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The 3-GeV rapid cycling synchrotron (RCS) of the Japan Proton Accelerator Research Complex was
commissioned in October 2007. Via the initial beam tuning and a series of underlying beam studies with
low-intensity beams, since December 2009, we have intermittently been performing beam tuning
experiments with higher-intensity beams including the injection painting technique. By optimizing the
injection painting parameters, we have successfully achieved a 420 kW-equivalent output intensity at a
low-level intensity loss of less than 1%. Also the corresponding numerical simulation well reproduced the
observed painting parameter dependence on the beam loss, and captured a characteristic behavior of the
high-intensity beam in the injection painting process. In this paper, we present the experimental results
obtained in the course of the RCS beam power ramp-up, especially on the beam loss reduction achieved by
employing the injection painting, together with the numerical simulation results.
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L. INTRODUCTION

The Japan Proton Accelerator Research Complex
(J-PARC) is a multipurpose proton accelerator facility
[1], comprising a 400-MeV linac, a 3-GeV rapid cycling
synchrotron (RCS), a 50-GeV main ring synchrotron
(MR), and three experimental facilities [a materials and
life science experimental facility (MLF), a hadron experi-
mental hall, and a neutrino beam line to Kamioka]. In this
chain of accelerators, the RCS has two functions as a
proton driver to produce pulsed muons and neutrons at
the MLF and as an injector to the MR, aiming at 1 MW
output beam power.

The J-PARC beam commissioning has proceeded as
planned since November 2006 from the linac to the down-
stream facilities. The RCS was commissioned in
October 2007 and made available for user operation in
December 2008 with an output beam power of 4-20 kW.
By a series of underlying beam tests with such low-
intensity beams [2], the output beam power from the
RCS in the routine user operation was increased to
120 kW in December 2009 and to 210 kW in
December 2010. Since then, our efforts have been focused
on parameter tuning for higher-intensity beams including
the injection painting technique.
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The most important issues in achieving such a MW-class
high-power beam operation are control and minimization
of beam loss to ensure that the machine activation is
maintained within the permissible level and to preserve
the hands-on-maintenance environment. In high-power
proton machines such as the RCS, the space-charge effect
especially in the low-energy region is nominated as one of
the most crucial sources of beam loss, and it would pose a
strong limit on the achievable beam intensity. For this
concern, the RCS adopts a multiturn injection painting
scheme including the charge-exchange process from nega-
tive hydrogen ions (H™) to protons. This approach permits
one to control the charge density distribution of the circu-
lating beam in both the transverse and longitudinal planes
for space-charge mitigation and its resultant beam loss
reduction particularly in the low-energy region.

Also in the other high-power machines such as the spal-
lation neutron source accumulator ring at the Oak Ridge
National Laboratory [3,4] and the ISIS synchrotron at the
Rutherford Appleton Laboratory [5,6], the charge density
manipulation at injection for both the transverse and longi-
tudinal phase spaces is one of the essential techniques to
meet their performance requirements, while the technical
skills vary from facility to facility. Therefore, design and
beam dynamics studies for injection painting have been
actively pursued in various high-power facilities worldwide.

In this paper, we present the results of a series of beam
tuning experiments performed using high-intensity beams
at the RCS, with particular emphasis on beam loss reduc-
tion by injection painting, together with the corresponding
numerical simulation results.
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FIG. 1. Schematic view of the RCS.

II. LAYOUT AND DESIGN PARAMETERS

Figure 1 shows a schematic view of the RCS, the design
parameters of which are listed in Table I. As shown
in Fig. 1, a H™ beam from the linac is delivered via the

linac-to-3-GeV beam transport line (L-3BT) to the RCS
injection point, where it is multiturn charge-exchange in-
jected through a 200 wg/cm?-thick hybrid type boron-
mixed carbon stripping foil (called HBC foil [7]) over a
period of 0.5 ms. In order to avoid longitudinal beam loss
during the injection, the H™ linac beam is equipped with a
chopped bunch structure synchronized at the ring rf
frequency (938 kHz) at the injection time. The current
injection energy is 181 MeV, for which the transverse
emittance and momentum spread of the injection beam
are designed to be 677 mmmrad (unnormalized) and
*0.1% in full. The RCS accelerates the injected protons
up to 3 GeV at a repetition rate of 25 Hz. Most of the time,
the 3-GeV beam from the RCS is transported via the
3-GeV-to-neutron-target beam transport line (3-NBT) to
the MLF. A part of the RCS beam (typically four pulses
every several seconds) is transported via the 3-GeV-to-50-
GeV beam transport line (3-50BT) to the MR.

Figure 2 shows the optical functions along the ring. As
shown in Figs. 1 and 2, the RCS has a threefold symmetric
lattice over its circumference of 348.333 m. Each super-
period consists of two 3-DOFO arc modules and a 3-DOFO

TABLE I. RCS design parameters.

Circumference 348.333 m
Superperiodicity 3
Injection energy 181 MeV?
Transverse emittance of the injection beam (unnormalized) 67 mm mrad®
Momentum spread of the injection beam +0.1%
Injection period 0.5 ms (235 turns)*
Extraction energy 3 GeV
Repetition rate 25 Hz
Ramping pattern Sinusoidal
Harmonic number 2
Number of bunches 2
Output beam power 0.3-0.6 MW
Number of particles per pulse 2.5-5.0 X 1013¢
Ring collimator capability 4 kW
Betatron tune 6.45/6.42"
Natural chromaticity —8.5/ — 8.8%
Transition energy 9.2 GeV
Momentum acceptance *1%

Ring acceptance

Collimator acceptance
Transverse painting emittance
Longitudinal beam emittance
Bunching factor at injection

4867 mm mrad
3247 mm mrad
2167 mm mrad
3.2 eVs
0.4

Laslett tune shift at injection for 0.3 MW output

—0.14"

It will be upgraded to 400 MeV by adding the ACS linac section.

It is 47 mm mrad for 400 MeV injection energy.
“It is 0.5 ms (307 turns) for 400 MeV injection energy.
9t is 1 MW for 400 MeV injection energy.
°It is 8.3 X 10'3 for 1 MW output.
‘It means horizontal/vertical tunes.
€[t means horizontal/vertical chromaticities.
"t is comparable at 400 MeV injection energy for 1 MW output.
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FIG. 2. Beta (top) and dispersion (bottom) functions along the ring, where the red curves are the horizontal ones, the blue curves the

vertical ones, and the open circles show the measured results.

long straight insertion, where DOFO describes a
defocusing-focusing periodic cell. Each arc module has
a missing-bend cell, where the horizontal dispersion
has a maximum (6 m). Such a lattice structure gives a
high transition energy (y, = 9.2 GeV), which is suffi-
ciently far from the extraction energy. This high-vy, lattice
obtained by the missing-bend technique is a unique feature
of the RCS optics design. Three families of sextupole
magnets utilized for chromatic correction and a longitudi-
nal primary collimator (scatterer) are installed in the high
dispersion areas. On the other hand, the straight insertions
have no dispersion. Injection and collimation systems are
installed in the first straight section. The injection system
uses the first 1.5 cells, while the transverse primary colli-
mator (scatterer) and secondary collimators (absorbers)
use the remainder of the cells. Extraction and rf systems
are allocated in the second and third straight sections.

The RCS ring acceptance is 48677 mm mrad for a pos-
sible momentum spread of *=1%, for which the primary
collimator aperture is set at 3247 mmmrad. Such a large
ring acceptance is essential for maintaining the particle
loss within the permissible level. Moreover, such a large
ratio of the ring acceptance to the collimator aperture (1.5)
is necessary for localizing the residual particle loss in the
collimator section and minimizing the irradiation of the
rest of the ring.

With the current injection energy of 181 MeV, the RCS
aims at providing more than 300 kW output beam power.
The linac will be upgraded in the 2013 summer mainte-
nance period; the output energy will be improved to
400 MeV with the addition of an annular coupled structure
(ACS) linac [8], and the maximum peak current will be
increased to 50 mA (30 mA at the moment) by replacing
the front-end system (ion source and radio-frequency
quadrupole linac). After that, the RCS will aim at our final
goal of 1 MW output. The above two operations give an
equivalent space-charge effect at each injection energy as

per the 8293 scaling law, where 8 and vy are the Lorentz
factors. The allowable intensity loss for the 1 MW output
operation with 400 MeV injection energy is 3% at injec-
tion, as determined on the basis of the current collimator
capability (4 kW). Therefore, achieving more than 300 kW
output with 181 MeV injection energy at less than 3%
intensity loss will serve as a touchstone for realizing the
succeeding 1 MW output with 400 MeV injection energy.

Details of the distinctive features of the RCS devices are
described in Ref. [9].

III. H™ INJECTION PAINTING IN THE RCS

In this section, the injection painting technique applied
for the transverse and longitudinal phase spaces in the RCS
is described.

A. Transverse phase-space painting

The transverse painting makes use of a controlled phase-
space offset between the centroid of the injection beam and
the ring closed orbit to form a different particle distribution
of the circulating beam from the multiturn injected beam.

Figure 3 shows a schematic view of the RCS injection
section. For the beam injection, two types of orbit-bump
systems are prepared. One is the shift-bump system (four
horizontal pulse dipole magnets; SB1-4) to produce a
flattop field during injection, making a horizontal orbit-
bump offset at the injection point where the stripping foil is
installed. The other is the paint-bump system (four hori-
zontal and two vertical pulse dipole magnets; PBH1-4 and
PBV1-2) to make a time dependent bump orbit for beam
painting.

In the injection process, the PBHs installed in the ring
produce a horizontal closed orbit variation at the injection
point by gradual reduction of their field strength. In this
manner, the injected beam is filled from the middle to the
border of the circulating beam ellipse along its major axis
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in the horizontal phase space, as shown in the upper part of
Fig. 4. On the other hand, the PBVs, which are installed in
the L-3BT nearly 180-degrees upstream of the injection
point in betatron phase advance, produce a vertical injec-
tion angle change at the injection point. As for the vertical
painting, two ways of beam painting processes are avail-
able by changing the excitation waveform of the PBVs.
One begins at 0 degrees, going to a maximum angle with
respect to the ring closed orbit, and the other is the opposite
process from the maximum angle to 0 degrees, as shown in
the lower part of Fig. 4.

For this painting process, a square-root-type function for
the phase-space offset of the injection beam relative to the
ring closed orbit was chosen in the present experiment;

Xpaint — XmaxV I/T’ x;aint = _x;naxV t/T’ (D
for the horizontal plane, and
Ypaint = 0, yll)aim = _yfnaxV t/T’ (2)
or
Ypaint — 0, y;aint = _y;naxvl - Z/T, 3)

for the vertical plane, where (Xmax, Xmax) a0d Vmaxs Ymax)
are the maximum phase-space offsets for the horizontal
and vertical planes corresponding to the border of the
circulating beam ellipse with the required painting emit-
tance, T is an injection duration of 0.5 ms, and ¢ is a time
step from O through the end of injection 7.

The combination of horizontal painting (1) and vertical
painting (2) is known as correlated painting. In this case,

of painting\
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Schematic view of the RCS injection area.

the horizontal and vertical emittances of each beam parti-
cle (e, and €,) are distributed along €, = €,, producing a
rectangular cross section of the circulating beam in the
2-dimensional x-y plane after painting if assuming simple
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FIG. 4. Schematic view of the injection painting in the trans-
verse plane, where the upper one is for the horizontal phase
space, while the lower one is for the vertical one.
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single-particle behavior. On the other hand, another com-
bination of (1) and (3) is known as anticorrelated painting.
In this case, the transverse beam emittances are distributed
along €, + €, =~ const, producing an elliptical cross sec-
tion of the circulating beam after painting, that is, forming
a Kapchinskij-Vladimirskij—-like distribution in theory.
Analytical expressions of the transverse phase-space paint-
ing are described in Refs. [10,11].

While the maximum design painting emittance is
21671 mm mrad, corresponding to (X, Xmax) = (44.9 mm,
6.3mrad) and (Ypax, Ymax) = (0.0 mm, 3.7 mrad), it can be
adjusted by altering the top of the excitation waveforms of
the PBHs and PBVs. In the present beam tuning experiment,
the correlated painting with a painting emittance of
10077 mm mrad, corresponding to (X, Xhmax) = (27.1 mm,
3.8mrad) and (Ypax Viax) = (0.0 mm, 2.3 mrad), was
mainly applied.

In this paper, the effectiveness of this correlated painting
for beam loss reduction in combination with the longitu-
dinal painting are discussed.

Details of the beam-based adjustment of the excitation
waveforms of the PBHs and PBVs are described in
Refs. [12,13].

B. Longitudinal phase-space painting

The longitudinal painting makes use of a controlled
momentum offset to the rf bucket in combination with
superposing a second harmonic rf voltage to obtain a
uniform particle distribution in the longitudinal direction
after the multiturn injection.

Figure 5 shows a schematic view of the momentum
offset injection scheme. In the RCS, the momentum offset
is realized by adding a frequency offset to the original
rf frequency pattern. As shown in the right side of Fig. 5,

Rf bucket

Ap/p

20\

(d
&

Momentum’offset

Voltage (kV)

© > © >
=t =
Sk SE-]

Peaky bunch Flat bunch

¢ ¢

FIG. 5. Schematic view of the longitudinal motion for the
multiturn injection process without (left) and with (right) a
momentum offset, where the boxes represent the injection bunch
train from the linac.

a flat beam bunch is formed through emittance dilution by
large synchrotron motion excited by the momentum offset.
In this method, the superposition of the second harmonic rf
voltage fills the role of shaping a flatter and wider rf bucket
potential (compare the blue solid and red solid curves in
Fig. 7 given later), which leads to better longitudinal
motion to make a flatter bunch distribution. As an addi-
tional knob in the longitudinal painting, a phase sweep of
the second harmonic rf voltage relative to the fundamental
one was applied. This second harmonic phase sweep
method enables further bunch distribution control through
a dynamical change of the rf bucket potential shape in-
cluding a position change of the stable fixed points during
injection (compare the red curves in Fig. 7 given later).

The rf voltage V,; applied in the present experiment is
expressed as

Vig = Vysing — Vysin{2(¢ — o) + ¢o}, 4

where V| is the amplitude of the fundamental rf voltage, V,
the amplitude of the second harmonic rf component, ¢ the
synchronous phase, ¢ the phase of the rf voltage, and ¢,
the phase offset of the second harmonic rf voltage. For
improving the longitudinal beam distribution, the longitu-
dinal motion was thoroughly surveyed for various combi-
nations of rf parameters, especially V,/V|, ¢,, and the
momentum offset Ap/p, in both numerical simulations
[14] and experiments [15]. In the present beam tuning
experiment, the second harmonic rf voltage was employed
typically with an amplitude of 80% of the fundamental one
during the first 1 ms, decreasing to O kV in the next 2 ms, as
shown in Fig. 6. Also its phase was linearly swept from
—100 to 0 degrees over an injection duration of 0.5 ms. In
this case, the shape of the rf bucket potential gradually
changes during injection, as shown by the red curves in

450
400f
350f
300f
250f
2oof
150f
100

s0F

0:\””\ co b L b b e
0 2.5 5 7.5 10 12.5 15 17.5 20

Time (ms)

FIG. 6. Fundamental (blue) and second harmonic (red) rf
voltage patterns over the acceleration period typically pro-
grammed in the present beam tuning experiment.
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FIG. 7. The rf bucket potential well calculated with an ampli-
tude ratio V,/V; of 80% and a phase offset ¢, of 0 (red solid),
—50 (red dashed), and —100 (red dash-dotted) degrees. In this
figure, the potential well in the case of the only fundamental rf
voltage is plotted as a blue solid curve for reference.

Fig. 7. By combining such a dynamically controlled rf
bucket potential and the momentum offset injection of
—0.2% with the corresponding rf frequency offset, we
obtained a well uniformly shaped longitudinal beam dis-
tribution, as is described in the following section (further
details of the rf parameter dependence on the longitudinal
motion are described in Refs. [14,15]).

In this paper, we investigate the influence of the longi-
tudinal painting to the transverse motion, and the combined
effect of the transverse and longitudinal painting in terms
of beam loss reduction through space-charge mitigation.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
WITH NUMERICAL SIMULATIONS

After performing the initial beam tuning and a series
of underlying beam studies with low-intensity beams to
examine the basic lattice properties [2], we have been

TABLE II.

conducting beam tuning experiments with high-intensity
beams including the injection painting scheme since
December 2009. In this section, the results of a high-
intensity trial experiment performed in January 2011 are
mainly described together with the corresponding numeri-
cal simulation results.

A. Experimental conditions

This experiment was performed in a single-shot beam-
on-demand operation using a 0.5 ms-long linac pulse with a
peak current of 20 mA and a chopper beam-on duty factor
of 56%. In this case, the number of particles per pulse totals
3.5 X 10'3, corresponding to 420 kW output beam power if
it is running at the design repetition rate of 25 Hz. For this
injection beam, we attempted to reduce beam loss arising
from the space-charge effect in the low-energy region by
employing the injection painting technique, where the
horizontal and vertical tunes were chosen at (6.45, 6.42)
to avoid the possible effects of strong betatron resonances.

The injection painting parameters tested in this beam
tuning experiment are listed in Table II. The correlated
painting with a painting emittance (€,,) of 10077 mm mrad
was mainly applied for the transverse painting. On the
other hand, the rf parameters mentioned in the previous
section were used for the longitudinal painting. That is, a
second harmonic rf voltage with an amplitude of 80% of
the fundamental one (V,/V,) and its phase sweep (¢,)
from —100 to O degrees were employed, for which a
momentum offset injection (Ap/p) of 0 to —0.2% was
tested.

With systematic combinations of the transverse and
longitudinal painting parameters in Table II, we surveyed
their effectiveness for beam loss reduction.

B. Numerical simulation setup

The corresponding numerical simulation was performed
with a particle-tracking code called SIMPSONS [16] devel-
oped by Shinji Machida. This code enables us to simulate
3-dimensional motion of beam particles including the in-
jection painting process.

Injection painting parameters applied in the present beam tuning experiment: ID 1,

no painting (center injection); ID 2, transverse painting only; IDs 3-5, longitudinal painting
only; and IDs 68, combinations of transverse and longitudinal painting.

Parameter 1D €,, (7r mmmrad) Vo /Vy (%) ¢, (degrees) Ap/p (%)
2 100 [correlated painting] ce cee

3 e 80 —100 e

4 80 —100 —0.1

5 s 80 —100 —0.2

6 100 [correlated painting] 80 —100 s

7 100 [correlated painting] 80 —100 —0.1

8 100 [correlated painting] 80 —100 -0.2
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In the SIMPSONS, all the lattice elements are represented
as thin lens elements. The conversion from the thick lens to
the thin lens description is performed with another code
TEAPOT [17]. In this stage, tune fitting and lattice imper-
fections such as field and alignment errors are reflected in
the thin lens representation. In the present simulation, all
the lattice imperfections, which have been measured so far,
were included; multipole field components of all the ring
magnets [18,19], magnetic field errors [20], misalignment,
static leakage fields from the extraction beam-line mag-
nets, and edge focus of the injection-orbit-bump magnets
[21].

The independent variable of the SIMPSONS is time, not
the longitudinal position. That is very useful in calculating
the space-charge potential, since a snapshot of the beam in
the configuration space is directly obtained. In the
SIMPSONS, the particle-in-cell algorithm with cylindrical
meshes in the (r, 8, z) coordinates is used to compute the
space-charge potential. The fractional charge of each mac-
roparticle is assigned to the nearby grid points following
the area-weighting method. The charge distribution at the
grid points is Fourier transformed in the azimuthal direc-
tion, and then the Poisson equation is solved in the (r, z)
space for each azimuthal mode, assuming a boundary
condition of the circular cross sectional beam pipe made
of perfectly conducting material. Finally, the space-charge
force is applied to each macroparticle as a 3-dimensional
impulse kick. The space-charge potential is recalculated at
a certain time step out of the macroparticles whose distri-
bution evolves in a self-consistent manner as per the pro-
gression of time. The time step applied in the present
simulation was 2 ns during injection and 5 ns for the others,
corresponding to 1000 and 400 kicks per turn.

In the present numerical simulation, the number of
macroparticles was chosen to be 2 X 10° using a transverse
grid of 64(r) X 64(0) for the conducting boundary of r =
0.17 m, and a longitudinal grid of 100 (z). This number of
macroparticles was kept constant during multiturn injec-
tion by adjusting charge per macroparticle, to obtain more
reliable simulation results in the injection painting process.
Figures 8 and 9 show the macroparticle number depen-
dences of the numerical simulation results obtained for the
painting parameter ID 8 in Table II. As is evident in the

0.06 T T T T T, T { T T T
) [ Number of miicro-partlcles:
= - 2ed ]
5 004f 5Tp =
= C leS, ]
E 002~ 2e5, -
A r 4e5 ]
0
0 2 4 6

Time (ms)

figures, the behavior of the transverse emittance growth for
the edge part of the beam as well as that of the beam loss
show a trend to converge for 2 X 10° macroparticles or
more. Those signify the use of 2 X 10° macroparticles is
tolerable to obtain meaningful simulation results in the
present work. As is mentioned in the following subsection,
in fact, the present numerical simulation well reproduced
the painting parameter dependence of the beam loss rate
measured in the range of 1 X 1072-2 X 10~!. These nu-
merical parameters are tolerable also in terms of getting
acceptable CPU time.

The RCS involves the beam loss arising from large angle
events scattered on the stripping foil during injection. Such
an effect was included in the SIMPSONS by using the
scattering angle distribution calculated with GEANT [22]
assuming both Coulomb and hadronic interactions
beforehand.

High-intensity beam accelerations generally involve an
rf bucket distortion arising from the beam loading, while,
in the present numerical simulation, such an effect is not
included. In this experiment, however, the beam loading
effect was well compensated by the multiharmonic rf
feedforward method [23]. Therefore, the beam then felt
the accelerating rf voltage as programmed. This beam
loading compensation not only gives better longitudinal
motions for high-intensity beams, but provides a more
reliable comparison of the present numerical simulation
and the measurement.

C. Beam loss

The left plot in Fig. 10 shows the beam survival rate
(defined as the ratio of the output and input intensities)
evaluated from a signal ratio of a dc current transformer
(DCCT) installed in the ring and a slow current transformer
(SCT) installed in the linac section, where the DCCT
signal at the extraction time is used as the output intensity.
On the other hand, the right plot in Fig. 10 shows the output
beam intensity measured with an SCT installed in the
3-NBT. The horizontal axes here correspond to the injec-
tion painting parameter ID numbers in Table II. As shown
by the data ID 1 in the figure, the beam survival rate in the
case of no painting was measured to be 83%, where the
injected beam was accumulated at the center region in

0.003 -
0.002 |

0.001 |-

Beam loss rate

Time (ms)

FIG. 8. Macroparticle number dependence (black, 2 X 10%; pink, 5 X 10%; green, 1 X 10°; red, 2 X 10°; and blue, 4 X 10°) of the
beam loss calculated for the first 6 ms with the painting parameter ID 8 in Table II, where the left and right plots have different ranges
in the vertical axis. In this calculation, no foil scattering was included.
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FIG. 9. Macroparticle number dependence (black, 2 X 10%; pink, 5 X 10%; green, 1 X 10°; red, 2 X 10°; and blue, 4 X 10°) of the
horizontal (left) and vertical (right) normalized emittances calculated for the first 6 ms with the painting parameter ID 8 in Table II,
where different emittances encircling 90%, 95%, and 99% of the macroparticles are plotted. In this calculation, no foil scattering was
included.
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FIG. 10. Beam survival rate (defined as the ratio of the output and input intensities) evaluated from a signal ratio of the DCCT
installed in the ring and the SCT installed in the linac section (left), and the corresponding output intensity (the number of particles per
pulse) measured with the SCT installed in the 3-NBT (right), where the horizontal axes correspond to the painting parameter

ID numbers in Table II. In the figure, the corresponding simulated result is plotted as a star.

the transverse and longitudinal phase spaces with no
charge density manipulation (called center injection). In
order to reduce the observed 17% intensity loss, we intro-
duced injection painting. As shown in the figure, the beam
survival rate gradually improved from the data IDs 1 to 8
by introducing the transverse painting, the longitudinal
painting and their combinations. The best beam survival
rate obtained for the parameter ID 8 was better than 99%,
where the highest output intensity, corresponding to
420 kW output beam power, was obtained. In this figure,
the stars represent the corresponding simulated results. The
painting parameter dependence of the simulated beam
survivals is in good agreement with that of the measured
ones.

Figure 11 shows the time dependence of the circulating
beam intensity from injection through extraction, mea-
sured with the DCCT installed in the ring, where the
ramp-up slope of the beam intensity from O to 0.5 ms
corresponds to the beam accumulation process. In this
figure, we can see that the beam loss appears only for the
first several ms in the low-energy region, where the space-
charge effect is the most serious. As the injection painting
progresses, the observed intensity loss is gradually re-
duced, and mostly recovered for the parameter ID 8. The
measured intensity curve for the parameter ID 8 is nearly
flat after the injection process. Particularly in this measure-
ment, we confirmed a powerful ability of the longitudinal
painting for beam loss reduction. In addition, Fig. 11 shows
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Time dependence of the circulating beam intensity from injection through extraction, measured with the DCCT installed in

the ring, where the ramp-up slope of the beam intensity from 0 to 0.5 ms corresponds to the beam accumulation process. In the figure,
the corresponding simulated result is plotted as a black solid curve.

that the intensity peaks at the end of injection (0.5 ms) vary
slightly with the injection painting parameters. As is sub-
sequently discussed, this result reflects the beam loss
mainly caused by the foil scattering during beam accumu-
lation. The corresponding simulated results, plotted as
black solid curves in the figure, well reproduce the mea-
sured intensity loss patterns.

In order to investigate the time dependence of the beam
loss in more detail, we employed a scintillation-type beam
loss monitor (BLM) with a photomultiplier, because the
use of this BLM helps in obtaining excellent time response
and resolution. The top plot in Fig. 12 shows the time
structure of the scintillation-type BLM signal for the first
6 ms measured in the collimator section for the data IDs 3
to 8, while the middle plot in Fig. 12 shows the correspond-
ing simulated result plotted as the number of lost macro-
particles per turn. Integrated curves of the beam loss
distributions in the top and middle plots are compared in

the bottom plot in Fig. 12, where the simulated curves are
normalized as the beam loss rate, and the measured curves
are scaled to fit the simulated patterns. The measured and
simulated beam loss patterns are in good agreement also in
this case. In these figures, the contribution of the transverse
painting to beam loss reduction, in addition to that of the
longitudinal painting, can be clearly observed; by compar-
ing the left (parameter IDs 3-5) and right (parameter
IDs 6-8) plots in Fig. 12, it is confirmed that the transverse
painting effectively decreases the beam loss mainly for the
first 1 ms region. The beam loss in this period includes a
component arising from the foil scattering during the
charge-exchange injection process, or more precisely,
while the injection-orbit bump is active. The foil scattering
beam loss is essentially proportional to the foil-hitting
probability during injection. While the longitudinal paint-
ing hardly changes the number of foil hits during injection,
the transverse painting reduces this number, because of the

040402-9



H. HOTCHI et al.

Phys. Rev. ST Accel. Beams 15, 040402 (2012)

_ 80 Parameter ID 3
<SP 1
E‘)é 60 Parameter ID 5
w = ]
Sg 40 E
= 5

m-—= 20 —

Number of
lost macro-particles

0.03F

0.02

0.01 F

Beam loss rate

Time (ms)

80 Parameter ID 6
Tgf;; Parameter ID 7 1
=T ] Parameter ID 8
22
7=} ]
=8
— &
m\-/

Time (ms)
wl
4 r ———
2 :
©E 20fF 5
55|
s C
- -
Eé 10 ]
7 g
= 0 =
0 1 2 3 4 5 6
Time (ms)
0.04 ——

Beam loss rate
j=)
f=)
5]
T
|

0 1 2 3 4 5 6
Time (ms)

FIG. 12. Time structure of the scintillation-type BLM signal for the first 6 ms measured in the collimator section for the parameter
IDs 3 (brown), 4 (light blue), 5 (pink), 6 (green), 7 (blue), and 8 (red) in Table II (top), and the corresponding simulated result plotted as
the number of lost macroparticles per turn (middle). Integrated curves of the measured and simulated beam loss distributions in the top
and middle plots are compared in the bottom plot, where the simulated curves (dashed) are normalized as the beam loss rate, and the

measured curves (solid) are scaled to fit the simulated patterns.

horizontal closed orbit moving away from the foil and the
excited betatron amplitudes larger than the foil size. By
this case of transverse painting, the number of foil hits per
particle during injection is reduced from 90 to 24
Therefore, the beam loss reduction by the transverse paint-
ing observed in Fig. 12 includes the effect of the foil-
hitting rate reduction as well as that of the charge density
control. In order to distinguish between the two contribu-
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FIG. 13.

tions, we performed additional numerical simulations with
no foil scattering. The upper plot in Fig. 13 shows the beam
loss distribution simulated with no foil scattering for the
data IDs 3 to 8, and the lower plot shows the comparison of
their integrated curves with the simulated curves including
the foil scattering given in Fig. 12. By comparing the left
and right sides of Fig. 13, we can discretely confirm the
significant beam loss reduction by the charge density

72}
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Beam loss distribution simulated with no foil scattering plotted as the number of lost macroparticles per turn for the

parameter IDs 3 (brown), 4 (light blue), 5 (pink), 6 (green), 7 (blue), and 8 (red) in Table II (top). Their integrated curves (dash dotted)
are compared in the bottom plot with the simulated results including the foil scattering (dashed) given in Fig. 12. In the bottom plot, the
difference of the dashed and dash-dotted curves corresponds to the beam loss component arising from the foil scattering.
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control in the transverse painting, in addition to that by its
resultant decrease in the foil-hitting rate.

As shown in Figs. 10-12, the series of numerical simu-
lations as a whole well reproduce the beam loss patterns
observed for several independent measurements. The re-
maining small beam loss of less than 1% obtained in the
simulation with the painting parameter ID 8 is mainly
caused by the foil scattering during the charge-exchange
process (see the red dashed and red dash-dotted curves in
the lower right plot in Fig. 13). That is, the simulation
implies that the space-charge induced beam loss for the
420 kW-equivalent intensity beam is mostly minimized
through the charge density control in the transverse and
longitudinal painting with the parameter ID 8.

D. Beam distribution

Figure 14 shows the painting parameter dependence of
the horizontal and vertical rms widths of the extracted
beam, measured with a multiwire profile monitor
(MWPM) installed in the 3-NBT for the parameter IDs 1,
2, 6,7, and 8. In this figure the stars represent the corre-
sponding simulated results, which are in good agreement
with the measured ones. As shown in the figure, the rms
width of the extraction beam increases slightly by the
transverse painting (parameter IDs 1 to 2), but gradually
decreases with the progression of longitudinal painting
(parameter IDs 2 to 8). Such a state is led through the basic
functions of the transverse and longitudinal painting, as is
mentioned below.

Figure 15 shows the time evolution of the horizontal and
vertical normalized emittances over an injection duration
of 0.5 ms simulated for the parameter IDs 1, 2, 6, 7, and 8§,
where different emittances encircling 38%, 68%, 95%, and
99% of the macroparticles are plotted for each parameter
ID. In the figure, similar results simulated for the case with
no foil scattering are also plotted as dashed curves for
reference. In this figure, we can see some contribution of
the foil scattering to emittance growth for the data ID 1;
this is illustrated as the difference of the black solid and
dashed curves. On the other hand, in the data IDs 2 to 8,
this contribution is negligible, because the transverse paint-
ing decreases the foil-hitting probability during injection.
In addition, this figure shows the characteristic features of
the transverse and longitudinal painting. As shown by the
emittance change from the data IDs 1 to 2, the transverse
painting increases the beam emittances for 38% and 68%,
while it decreases those for 95% and 99%. On the other
hand, the emittance variations from the data IDs 2 toward 8
show that the longitudinal painting acts to decrease all the
38%—-99% emittances.

Such a characteristic aspect is more directly observed in
Fig. 16, which shows the simulated 2-dimensional plots of
(x, x'), (y,¥"), and (x, y) spaces at the end of injection on
the foil and their projections to the x and y axes for the
parameter IDs 1, 2, 6, 7, and 8. In order to clarify the

transverse charge distribution change by the transverse and
longitudinal painting, the differences in the simulated
transverse distributions for the parameter IDs 1 and 2,
and for the parameter IDs 2 and 8 are plotted in Fig. 17.
In the transverse painting, the beam is widely distributed
directly in the transverse phase space following the paint-
ing functional form. Therefore, the basic function of the
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FIG. 18. Simulated 2-dimensional plot of the longitudinal
phase space (¢, Ap/p) at the end of injection and its projection
to the ¢ axis for the parameter IDs 2, 6, 7, and 8, where the red
solid curve in the projection plot shows the corresponding
distribution measured with the WCM.

transverse painting is to widen the core part of the beam
and to decrease the tail. For the transverse distribution
change from the parameter IDs 1 to 2 in Fig. 17, such a
feature in the transverse painting is evident; that is, beam
halo or beam tail reduction by a decrease in the peak
density of the transverse distribution is observed. On the
other hand, the longitudinal painting acts to shrink the
entire transverse beam distribution, as shown for the trans-
verse distribution change from the parameter IDs 2 to 8 in
Fig. 17. Figure 18 shows the simulated 2-dimensional plot
of the longitudinal phase space (¢, Ap/p) at the end of
injection and its projection to the ¢ axis for the parameter
IDs 2, 6, 7, and 8. In this figure, the corresponding longi-
tudinal beam profile measured with a wall current monitor
(WCM) is also plotted as a red solid curve, which the

simulated profile well reproduces. As is evident in the
figure, the flatness level of the beam bunch significantly
improves with the progression of the longitudinal painting.
The bunching factor (defined as the ratio of the average
current to the peak current of the circulating beam) im-
proves from 0.25 (parameter ID 2) to 0.45 (parameter ID 8)
at the end of injection. The transverse beam size reduction
including both the core and tail parts observed in the lower
plot in Fig. 17 is led through such a charge density miti-
gation in the longitudinal direction.

The above analyses for simulated particle distributions
indicate that the significant beam loss reduction observed
in Figs. 10-12 is led through the beam halo/tail reduction
by the charge density reduction in the transverse and
longitudinal directions and its resultant space-charge
mitigation.

V. SUMMARY

In the J-PARC 3-GeV RCS, we performed a high-
intensity beam trial with the injection painting technique
in January 2011 using a 0.5 ms-long linac pulse with a peak
current of 20 mA and a chopper beam-on duty factor of
56%. The number of particles per pulse totaled 3.5 X 10'3,
corresponding to 420 kW output beam power if running at
25 Hz. In this experiment, we confirmed a powerful ability
of the injection painting for beam loss reduction, and
successfully accomplished the high-intensity demonstra-
tion at a low-level intensity loss of less than 1% by the
combination of the transverse and longitudinal painting.

The corresponding numerical simulation shows that the
present transverse and longitudinal painting effectively
suppresses the space-charge induced beam halo/tail for-
mation through charge density reduction in the transverse
and longitudinal directions and it leads to the observed
significant beam loss reduction. In addition, the simulation
shows that the remaining small beam loss of less than 1%
mostly arises from the foil scattering during the charge-
exchange injection process. In other words, it signifies that
the space-charge induced beam loss for the 420 kW-
equivalent intensity beam is mostly minimized by the
present injection painting. The present numerical simula-
tion well reproduced the empirical painting parameter
dependence on the beam loss and beam profile, and as-
sisted our understanding of the characteristic behavior of
the high-intensity beam in the transverse and longitudinal
painting process.

The low-loss beam operation for the 420 kW-equivalent
intensity beam achieved in this experiment is considered to
be a credible large step toward realizing our final goal of
1 MW output, because the space-charge effect at the cur-
rent injection energy of 181 MeV in this experiment is
more severe than that at the higher injection energy of
400 MeV in the 1 MW beam operation.

Further efforts will be directed at understanding high-
intensity beam behavior, with focus on more detailed
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mechanisms underlying the observed beam loss and beam
loss reduction.
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