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Abstract:

The China Spallation Neutron Source (CSNS) uses H™

stripping and phase space painting method to

fill a large ring acceptance with a small emittance linac beam. The dependence of the painting beam on the injection

beam parameters was studied for the Rapid Cycling Synchrotron (RCS). The simulation study was done for injection

with different momentum spreads, different rms emittances of the injection beam, and different matching conditions.

Then, the beam loss, 99% and rms emittances were obtained, and the optimized injection beam parameters were
given. The interaction between H™ beam and stripping foil was studied, and the effect of foil scattering was simulated.

The stripping efficiency was calculated and the suitable thickness of stripping foil was obtained. In addition, the

energy deposition on the foil and the beam loss due to the foil scattering were also studied.
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1 Introduction

The China Spallation Neutron Source (CSNS) is a
high power proton accelerator-based facility [1]. The
accelerator consists of a 1.6 GeV the Rapid Cycling
Synchrotron (RCS) and an 80 MeV H~ linac which is
upgradable to 250 MeV. The RCS accumulates 1.56x10'3
protons in two intense bunches and operates at a 25 Hz
repetition rate with a design beam power of 100 kW,
and is capable of upgrading to 500 kW. It has a four-fold
lattice with four long straight sections for the injection,
extraction, Radio Frequency (RF) and beam collimation.

For high intensity proton accelerators, injection via
H~ stripping is a practical method. The design of the
RCS injection system is to inject H™ beam into the RCS
with high precision and high transport efficiency. In or-
der to control the strong space charge effects, which are
the main causes of the beam loss in CSNS/RCS, the
phase space painting method is used for injecting a small
emittance beam from the linac into the large ring accep-
tance [2]. By using the ORBIT code [3], the multi-turn
phase space painting injection process with space charge
effects for CSNS/RCS is studied in detail.

When the H™ beam traverses the stripping foil, most
of the particles H™ are converted to H, and the others
are converted to H® or unchanged. The interaction be-
tween H™ beam and stripping foil can induce additional
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beam loss. By using the FLUKA code [4], the effect of
foil scattering is simulated, and the stripping efficiency
is calculated. The energy deposition on the foil and the
beam loss due to the foil scattering are also studied.

2 Dependence of the painting beam on
the injection beam parameters

For CSNS, a combination of the H™ stripping and
the phase space painting method is used to accumulate
a high intensity beam in the RCS. Fig. 1 shows the layout
of the RCS injection system [2] and Table 1 shows the
main injection parameters [5]. For the beam injection,
three kinds of orbit-bumps are prepared [2]: a horizontal
bump (four dipole magnets; BH1-BH4) for painting in
x-2' plane; a vertical bump (four dipole magnets; BV1-
BV4) for painting in y-y’ plane; a horizontal bump (four
dipole magnets; BC1-BC4) in the middle for an addi-
tional closed-orbit shift of 57 mm.

The beam loss can be divided into two kinds: the lon-
gitudinal beam loss, occurs when the particles are outside
the RF bucket or beyond the momentum acceptance of
the machine; the transverse beam loss, occurs when the
particles exceed the collimator’s acceptance. For CSNS,
although it has a large ring acceptance, the nonlinear
part of the space charge force will lead to non-uniformity
of the beam distribution, and beam loss will probably
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Fig. 1. Layout of the RCS injection system.
Table 1. Main injection parameters of CSNS/RCS.
parameters/units values
circumference/m 227.92
injection energy/GeV 0.08
extraction energy/GeV 1.6
injection beam power/kW 5
extraction beam power/kW 100
nominal betatron tunes 4.86/4.78
RF frequency/MHz 1.0241-2.3723
RF voltage/kV 165
harmonic number 2
repetition rate/Hz 25
number of particles per pulse 1.56x1013
momentum acceptance (%) 1
painting scheme anti-correlated
chopping rate (%) 50
turn number of injection 200

happen. In order to reduce the beam loss, painting into
the large acceptance with good uniformity is usually re-
quired. One parameter indicating the influence of the
space charge effects is the tune shift. In the case of uni-
form distribution, the tune shift due to the space charge
effects can be expressed by:

TpM

el 1
2n32y3e B, (1)

where 7, =1.53x107'® m is the classical proton radius,
N is the accumulated particles, € is the un-normalized
emittance, By is the longitudinal bunching factor, S and
~ are the Lorentz factors. It can be found from Eq. (1)
that, the tune shift will change with the varying beam
parameters, such as the emittance and bunching factor.
Some work had been done for the injection param-
eters optimization [6, 7]. In this section, the effects of
the momentum spread, the rms emittance of injection
beam, and the mismatch injection twiss parameters are
discussed in detail. In the following simulation, the chop-
ping rate is 50%, the patterns of the RF voltage and syn-
chrotron phase are given in Fig. 2, and the space charge
effects are considered. The turn number of the injection
painting process is 200, and the first 2000 turns in the
acceleration process are considered in the simulation.
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Fig. 2. The patterns of the RF voltage and syn-

chronous phase over the acceleration period.

2.1 Momentum spread

In order to study the effects of the momentum spread,
the injection processes with the momentum spread be-
tween 0.01% and 0.5% were simulated. Fig. 3 shows the
beam loss, 99% and rms emittances as functions of the
momentum spread and Fig. 4 shows the rms emittance
evolution for different momentum spreads. It can be
found from Fig. 3 that the beam loss decreases firstly and
then increases with the increasing momentum spread.
While the momentum spread is smaller than 0.1%, the
beam loss is smaller than 1%, the 99% and rms emit-
tances are constrained in reasonable ranges.

It can be found from Fig. 4 that there is trans-
verse coupling which depends on the momentum spread.
When the momentum spread is below 0.1%, the cou-
pling becomes stronger with the increasing momentum
spread. However, when the momentum spread is above
0.1%, the coupling becomes weaker with the increasing
momentum spread. Therefore, the momentum spread of
0.1% is a optimal value for injection. This simulation

results are consistent with the operation experience in
J-PARC [g].

067001-2



Chinese

Physics C Vol. 37, No. 6 (2013) 067001

20

beam losses (%)

90

80

70

60

50

40

30

emittance (rms)/(mmm-mrad)

20

0.08%
0.10%
0.14% 0.12%

&€,

X,rms

L L L

500 1000 1500
turn numbers

2000

Fig. 4. The rms emittance evolution for different
momentum spreads.

2.2

rms emittance of injection beam

In order to study the effects of the rms emittance
of injection beam, the injection processes with the rms
emittance between 0.1 tmm-mrad and 5.0 tmm-mrad
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Fig. 3. Beam loss, 9% and rms emittances as functions of the momentum spread.
' ' ' ' were simulated. Fig. 5 shows the beam loss, 99% and rms
) Aplp=0.06%, 0.08%, 0.10%, 0.12%, 0.14% | emittances as functions of the rms emittance of injection
|
0 B beam. It can be found that the beam loss, 99% and rms

emittances all increase with the increasing rms emittance
of injection beam. In addition, while the rms emittance
of injection beam is smaller than 1.0 mmm-mrad, the
beam loss is smaller than 1%, the 99% and rms emit-
tances are constrained in reasonable ranges.

2.3 Mismatch injection twiss parameters

For the RCS design, it has been a primary concern
to match the emittance of the linac beam to the RCS
acceptance at the injection point. A mismatched injec-
tion could result in large beam loss and an undesirable
transverse emittance growth. The first condition for the
injection beam matching is obtained by choosing the pa-
rameters [9]:

(6% (679
—t=_r )
ﬁl ﬁr ( )
where «; and ; are the twiss parameters for the linac,
and ¢, and (3, are that for the RCS. For CSNS, «, nearly
equals 0. In order to study the effects of the injection

twiss parameters mismatch, for a fixed [;, different o
were discussed.
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Beam loss, 99% and rms emittances as functions of the rms emittance of injection beam.
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The injection processes with (ay,,q,) between (0.0,
0.0) and (5.0, 5.0) were simulated. Fig. 6 shows the beam
loss, 99% and rms emittances as functions of o;. It can be
found that the beam loss, 99% and rms emittances all in-
crease with the increasing ;. While (v, oy, ) is smaller
than (1.0, 1.0), the beam loss is smaller than 1%, the
99% and rms emittances are constrained in reasonable
ranges, i.e., the effects of the mismatched injection are
very small. However, while (o, ay,) is larger than (1.0,
1.0), the beam loss, 99% and rms emittances are much
larger than that of the matching case.

3 Foil scattering effects

In the RCS injection system, there are two carbon
stripping foils: a primary stripping foil and a secondary
stripping foil. In this part, the interaction between H~
beam and the stripping foil is discussed [10-12], and the
stripping efficiency is calculated. The energy deposition
on the foil and the beam loss due to the foil scattering
are also studied.

3.1 Folil stripping

When the H™ beam traverses the carbon stripping foil
[13], there are six charge exchange processes: three are
electron loss reactions and the other three are electron
pickup reactions. However, for energies above 100 keV,
the cross sections for electron pickup are very small and
can be neglected. Therefore, the remaining particles af-
ter foil stripping are H=, H® and HT, as shown in Fig. 7.
The stripping efficiency of HT is given by [14]

1
fu+r = 1-

O_10t0_11—00,1

—00,1®

[0'71706

—(G0,=0 11)e (ot T LT, (3)

where 0_1,9, 00,1, 0_1,1 are the cross-sections of the re-
actions H- —H%e~, H*—-H*+e~, and H- —Ht+e +e ™,

30

a @

Beam loss, 99% and rms emittances as functions of «;.

respectively. In addition, = N,7/A, where N, is Avo-
gadro’s constant, A is the atomic number of carbon foil,
and 7 is the area density. The percentage that the H™
beam traverses the carbon foil without stripping is given
by [14]

Ju-=e 710", (4)
Therefore, the yielding rate of H° can be expressed as
Jue=1— fu+—fu-. (5)

There are some studies [14, 15] about the cross-sections
0_10, 001, 0_11, and it shows that these cross-sections
depend on the beam energy. Table 2 shows a summary
of the cross-sections at 80 MeV and 250 MeV.

injection beam
charge excharge

" \ "t
. |
L~ 1 —— i
/ foil
H H

. . BC2 BC3
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Fig. 7. The production of H~, H®, H* by foil stripping.
Using Egs. (3)—(5) and the cross-sections given in Ta-
ble 2, the relations between fy+, fmo, fu- and the foil
thickness can be obtained. Fig. 8 shows that fy+, fuo,
fu- vary with the foil thickness. It can be found that,
with the increasing foil thickness, fy+ increases, fy- de-
creases, and fpo has a maximum value. For a given foil
thickness, the stripping efficiency for 80 MeV injection
is larger than that for 250 MeV injection. In order to
make the stripping efficiency greater than 99.7%, the foil
thickness needs to be larger than 100 pg/cm? for 80 MeV
injection and 240 pg/cm? for 250 MeV injection.
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Fig. 8. H™, H°, H' yielding rates as functions of the foil thickness.
Table 2. Cross-sections of H™ incident on carbon
foil (unit 10~ '¥cm?).
80 MeV 250 MeV

o_10 3.17 1.35

001 1.24 0.53

o-1,1 0.056 0.024

3.2 Energy deposition on the foil

When the HT beam traverses the stripping foil, there
is energy deposition on the foil. The energy deposition
depends on the beam energy and the foil thickness [12].
In this part, the relations between the energy deposition
and the foil thickness for different injection energy are
studied.

The foil scattering processes were simulated by us-
ing the FLUKA code. Fig. 9 shows the energy deposi-
tion on the foil as a function of the foil thickness. For
both 80 MeV injection and 250 MeV injection, it was
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Fig. 9. The energy deposition as a function of the

foil thickness.

found that the energy deposition increases with the in-
creasing foil thickness. In addition, the relations between
the energy deposition and the foil thickness are nearly
linear. Furthermore, the energy deposition on the foil is
0.68 keV for each 80 MeV HT particle (100 pg/cm?) and
0.74 keV for each 250 MeV HT particle (240 pug/cm?).

3.3 Beam loss

During the injection process, while the proton beam
traverses the stripping foil, the foil scattering will lead
to additional beam loss. For J-PARC, the stripping foil
scattering had been studied and it was found that the foil
scattering was the main cause of the beam loss in the in-
jection region [16]. Therefore, the beam loss due to the
foil scattering for CSNS/RCS also needs to be studied in
detail.

For a given proton flux and target element, the pro-
duction event number of scattering particle can be given
by

N (@)= NI [AE-a()-6x(B). (6)

where i stands for different kinds of scattering particles,
Nr is the target number, I is the interaction probability,
o(i) is the crossing section, and ¢(i) is the given proton
flux. However, in order to study the beam loss due to
the foil scattering, the multi-turn particle tracking and
particle scattering need to be studied together. By using
the FLUKA and ORBIT codes, the injection process and
foil scattering can be simulated. Table 3 shows the beam
parameters for 80 MeV injection and 250 MeV injection.

By using the ORBIT code, the average traversal num-
ber and the beam distribution after injection can be ob-
tained. Calculating those particles of the beam distri-
bution which are in the range of stripping foil, the twiss
parameters and 99% emittance for those particles can
be obtained, as shown in Table 4. With these beam pa-
rameters, the beam that hitting on the stripping foil can
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be simulated. Then, the foil scattering process can be
simulated by using the FLUKA code and the beam loss
in a single turn can be obtained. By using the average
traversal number, the beam loss in the multi-turn injec-
tion can be calculated. Table 5 shows a summary of the
beam loss due to the foil scattering. It can be found that

Table 3. Beam parameters for 80 MeV injection
and 250 MeV injection.

injection 80 MeV 250 MeV
injection beam power/kW 5 80
average injection current/pA 62.5 312.5
turn number of injection 200 403
foil thickness/(pg/cm?) 100 240

Table 4. Beam parameters of the proton distribu-
tion that hitting on the stripping foil.

injection 80 MeV 250 MeV
(0z,ry) (0.003, 0.044) _ (0.001, 0.016)
(Be,By)/m (1.833, 4.458)  (1.877, 5.222)
(Y, 7y)/m—1 (0.546, 0.225)  (0.533, 0.192)
(€2,99%,Ey,00% )/ (-mm-mrad) (92, 247) (90, 282)

Table 5. Beam loss due to the stripping foil scattering.

the beam loss is about 0.3 W for 80 MeV injection and
4.6 W for 250 MeV injection.

4 Conclusions

The dependence of the painting beam on the injec-
tion beam parameters for CSNS/RCS were studied, and
the simulation was done for different momentum spreads,
different rms emittance of the injection beam, and dif-
ferent matching conditions. It was found that, in order
to make the beam loss smaller than 1% and constrain
the 99% and rms emittances in reasonable ranges, the
momentum spread needs to be smaller than 0.1%, the
rms emittances of the injection beam need to be smaller
than 1.0 mmm-mrad, and (o, oq,) need to be smaller
than (1.0, 1.0). In addition, the momentum spread of
0.1% is an optimal value for injection.

The interaction between H~ beam and stripping foil
was studied. In order to make the stripping efficiency
achieve 99.7%, the foil thickness needs to be larger than
100 pg/cm? for 80 MeV injection and 240 pg/cm? for
250 MeV injection. The energy aggradation while the
H* beam traverses the stripping foil was studied. It was
found that the relations between the energy aggradation
and the foil thickness were nearly linear for both 80 MeV
injection and 250 MeV injection. Finally, The beam loss
due to the foil scattering was studied. It was found that
the beam loss was about 0.3 W for 80 MeV injection and
about 4.6 W for 250 MeV injection.

The authors would like to thank their CSNS col-
leagues for discussions and consultations.

injection 80 MeV 250 MeV
average traversal number 5 10
particle loss ratio in single turn 0.0012% 0.00058%
total beam losses/W 0.3 4.6
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