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The China Spallation Neutron Source (CSNS) accelerator consists of an 80 MeV H~ Linac and a 1.6-
GeV rapid cycling synchrotron (RCS). The painting scheme is one of the most important factors for the
control of low beam loss at high beam power. In the painting injection of the CSNS/RCS, position scanning
is used in both horizontal and vertical planes, and the anticorrelated painting is the design scheme. By using
the anticorrelated painting, the beam power has successfully reached 50 kW. However, some problems have
been found in the higher power beam commissioning, for instance, too large beam size after painting,
nonuniform beam distribution, large transverse coupling effect, and so on, resulting in additional beam loss
and making it difficult to satisty the requirements of a high-power user mode. In order to solve these
problems, flexibility in the CSNS design has been exploited to implement the correlated painting by using
the rising current curve of the pulse power supply. The effectiveness of the new method has been verified in
the simulation and beam commissioning, which can well control the full beam emittance and improve the
beam distribution. By using the new method, the beam power on the target has successfully risen from
50 kW to the design value of 100 kW. Under the mechanical structure of the anticorrelated painting scheme
where the position scanning is used in both horizontal and vertical planes, the correlated painting has been

successfully achieved by using the rising current curve.

DOI: 10.1103/PhysRevAccelBeams.25.110401

I. INTRODUCTION

The China Spallation Neutron Source (CSNS) is a high
power proton accelerator-based facility for the study of
neutron scattering [1,2]. Its accelerator complex consists of
an 80-MeV H~ Linac and a 1.6-GeV rapid cycling
synchrotron (RCS) [3,4]. The RCS accumulates and
accelerates an 80-MeV injection beam to 1.6 GeV and
then extracts it to the target. The average beam power on the
target is 100 kW, with a repetition rate of 25 Hz. Its lattice
has a fourfold periodic structure with four long straight
sections for the injection, extraction, rf cavity, and beam
collimation, respectively.

The injection system in the CSNS/RCS [5,6] consists of
four chicane bump magnets BC1-BC4, four horizontal
painting magnets BHI-BH4, four vertical painting mag-
nets BV1-BV4, two septum magnets (ISEP1 and ISEP2), a
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primary stripping foil (Str-1), and a secondary stripping foil
(Str-2). Figure 1 shows the schematic diagram of the
injection system.

Space-charge effects are the core problem of the high
intensity proton accelerators [7-9]. In order to reduce the
space-charge effects, the transverse phase space painting
method [10-12] is used for injecting a small emittance
beam from the Linac to the large ring acceptance. The
transverse phase space painting method can be divided into
correlated painting and anticorrelated painting. At present,
the four spallation neutron sources in the world adopt
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FIG. 1. The schematic diagram of the injection system.
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TABLE 1. Related parameters of the space-charge forces for
different machines.

CSNS J-PARC SNS ISIS

Injection beam energy (GeV) 008 04 1.0 0.08
Number of protons per pulse (10'%) 1.56 8.3 15.0 2.8
Tune shift at the injection: Av 028 0.15 0.1504
Transition gamma: y, 4.9 9.2 52 5.1

different painting methods [13]. The anticorrelated painting
is used for the Spallation Neutron Source at the Rutherford
Appleton Laboratory (ISIS) [14,15]. The correlated paint-
ing is used for the Spallation Neutron Source at the Oak
Ridge National Laboratory (SNS) [16,17]. The anticorre-
lated painting is the design scheme for the CSNS [5,18].
The Japan Accelerator Research Complex (J-PARC)
[19-21] has the ability to switch between the correlated
and anticorrelated painting because of the angular scanning
in the vertical plane [22-26]. The correlated painting and
anticorrelated painting are used, respectively, in different
periods and different operating modes. Table I shows the
related parameters of the space-charge forces for different
machines [13]. It can be seen that the space-charge tune
shift at the injection for the CSNS is larger than that of the
J-PARC and SNS.

By using the anticorrelated painting, combined with
other optimizations, the beam power of the CSNS accel-
erator has reached 50 kW and stable machine operation has
been achieved [27]. However, in the higher power beam
commissioning, a series of problems has been found with
the anticorrelated painting, for instance, too large beam size
after painting, nonuniform beam distribution, large trans-
verse coupling effect, and so on, resulting in additional
beam loss and making it difficult to satisfy the requirements
of a stable high-power operation mode. In order to solve
these problems, after detailed analysis, simulations, and
experimental tests, flexibility in the CSNS design has been
exploited to implement the correlated painting. The effec-
tiveness of the correlated painting method has been verified
in both simulation and beam commissioning. The corre-
lated painting method is applied to the beam commission-
ing of the CSNS, which can well control the full beam
emittance and improve the beam distribution.

The paper is organized as follows: In Sec. II, a com-
parative study between the anticorrelated and correlated
painting is discussed and the advantages of the correlated
painting method under the current injection scheme are
presented. Flexibility in the CSNS design is exploited to
successfully implement the correlated painting, despite a
mechanical design based on the anticorrelated painting. In
Sec. I, the effectiveness of the correlated painting method
is checked in both simulation and beam commissioning.
The difference between the correlated and anticorrelated
painting is compared in detail. By using the correlated
painting method, the problems previously existed in the

higher power beam commissioning are successfully solved.
The summary and brief discussion are given in the last
section.

II. PERFORMANCE OF THE CORRELATED

PAINTING BASED ON THE MECHANICAL

STRUCTURE OF THE ANTICORRELATED
PAINTING SCHEME

After in-depth analysis and calculations, there are two
reasons for the problems (too large beam size after painting,
nonuniform beam distribution, strong transverse coupling
effect, and so on) encountered in the higher power beam
commissioning. First, due to an error in the mechanical
design of the magnet BH3, the magnet gap can be no longer
suitable for the vacuum chamber of the design size.
Compared to the case of the design scheme, the actual
vertical painting acceptance of the ceramic vacuum cham-
ber at the painting magnet BH3 is much smaller, which is
only about 70% of the design value (110 7 mm mrad). The
reduction in vertical painting acceptance leads to a signifi-
cant reduction in the vertical painting range and nonuni-
form painting beam distribution. Second, when the beam
power on the target exceeds 50 kW, the design machine
mode with the nominal betatron tunes of (4.86, 4.78) will
cause large coherent oscillation which produces a large
amount of beam loss. To reduce the effect of coherent
oscillation, new betatron tunes (4.81, 4.87) have been used
to replace the nominal betatron tunes (4.86, 4.78).
However, with the new betatron tunes (4.81, 4.87), the
transverse coupling effect on the beam distribution is
strong [27].

In order to solve the problems encountered in the higher
power beam commissioning, the painting method was tried
to modify when the hardware devices (vacuum chamber,
injection point, etc.) and betatron tunes cannot be further
optimized. A comparative study between the anticorrelated
and correlated painting in the simulation shows that, for the
vertical painting acceptance of about 75 7 mm mrad in the
injection process, the correlated painting has more advan-
tages than the anticorrelated painting design scheme. In
addition, referring to the theoretical and machine study of
J-PARC on the choice of the painting method [12], because
of the effect of the space-charge coupling caused by the
Montague resonance, when the betatron tunes are selected
close to the coupling, the anticorrelated painting has more
advantages for a large painting area and the correlated
painting has more advantages for a small painting area. For
instance, when a painting area is about 50 7 mm mrad,
compared to the anticorrelated painting, the beam distri-
bution after the correlated painting is more uniform which
leads to slower emittance growth. Therefore, for the
betatron tunes (4.81, 4.87) and maximum vertical painting
area of about 75 zmmmrad in the CSNS/RCS, the
correlated painting may have more advantages than the
anticorrelated painting design scheme.
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For the actual parameters of the CSNS injection system,
in order to compare the correlated and anticorrelated
painting in the same injection mechanical structure, the
basic idea of the painting injection in terms of the painting
area in comparison with the machine aperture along the
injection bump orbit should be described. Then, the
relationship between the emittance of the circulating beam
relative to the vacuum chamber center and the machine
aperture of the vacuum chamber in different painting
processes needs to be figured out.

The horizontal and vertical beam sizes of the circulating
beam at the injection point can be calculated by

2
o%;zﬂxexw%("—E) , (1)
Ey
2 2(%E\?
oy = pyey, + Dy £ ) (2)
0

where &, and &, are the horizontal and vertical emittances of
the circulating beam, 8, and f3, are the betatron amplitude
functions, D, and D, are the dispersion functions, o is the
deviation of the beam energy, and E| is the beam energy.
Since the injection region locates in a dispersion-free drift
section, we have

~0. (3)

During the injection process, the circulating beam center (x,
y) varies with the horizontal and vertical painting curves.
Then, in the painting process, the horizontal and vertical
emittances of the circulating beam relative to the vacuum
chamber center can be calculated by

P H'x _XO/L+ |6xH2 i (4)
|y = ol + loy[]?
SryZW’ (5)

in which (xy, yg) denotes the deviation position of the
vacuum chamber center relative to the circulating beam
after the injection. Supposing the machine aperture radius
of the circular vacuum chamber be R. Then, the ratios (k,,
K'y) between the transverse emittances of the circulating
beam relative to the vacuum chamber center and the
vacuum chamber acceptances can be calculated by

_ [x=xo| + |ouI?
SRR ©

B
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Beam at the injection end Linac beam

Beam back to the close orbit center

Beam at the early stage of injection

Aperture of vacuum chamber

FIG. 2. Schematic drawing of the position variation of the
circulating beam emittance ellipse in the anticorrelated painting
process.

For the painting beam, it is necessary to focus on the ratio
(kyy) between the sum of the horizontal and vertical
emittances of the circulating beam relative to the vacuum
chamber center and the vacuum chamber acceptance which
can be calculated by

[lx = xo| + [ox]* + [ly = yol + |o,[]?
ny — 2 * (8)
R

Therefore, the low beam loss requires that the circulating
beam should meet the following conditions for each turn in
the injection process:

Ke < 1, Ky

<1, Ky < 1. (9)

During the anticorrelated painting process, the circulat-
ing beam moves from the positive maximum to the center
in the horizontal plane and from the negative maximum to
the center in the vertical plane. The injection point of the
Linac beam sets at (x,, 0). After the injection, the
circulating beam moves rapidly to zero in both horizontal
and vertical planes. Figure 2 shows the position variation of
the circulating beam emittance ellipse in the anticorrelated
painting process. It can be seen that, in the initial stage of
the anticorrelated painting process, the vertical emittance of
the circulating beam is large and the location of the vacuum
chamber aperture limitation is at the bottom right corner.
Therefore, the condition «,, < 1 is the main constraint for
the painting beam. With the code pyORBIT [28-30], the
simulation of the anticorrelated painting was done, as
shown in Fig. 3. It can be seen that, for the anticorrelated
painting, in the initial stage of the injection, the painting
beam is easily lost at the bottom-right corner of the ceramic
vacuum chamber of the magnet BH3. Therefore, in order to
reduce the ratio «,,, the horizontal or vertical painting
needs to be optimized. Since the position of the injection
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FIG. 3. Simulation results of the circulating beam distribution

at the magnet BH3 in the initial stage of injection for the
anticorrelated painting.

point is fixed, the circulating beam can only keep moving
from the positive maximum to the center in the horizontal
plane. In the vertical plane, if the circulating beam moves
from the center to the negative maximum, the vertical
emittance in the initial stage of the injection can be reduced,
and this is the correlated painting.

For normal position scanning, the falling current curve of
the pulse power supply is used to control the painting beam
distribution. Based on the mechanical structure of the
anticorrelated painting scheme, due to the fixed location

Correlated painting
Y

Foil

Linac beam

Al | :

Beam back to the closed\orbit center o
Beam at the £arly stage of injection

Beam at the injection end

Aperture of vacuum chamber

FIG. 4. Schematic drawing of the position variation of the
circulating beam emittance ellipse in the correlated painting
process.
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FIG. 5. Distance changing between the circulating beam and

vacuum chamber for different vertical painting curves. Since the
vertical painting bump is in the negative direction, the pulse
current and bump position differ by a negative sign. Therefore,
the Y-axis is rotated 180° to avoid misunderstanding.

of the injection point and aperture limitation of the magnets
and vacuum chambers, only anticorrelated painting can be
achieved by controlling the falling current curve. However,
in order to achieve the correlated painting which can
perform the circulating beam move from the center to
the negative maximum in the vertical plane, the vertical
painting by using the rising curve of the BV pulse current is
proposed. During the correlated painting process, the
circulating beam moves from the maximum to the center
in the horizontal plane and from zero to the negative
maximum in the vertical plane. After the injection, the
circulating beam returns to the center orbit in both
horizontal and vertical planes quickly. Figure 4 shows
the position variation of the circulating beam emittance
ellipse in the correlated painting process.

During the correlated painting, since the circulating
beam is painted from the center to the border in the vertical

(@)

10,000

BH current

(b)

10,000
BH current

8000 Gurve Injection start 8000 curve o
Injection start
__ 6000 __ 6000
< <
= 4000 = 4000
2000 2000
0 0
0 200 400 600 800 {000 1200 0 200 400 00 800 {000 1200
t(us) ' t(us)
3000 3000
BV current Injectioniend BV current Injectioniend
curve curve
2000 2000
< <
1000 1000
0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

t(us)

t(ps)

FIG. 6. BH and BV pulse current curves for the anticorrelated
painting (a) and correlated painting (b).
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FIG. 7. Comparison of the input and output pulse current curves for the correlated painting method.

plane, the vertical size of the circulating beam increases
during the injection process, as shown in Fig. 5. In the later
stage of the painting, the vertical size of the circulating
beam increases and the vertical painting bump is getting
close to the edge of the vacuum chamber. If the painting
speed on the edge is too slow, the edge particles of the
circulating beam in the vertical plane may bump into the
wall of the vacuum chamber which can cause beam loss.
The CSNS beam commissioning results also confirm the
above explanation. Therefore, the vertical painting curve
has a slow painting speed in the center and a high painting
speed in the border. Meanwhile, it can be seen from Fig. 5
that, with the increase of the vertical size of the circulating
beam, the flattop time of the BV pulse current curve needs
to be small enough. Figure 6 shows the BH and BV pulse
current curves for the anticorrelated and correlated paint-
ing, respectively.

For the usage of the rising curve of the BV pulse current
for the vertical painting, the rising speed, falling speed,
minimum flattop time, and tracking accuracy of the BV
pulse current are key issues. The experimental testing
results show that the rising speed, falling speed, and
tracking accuracy of the BV pulse current can meet the
requirements of the correlated painting scheme. The mini-
mum flattop time of the BV pulse current curve can reach
5 ps. Figure 7 shows the comparison of the input and
output pulse current curves for the correlated painting
method. It can be found that the error between the output
and input pulse current curves is relatively small.
Therefore, the rising part of the BV pulse current curve
can be used for vertical painting.

During the correlated painting, as the preliminary design
painting curves, the horizontal and vertical offsets of the
time-varying closed orbit from a reference point corre-
sponding to the unbumped closed orbit can be expressed as

X = Xmax — (xmax - xmin) x' =0, (10)

t
y__ymwll_ 1__17 yl:()’ (11)

where X.« — Xmin 1S the horizontal painting range, v«
is the vertical painting range, and Tj,; is the injection

time. Since the injection point of the Linac beam sets at
(Xmax> 0), the maximum horizontal painting area depends
ON [Xpax — Xmin| and the maximum vertical painting area
depends on |y,.|. In the simulation and beam commis-
sioning, the painting curves with the square root function
would be further optimized according to the results of
beam injection (beam loss, beam distribution after paint-
ing, etc.).

III. SIMULATION AND BEAM COMMISSIONING
OF THE CORRELATED PAINTING METHOD

The simulation is performed by using the code PyORBIT
[28-30]. The injection of the correlated painting and
anticorrelated painting is compared in both simulation
and beam commissioning. Table I shows the injection-
related parameters for the CSNS/RCS.

A. Simulation study

In the simulation, the space-charge effects are taken
into account in detail [7-9]. Figure 8 shows the com-
parison of the transverse beam distributions for the
correlated and anticorrelated painting under the same
conditions. It can be found that, compared to the case of
anticorrelated painting, the transverse beam size for the
correlated painting is smaller and the beam distribution is
much better. Figure 9 shows the comparison of the beam
loss during the 200 turns injection and 2000 turns
acceleration processes for different painting methods

TABLE II. Injection-related parameters for the CSNS/RCS.
Parameters (units) Values
Injection beam energy (MeV) 80
Particle number (10'3) 1.56
Injection time (ps) 390
Betatron tunes (v,, v,) (4.81, 4.87)
. at the injection point (m) 6.4
f, at the injection point (m) 5.7
Injection beam size (1) (mm) 1.0
Ring period during the injection (ps) 2.0
Xmax (M) 57
Xmin (mm) 25
Yy (M) 20.7
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FIG. 8. Comparison of the transverse beam distributions for the

correlated and anticorrelated painting in the simulation under the
same conditions. Subgraph (a): horizontal beam distributions;
subgraph (b): vertical beam distributions.

under the same conditions. It can be seen that, compared
to the case of anticorrelated painting, the injection beam
loss for the correlated painting is reduced. Figure 10
shows the comparison of the transverse coupling effects
for the two painting methods. As can be seen from the
figure, for the anticorrelated painting, the variation of
the vertical painting range causes observable changes in
the horizontal painting distribution due to the transverse
coupling effect. These changes can be reduced by using
the correlated painting scheme.

The simulation results show that by using the corre-
lated painting method, the transverse beam size is
smaller, the beam distribution is much better, the injec-
tion beam loss is largely reduced, and the transverse
coupling effect is dampened. In addition, the simulation
results also confirm that, with the correlated painting
method, the beam loss is less than 1% under the design
beam power of 100 kW.

B. Beam commissioning

There are five main steps in the correlated painting
commissioning: (i) the timing adjustment of the pulse
power supply for the correlated painting; (ii) the parameters
matching of the injection beam and circulating beam;
(iii) the position adjustment of the stripping foil; (iv) the
optimizations of the transverse painting ranges and pain-
ting curves; and (v) the injection beam loss control. After

900

—Cor
800 —— Anticor

700

600

500 [

400 |

300

Beam Loss (particle number)

200

100

0 0 0.5 1 1.5 2 25 3 35
Time (ms)

FIG. 9. Comparison of the beam loss during the 200 turns
injection and 2000 turns acceleration processes for the two
painting methods in the simulation under the same conditions.

in-depth adjustments and optimizations, the correlated
painting injection based on the mechanical structure of
the anticorrelated painting scheme has been performed in
the beam commissioning. In addition, a comparative study
between the correlated and anticorrelated painting has been
also performed.

In order to measure the transverse beam distribution
after painting, a fast extraction scheme is designed by
adjusting the extraction timing and extraction mode.
Specifically, when the injection is completed, the circu-
lating beam is extracted immediately and the transverse
beam profile can be measured by a multiwire scanner
located on the beam transport line from the RCS to the
target. Furthermore, by using the beam loss monitors
(BLMs) in the injection region, the injection beam loss
can be observed and measured. Figure 11 shows the
comparison of the transverse beam distributions for the
correlated and anticorrelated painting measured in the
beam commissioning. It can be seen that, compared to
the case of anticorrelated painting, the transverse beam
size for the correlated painting is smaller and the beam
distribution is much better. The beam commissioning
results are in good agreement with the simulation results
shown in Fig. 8. Figure 12 shows the comparison of the
injection beam loss for the correlated and anticorrelated
painting, respectively, in which, all the 11 beam loss
monitors are located in the injection region. The precise
position of the beam loss monitor addINBLM is just at
the entrance of the vacuum chamber of the magnet BH3
whose aperture is the smallest in the injection region. It
can be seen that, compared to the case of anticorrelated
painting, the beam loss for the correlated painting is
dramatically reduced, and it is in good agreement with
the simulation results shown in Fig. 9. Meanwhile, it can
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FIG. 10. Comparison of the simulation results of the transverse coupling effects for the correlated and anticorrelated painting.
Subgraphs (a), (b), (e), and (f): the horizontal painting range was changed with the vertical painting range fixed to 17.5 mm; subgraphs
(c), (d), (g), and (h): the vertical painting range was changed with the horizontal painting range fixed to 27 mm.

be seen from the addINBLM measurement results that,
for the anticorrelated painting, the small aperture of the
BH3 vacuum chamber leads to large beam loss.
Figure 13 shows the comparison of the transverse
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FIG. 11. Comparison of the transverse beam distributions for

the correlated and anticorrelated painting in the beam commis-
sioning. Subgraph (a): horizontal beam distributions; subgraph
(b): vertical beam distributions.

coupling effects for the correlated and anticorrelated
painting. It can be seen that, compared to the case of
anticorrelated painting, the transverse coupling effect for
the correlated painting in the vertical plane is relatively
small. In addition, different from the anticorrelated
painting, the correlated painting causes no significant
changes in the horizontal beam distribution due to the
variation of the vertical painting range. The beam

Injection beam loss
12,000

10,000

®
S
15
5]

= Cor
= Anticor

BLM Signal (arb. unit)
3
153
S

g | I

R4BLMOS R4BLMO4 R4BLMO3 R4BLMO2 R4BLMO1 R1BLMO1 addINBLM R1BLMO2 R1BLMO3 R1BLMO4 R1BLMOS

FIG. 12. The measured beam loss for the correlated and
anticorrelated painting during the injection.
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FIG. 13.

Anticorrelated painting

The transverse coupling effects for the correlated and anticorrelated painting measured in the beam commissioning.

Subgraphs (a), (b), (e), and (f): the horizontal painting range was changed with the vertical painting range fixed to 17.5 mm; subgraphs
(c), (d), (g), and (h): the vertical painting range was changed with the horizontal painting range fixed to 27 mm.

commissioning results of the transverse coupling effect
are somewhat different from the simulation results, but
the trend is the same.

IV. SUMMARY AND DISCUSSION

Flexibility in the CSNS design was exploited to success-
fully implement the correlated painting, despite a mechani-
cal design based on the anticorrelated painting. By using
the code PyORBIT, the effectiveness of the correlated
painting method has been investigated. The correlated
painting method has been successfully applied to the beam
commissioning for the CSNS/RCS. The simulation and
beam commissioning results show that, compared to the
case of anticorrelated painting, the transverse beam size for
the correlated painting is largely reduced, the beam dis-
tribution becomes more uniform, the injection beam loss is
reduced, and the transverse coupling effect is also
improved. By using the new method, the problems in
the higher power beam commissioning have been success-
fully solved. The beam power on the target has successfully
risen from 50 kW to the design value of 100 kW, and the
machine has been operated stably in the user mode.

Under the mechanical structure of the anticorrelated
painting scheme where the position scanning is used in both
horizontal and vertical planes, the correlated painting is
successfully achieved by using the rising current curve.
Therefore, the correlated painting and anticorrelated paint-
ing can be well switched.
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