightly higher and is more unstable for the case of a
higher injection energy (0.4 GeV) as compared to the case
of a lower injection energy (0.181 GeV). It is possible that
this could be caused by suppression of the space charge
force at a higher injection energy compared to that at the
lower injection energy. The Landau damping effect of the
nonlinear space charge force is smaller for the higher
injection energy case, resulting in an enhancement of beam
instability growth at the higher injection energy, and vice
versa for the lower injection energy case. Also, the KM
impedance is higher for a relativistic beam, as shown in
Fig. 3. The beam instability growth rates obtained by
exponential fittings of the experimental data for the 0.181-
and 0.4-GeV injections were 759 and 900 s−1, respectively.

The betatron tune shift of the beam centroid caused by
the space charge and the transverse horizontal impedance
of extraction kicker magnets was calculated from the turn-
by-turn beam position data for different beam intensities.
Figure 13 shows a comparison of horizontal tune (νx)
between the simulation (left) and measurement (right) as a
function of the beam intensity. The injection and extraction
energies were 0.4 and 3 GeV, respectively, while the ξ was
fully corrected for the entire acceleration cycle. The
horizontal betatron tune νx was obtained from a FFT of
turn-by-turn simulated and measured beam positions for
1000 turns at around the middle of the acceleration cycle
(10 ms). The measurement error for the experimental data
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was estimated by 1/Nturns, where Nturns is the number of
turns used for the FFT. The bare tune at this time during
acceleration was set to be 6.4375 (details given in a later
section). The detuning of νx at a higher beam intensity is
almost linear, while the shifts of νx for the maximum beam
intensity of 4.16 × 1013 in this study were obtained to be
−0.0047 and −0.0052 in the simulation and measurement,
respectively. It is important to mention that no beam
instability occurs at beam intensities up to 2.1 × 1013.

B. Beam instability suppression by space charge

The above arguments for beam instability suppression
can be directly checked for the condition when the effect of
space charge on the beam is considerably higher than that
presented in Figs. 11 and 12. For that purpose, we compare
results, both simulated and measured, for two cases:
(i) include only the fundamental rf voltage (V1), turn off
the second harmonic rf voltage (V2), and do not apply
longitudinal injection painting; (ii) include dual harmonic rf
voltages and also apply longitudinal injection painting.
These alternative injection scenarios will lead to a higher
peak space charge density in case (i) than in case (ii).
Moreover, we consider the lower injection energy of
0.181 GeVand a beam power of 0.375 MW. All parameters
in this case are exactly the same as those shown in Fig. 7,
except that chromaticity is fully corrected throughout the
acceleration time and the KM impedances are now included
in the present simulation.
Figure 14 shows a comparison of such a simulation with

measured results in the left and right plots, respectively.
The ξ was corrected to be zero for the entire acceleration
time in all cases. Beam instability growth occurs (red) in
case (ii), when longitudinal injection painting is performed
by using dual harmonic rf voltages (V1 þ V2), but it is
completely suppressed (green) for case (i), where the space

charge force is enhanced by the application of only the
fundamental rf voltage (V1) and by the omission of
longitudinal injection painting. The Bf at the end of
injection with the application of V1 alone is 0.27, which
is nearly twice as peaked (0.45) as with the application of
both V1 and V2. The Landau damping effect is more
enhanced in the former case, which results in a suppression
of beam instability growth. The simulation and the meas-
urement results are very consistent with each other.
We have also found that, in this particular condition with

strong space charge, the stability has no significant
dependence on the transverse injection painting emittances.
Figure 15 shows simulation results of the dependence of
beam centroid evolution on transverse injection painting
emittances from 50π mmmrad up to a maximum available
of 200π mmmrad for a beam power of 0.375 MW. The plot
in green corresponds to that shown by the same color in
Fig. 14. The Landau damping effect is quite significant in
the presence of strong space charge for any transverse beam
emittances considered in the present study.
However, it should be noted that in a condition when

instability occurs the beam instability growth rate has a
dependence on the choice of transverse emittance, but the
impact is small on the stabilization of the beam. On the
other hand, we found that the size of the vacuum chamber,
by which the indirect space charge effect is changed, plays
an important role for stabilization of the beam. In the above
condition by using only the fundamental rf voltage, we
have studied the effect of indirect space change by
changing the radius of the conducting wall, which is used
as a boundary condition for the space charge calculation.
The details of the simulation results of the beam instability
dependence on the radii of the vacuum chamber are given in
the rest of the present subsection.
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Next, we studied the dependence of the beam instability
growth rate on the indirect space charge effect parametrized
by the radius of the vacuum chamber ρ. Figure 16 shows
simulation results of the beam centroid evolution depend-
ence on ρ. The actual value of ρ in the RCS is 0.145 m
(green), but it was enlarged to 0.160 (blue) and 0.18 m (red)
for the present study. The plot in green is the same as those
shown by the same color in Figs. 14 and 15. The beam
tends to be unstable even if ρ is enlarged by just 10% (blue),
and it becomes further destabilized as ρ is further increased.
The coherent tune shift, as given byΔνcoh, is reduced as ρ is
increased, and the beam tends to be more unstable. It is
worth mentioning that the effect of space charge at a lower
energy due to a change of ρ has also been observed in terms
of beam losses. In contrast to the beam instability growth
rate, the beam survival rate is improved with respect to an
increase of the ρ. This is mainly due to the reduction of the
destabilizing image forces as ρ is increased. The number of
particles at νx;y ¼ 6 is reduced (see Fig. 8, top left side) due
to Δνcoh is reduced as ρ is increased. However, the Landau
damping effect vanishes earlier, resulting in a higher beam
instability growth rate as ρ is enlarged.
Figure 17 shows an estimated Δνcoh over the entire

acceleration cycle using Eq. (2) for the three above values
of ρ. The beam parameters are the same as those listed at
the top of Table III, except that the rf voltage was taken to
be only the fundamental harmonic in this case (the same as
Figs. 14–16). As a result, the bunching factor at the
injection energy becomes smaller, Bf ¼ 0.27, but it is
almost the same, Bf ¼ 0.16, at the extraction energy. The
synchrotron tune νs as a function of acceleration time is
also shown by the black line. The value of Δνcoh compared
to νs is about a factor of 3 higher at a lower energy and
gradually approaches the absolute value of νs as the beam
energy increases. However, it never becomes less than νs as
long as ρ is smaller than 0.180 m. If one considers
the dependence of the beam instability growth rate on

the relative difference between these two parameters, the
present study reveals that a higher ratio of Δνcoh to νs
results in a more stable beam within the parameter range
studied in this work.
Figure 18 shows simulation results of coherent horizon-

tal betatron tune spectra for the three radii ρ. The tune shift
is inversely proportional to the square of ρ according to
Eq. (2). The frequency spectra were obtained from FFTs of
a turn-by-turn beam centroid for 2000 turns at around
15 ms and subtracted from the bare tune in order to obtain
the tune shift Δνx. The simulation conditions are exactly
the same as in Fig. 16, except KM impedance was not taken
into account. The indirect space charge effect is increased
with increasing ρ, resulting in the peak in νx approaching
the bare tune. However, the beam tends to be more unstable
as ρ is increased.

In the simulation, we have also calculated the rms spread
of the betatron tune at different times of acceleration
including near the beam instability onset at about 15 ms.
Table IV shows a rms spread of the horizontal betatron tune
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(σνx) for the two cases of vacuum chamber radius ρ of 0.145
and 0.180 m. The tune spread is also obtained to be reduced
as ρ is increased, but the beam becomes more unstable as ρ
is increased.
From the above simulation studies, it appears that the

indirect space charge effect due to the vacuum chamber
plays an important role for the stabilization of the beam.
The chamber radius has a strong impact on the stability
rather than the transverse emittance of the beam.

VI. BEAM INSTABILITY BEYOND 0.5 MW
BEAM POWER AND STRATEGY FOR

ACCOMPLISHING 1 MW

To accomplish the designed 1 MW beam power, the peak
current of the H− beam in the linac was upgraded from
30 mA to the designed 50 mA in 2014. By this time, we had
conducted detailed systematic simulation studies on the
beam instability scenarios beyond 0.5 MW beam power to
prepare realistic guidelines for accomplishing the designed
beam power of 1 MW. This is one of the main goals of the
present study. Although no beam instability occurs up to
beam powers of 0.5 MW when chromaticity ξ is fully
corrected only at the injection energy by a SX dc field, the
simulation results yielded very sensitive beam instability
scenarios for beam powers higher than 0.5 MW. With a full
dc chromaticity correction, the beam exceeds the instability
threshold even at a beam power of 0.75 MW. Based on the
detailed simulation studies, the following strategies were
formulated to stabilize the beam at 1 MW: (i) careful
manipulation of the horizontal betatron tune (νx) during the
acceleration cycle, (ii) selection of narrower Δp/p of the
injected beam, and (iii) further reduction of SX dc fields to
reduce the degree of chromaticity ξ correction throughout
the acceleration cycle.
Figure 19 shows six typical horizontal betatron tune (νx)

manipulations from injection until extraction including one
case (a) without any manipulation, as considered in the
simulation studies. The choice to manipulate νx is very
important, because the transverse horizontal impedance of
the RCS extraction KMs excites only the transverse
horizontal beam instability. The νx without any manipula-
tion corresponds to the top most line denoted by (a), while
(b)–(g) are manipulated as functions of time by using
between two and five of the seven quadrupole magnet
families. The tune νx at injection is typically set to 6.45, but

it must be lowered to at least 6.40 by the end of the cycle.
The vertical tune (νy), is typically set to 6.42 at injection.
The νx and νy setting of 6.45 and 6.42, respectively, at

injection energy is important for beam loss mitigation,
but νx, in particular, must be manipulated carefully as a
function of time to avoid beam instability, which appears
later in the acceleration cycle. The tracking errors between
the bending and the quadrupole magnets lead to a temporal
variation of νx even without any manipulation, as shown by
Fig. 19(a).
The manipulation of νx, as shown in Fig. 19, was needed

at beam powers exceeding 0.7 MW. Figure 20 shows a
comparison of the simulated (top) and the measured (bot-
tom) results for the beam power of 0.75 MW. The injected
Δp/p in this case was 0.18% (rms), while the SX dc pattern
was applied for ξ fully corrected only at the injection energy.
The νx manipulation pattern denoted by Fig. 19(b) was
applied in this study. The measurement results were found to
be very consistent with the corresponding simulation, and
the proposed manipulation of νx to stabilize the beam was
demonstrated successfully. Detailed studies with all given
tune manipulations were done for 1 MW beam power and
will be described in the next section.
In a further experiment, the advantage of using a

narrower Δp/p in the injected beam for suppressing beam
instability was also confirmed. Figure 21 shows a com-
parison between the simulation (green) and the measure-
ment (blue) results with no tune manipulation, when the
rms injected Δp/p was set to 0.08% instead of 0.18%, as in
the above case (Fig. 20). Unlike previous results, the
selection of a narrowerΔp/p in the injected beam stabilizes
the beam even with no tune manipulation. This is an
alternate way to suppress the beam instability. These results
also demonstrate the effect of space charge on the beam
instability, which in this case one may think about the

TABLE IV. Calculated rms spread of horizontal betatron tune
σνx by changing the radius of the vacuum chamber. The tune
spread is reduced as ρ is increased, but the beam tends to be more
unstable with an increasing ρ (Fig. 16).

Acceleration time [ms] σνx (ρ ¼ 0.145 m) σνx (ρ ¼ 0.180 m)

7.0 0.063 88 0.062 10
12.0 0.030 46 0.028 88
15.0 0.023 52 0.023 21
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FIG. 19. Manipulation of tune νx to suppress beam instability at
beam power of 1 MW. The νx at injection is typically set to 6.45,
but it has to be manipulated as a function of time in order to
stabilize the beam. The νx without any manipulation corresponds
to the line denoted by (a).
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change of the incoherent betatron tune spread of the
circulating beam due to a change of Δp/p of the injected
beam. In the previous study presented in Fig. 14, the rf
voltage patterns were changed to obtain stability. However,
in this study, standard dual harmonic rf patterns including
longitudinal injection painting parameters were main-
tained, and only the Δp/p in the injected beam was
changed. A narrower Δp/p in the injected beam produces
a narrower (peaky) longitudinal phase space distribution in
the RCS, resulting in a stronger space charge bunching as
compared to that achieved with a wider Δp/p. The Landau
damping is more effective for suppressing beam instability
in the case of a more strongly bunched beam with higher
peak space charge forces.
Figure 22 shows the calculated (left) and measured

(right) bunching factors (Bf) obtained for a beam power
of 0.75 MW. The rms Δp/p of the injected beam was
0.18% and 0.08% for the plots in red and green lines,
respectively. The effect of space charge is comparatively
higher when the Bf is lower, which is obtained by using a
narrower Δp/p in the injected beam, and the beam tends to
be stable in such a case.
However, in contrast to its effect on the beam instability,

a wider Δp/p (0.18%) in the injected beam is more suitable
for reducing the space charge effect at lower energies to
mitigate the beam loss at 1 MW. Although a beam
instability up to 0.75 MW (Fig. 20) can be well suppressed
by proper tune manipulation with ξ fully corrected only at
the injection energy by SX dc, the beam at 1 MW is
unstable for any tune manipulation even if the ξ is corrected
only at the injection energy. As a result, a further reduction
of the SX dc fields for reducing the degree of ξ correction
must be implemented for complete suppression of beam
instability at 1 MW.

VII. ACCOMPLISHMENT OF DESIGNED
1 MW BEAM POWER

To accomplish the designed 1 MW beam power, we
applied a further reduction of the degree of chromaticity (ξ)
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correction in addition to careful tune manipulation. This is
because the beam instability growth rate can be suppressed
by ensuring that the ξ of the machine is close as possible to
the natural value [11]. Table V shows a comparison of the
degree of SX dc field strength versus ξ at the injection and
extraction energies. SX off ensures no correction of ξ, thus
guaranteeing the natural ξ for the entire energy range.
Figure 23 shows a comparison of simulated and mea-

sured results for beam instability dependence on the
horizontal betatron tune (νx) manipulations (b)–(g) (in
Fig. 19), when ξx and ξy were corrected only a quarter
of full at injection with almost no correction at extraction by
applying SX with dc ×0.25 pattern as shown in Table V. As
shown in Fig. 20, a manipulation of νx was necessary for
beam instability suppression beyond 0.75 MW beam
power, but the scenario at 1 MW is even more difficult.
The choice of νx manipulation is very limited even when

almost no chromaticity correction is applied. The beam
instability occurs for all νx manipulations, except for only
two patterns, (b) and (e). The simulated results of character-
istic dependence of the beam instability growth rate on the
betatron tune and its suppression by using a proper
manipulation of the betatron tune was found to be con-
sistent with the corresponding measured results.
In addition to beam instability suppression, the choice of

tune manipulation has to be considered to keep the trans-
verse emittances of the extracted beam as low as possible.
This is because, due to large space charge detuning at a
lower energy, a portion of the transverse beam crosses
various low-order nonlinear systematic resonances, result-
ing in higher emittance dilutions. The effect is compara-
tively larger in the vertical plane, as the bare tune νy at
injection was set lower (6.42) than that of νx (6.45). For the
details of beam dynamics, the following beam instability
studies at 1 MW were carried out using the tune manipu-
lation pattern denoted by Fig. 19(b). In the simulations and
in the subsequent measurements, we have confirmed that
(b) is the only suitable νx manipulation pattern to satisfy
RCS operation at the designed beam power of 1 MW.
Figure 24 shows detailed simulation results of the beam

instability suppression at 1 MW by controlling the degree
of ξ correction through the SX dc fields. The νx manipu-
lation (b) shown in Fig. 19 is applied. The plot in red
corresponds to a SX dc field with a strength factor 1 at
injection (SX dc ×1) for full ξ correction at the injection

TABLE V. The degree of SX dc field strength factor versus
horizontal (ξx) and vertical (ξy) chromaticities at the injection and
extraction energies. The “SX dc ×1” here is same as the “SX dc”
shown in Fig. 10 and stated throughout the text.

SX strength factor ξx, ξy (at injection) ξx, ξy (at extraction)

dc ×1 0, 0 −7.5, −5.3
dc ×0.5 −5, −3.5 −8.8, −6.1
dc ×0.25 −7.5, −5.3 −9.4, −6.6
Off −10, −7 −10, −7
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FIG. 23. Simulated (left) and measured (right) results of beam instability dependence on νx manipulations [Figs. 19(b)–19(g)], for
1 MW beam power, when only a quarter of the full chromaticity correction at injection by using dc ×0.25 field was applied. With a very
severe beam instability at 1 MW, the simulation results show the necessity of a proper choice of νx manipulations in order to suppress the
beam instability. Simulated and experimental results were found to be consistent in all cases.
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energy only (green solid and dashed lines in Fig. 10 for the
SX field and ξx, respectively). The plots in other colors
correspond to a reduction of the degree of ξ correction to
half and quarter at injection by further scaling down the SX
dc ×1 field to SX dc ×0.5 (blue) and SX dc ×0.25 (sky
blue). The green curve shows a case where no ξ correction
was applied (blue dotted line in Fig. 10) by turning off SX
for the entire cycle. The beam is unstable even when
the degree of ξ correction is reduced by half at injection.

A further reduction of ξ correction is thus necessary for the
complete suppression of beam instability. A quarter of full ξ
correction at injection (SX dc ×0.25) or no ξ correction (SX
off) leads to the complete suppression of beam instability at
1 MW. The simulation results thus mean that ξ must be as
close as possible to the natural value over the entire cycle to
accomplish the designed 1 MW beam power.
Figure 25 shows the corresponding measurement results

at 1 MW beam power. The measured beam instability
results at 1 MW were found to be consistent with the
simulation results in all cases. Beam instability growth
tends to decrease significantly with higher ξ in the machine,
and beam instability is eliminated by reducing the ξ
correction to at most a quarter at injection (SX dc
×0.25), as compared to that with a full correction at
injection (dc ×1). A combination of a proper betatron tune
manipulation (Fig. 19) and minimal ξ correction were used
to accomplish the designed 1 MW beam by successfully
mitigating the beam instability caused by transverse
impedance of the extraction kicker magnets [2].

VIII. LIMITATION OF PARAMETER SPACE
DUE TO KICKER IMPEDANCE

Based on detailed systematic simulation and experimen-
tal studies, we have just barely been able to mitigate the
beam instability caused by the huge impedance of the RCS
extraction KMs and accomplish the designed 1 MW beam
power. However, it has already been understood that such a
huge impedance puts a strong limitation on the beam and
machine parameters, such as the momentum spread (Δp/p)
of the injected beam, the betatron tunes, and the degree of
chromaticity (ξ) correction. The RCS is a multiuser
machine, and it operates simultaneously for the MLF
and MR. These two facilities have diverse and differing
requests in terms of beam parameters, including beam
intensity [1,36]. However, many parameters cannot be
changed simultaneously between pulses in the RCS. To
stabilize the beam power at 1 MW, the minimal or zero ξ
correction scheme must be applied at this stage in the beam
study. However, at the injection energy of 0.4 GeV, the ξ
correction minimizes the betatron tune spread and the
corresponding transverse beam emittances. Lower emit-
tance of the beam extracted from the RCS is beneficial for
downstream facilities, especially for the MR, from the
viewpoint of reducing beam losses at the beam transport
from the RCS to the MR, as well as within the MR. For
example, at the present RCS operation, the transverse
injection painting emittance for the MR beam is kept as
low as possible (50π mmmrad) in order to achieve a lower
emittance of the extracted beam, while it is as high as
200π mmmrad for the MLF beam.

Figure 26 shows the simulated transverse rms emittances
(ϵrms) at the extraction energy as a function of the SX dc
field strength factors (four patterns including SX off, as
shown in Figs. 24 and 25). The KM impedance is not
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FIG. 24. Simulated results of beam instability suppression at
1 MW obtained by reducing the degree of chromaticity correc-
tion. In addition to the proper manipulation of νx (see Fig. 19), no
more than a quarter of the full ξ correction at injection and almost
no correction at extraction can be applied to stabilize the designed
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FIG. 25. Measured beam instability mitigation at a beam power
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the same patterns as those applied in the simulations (Fig. 24).
Similar to the simulation results, the designed 1 MW beam
acceleration was accomplished by keeping ξ as close as possible
to the natural value with SX dc ×0.25 or SX off.
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considered in the present simulation. A higher degree of ξ
correction at injection leads to lower transverse beam
emittances, where the minimum value of ϵrms was obtained
by applying a full ξ correction at the injection energy by
using the SX dc ×1 pattern (green lines in Fig. 10).
However, beam instability excited by a KM impedance
leads to the worst case when ξ is corrected only at the
injection energy by using a SX dc ×1 field (see Figs. 24
and 25), and that limits the degree of ξ correction. Other
than the limitation on the degree of ξ correction, there is
almost no choice in terms of the betatron tune. The
proposed tune manipulation pattern (Fig. 19) leads to the
minimum beam instability growth rate among all available
patterns. It is worth mentioning that, with slightly different
experimental conditions, a similar dependence of the
transverse beam emittances on the degree of ξ correction
has been measured recently at around 6 ms of the accel-
eration process [40]. Therefore, reducing the KM imped-
ance is also essential for improving the quality of the beam
extracted from the RCS.
Other than beam quality, there is another reason why

reducing KM impedance is a must. The MR operation cycle
for fast extraction will be upgraded from the present 2.48 s
to about 1 s in the near future [41]. As a result, the RCS
beam sharing ratio between MLF and MR will be changed
from 0.94∶0.06 to 0.84∶0.16. This is because, in the new
scheme, four out of 25 pulses in the RCS (25 Hz) will be
delivered to MR in each second, while the remaining 21
pulses will be delivered to MLF. To make sure that the
designed 1 MW beam power delivery to the MLF is
achieved, one instantaneous pulse to the MLF should be
equivalent to a beam power of 1.2 MW. The corresponding
number of particles per pulse in the MLF beam should be

9.996 × 1013 instead of 8.33 × 1013. We have to ensure that
no beam instability occurs at least up to that beam intensity
in the RCS.
In addition, the construction of a second target station in

the MLF has been planned. Although a detailed beam
sharing scenario has not been fixed yet, it will require an
increase in the RCS beam power. A midterm plan for the
RCS beam power upgrade has been set to 1.5 MW
(1.25 × 1014 ppp) to accommodate the above changes in
the RCS beam sharing in the near future. However, beam
instability beyond 1 MW occurs even with no ξ correction
over the entire cycle, and this is at present the most
significant issue from the viewpoint of exceeding the
designed 1 MW beam power in the RCS.

IX. BEAM INSTABILITY SUPPRESSION BY
REDUCING THE KM IMPEDANCES

To achieve an adequate variation in the choice of the
parameter space at 1 MW operation and to realize beam
powers beyond 1 MW, the reduction of KM impedances is
very important. We have studied the extent to which KM
impedances are tolerable to meet those requirements.
Recently, a direct measure to suppress KM impedances
has been proposed and demonstrated experimentally [5,10].
The idea is to insert diodes and matched resistors between
the pulse forming line of the KM power supplies and the
coaxial cables in order to dump the beam-induced voltage
by circulating a beam during its passage through the KMs.
The method could demonstrably reduce KM impedance to
at least half that without any further measures.
We have considered the newly given reduced impedance

in simulations to check its effectiveness on the beam
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instability suppression. Figure 27 shows the simulation
results for beam powers of 1, 1.2, and 1.5 MW denoted by
the black, blue, and green colors, respectively. The ξ is fully
corrected for the injection energy by using the SX dc ×1
field in all cases. As can be seen in the figure, by halving
the KM impedance compared to its present value, the beam
can be stabilized for beam powers up to 1.5 MWeven when
applying a full ξ correction at the injection energy. For
comparison, the beam instability growth rate using the
present KM impedance for a beam power of 1 MW can be
seen in Fig. 24, plotted in red.
The present results also mean that the RCS can achieve

more than the designed 1 MWof beam power if the present
KM impedances are reduced by half and the system is
capable of performing beam extraction. The present sim-
ulation results recently increased the motivation for detailed
R&D studies on realistic measures for reducing KM
impedances, including ensuring that the system performs
beam extraction without any problem.

X. SUMMARY

The transverse impedance of the extraction KMs is a
significant source of beam instability that presents a big
hurdle from the viewpoint of realizing the designed 1 MW
beam power in the 3-GeV RCS at Japan Proton Accelerator
Research Complex. To study the coupled bunch beam
instabilities excited by the KM impedance and to determine
measures to suppress the beam instability, realistic beam
simulations considering including space charge were car-
ried out by using the ORBIT particle tracking code. The code
was first made capable of taking into account all realistic
time-dependent machine parameters, error sources, and
transverse and longitudinal injection painting processes.
The space charge simulation results have been confirmed to
be very consistent with corresponding measurement results.
Then we have also upgraded the impedance model in the
ORBIT code to incorporate realistic time-dependent imped-
ances for the beam instability simulations.
The beam instability up to a beampower of 0.5MWoccurs

only when the chromaticity is fully corrected over the entire
acceleration cycle, while no beam instability occurs if
chromaticity is fully corrected only at the injection energy.
The effect of space charge on beam instability suppression
has been observed in various simulations and the corre-
sponding measurements. In the present study, it appears that
the indirect space charge effect due to the vacuum chamber
plays an important role for the stabilization of the beam. The
chamber radius has a strong impact on the stability rather than
the transverse emittance of the beam.
The beam instability picture at the designed beam power

of 1 MW is found to be more severe and constraining in the
simulation results. In contrast to the beam instability at a
beam power up to 0.5 MW, a strong beam instability occurs
even if chromaticity is fully corrected at the injection
energy. The realistic strategies obtained by systematic

simulation studies include the proper manipulation of the
betatron tune and a further reduction of the degree of
chromaticity correction even at the injection energy.
Namely, chromaticity can be corrected moderately at lower
energies, but it should be kept close to the natural value at
higher energies. A correction of chromaticity to a quarter or
lower at the injection energy and almost no chromaticity
correction at the extraction energy is needed to stabilize the
beam at 1 MW. The details of the beam instabilities
obtained in the simulations are reproduced well in the
measurements, and an acceleration of the 1 MW beam has
been experimentally accomplished.
However, the large impedance of the KMs strongly

restricts the choice of parameters for the operation of the
RCS. There exist almost no alternative choices of betatron
tune manipulations from the one proposed here. The full
correction of chromaticity at the injection energy leads to
lower extracted beam emittances but cannot be applied,
because strong beam instability occurs at higher energies in
such a case. The reduction of KM impedance is therefore
very desirable to ensure adequate parameter variation for
RCS operation.
We have carried out simulation studies of beam insta-

bility scenarios and the associated measures for beam
powers up to 1.5 MW, which is the midterm beam power
upgrade target for the RCS in order to cope with upgrades
in the downstream facilities. In further simulations, we used
the newly given KM impedance, which is nearly half of the
present KM impedance, as demonstrated to be reduced by
appropriate measures. Although beam instability beyond
1 MW occurs with the present KM impedance even if no
chromaticity correction is applied, it can be stabilized
successfully up to beam powers of 1.5 MW by applying
a full chromaticity correction at the injection energy when
KM impedance is halved. It is thus very important that the
RCS can achieve beam powers exceeding the designed
1 MW, but the reduction of the present KM impedance by
at least half is necessary to achieve such beam powers.
In the present study, collective beam dynamics with

coupled bunch instabilities in the presence of huge trans-
verse impedances in a megawatt-class multiuser proton
machine was performed systematically. We have proposed
realistic measures to suppress beam instabilities for accom-
plishing the designed beam power of 1 MW, to realize up to
1.5 MWof beam power, and also to achieve lower extracted
beam emittances, as required by the downstream facilities.
The present form of the ORBIT code is fully machine
independent and can be implemented successfully on any
existing or proposed high-intensity hadron machines for
realistic collective beam dynamics simulations considering
beam instabilities.
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