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|. Introduction

The CSNS is a high power proton accelerator-based facility.

The phase-1 CSNS facility consists of an 80-MeV H- linac, a 1.6-GeV RCS,
2 beam transport lines, a target station, and 3 instruments.

Upgradable to 500kW at repetition rate of 25Hz.

The design is almost fixed with the officially start of the project.
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CSNS Injection system

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.

For the beam injection, three kinds of orbit-bumps are prepared: a horizontal bump
(BH1-BH4) for painting in X-x’ plane; a vertical bump (BV1-BV4) for painting in
Y-y’ plane; a horizontal bump (BC1-BC4) in the middle for an additional closed-
orbit shift of 57 mm.
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Malin 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 1.56% 1013
momentum acceptance (%) 1
painting scheme anti-correlated
chopping rate (%) 50
turn number of injection 200




1. Optimization of the injection beam
parameters

« During the injection process, there are some factors

200

which can affect the injection results.

« The dependence of the painting beam on the injection
beam parameters was studied in detail and, with the
code ORBIT, the simulation was done for injection ol
with different momentum spreads, different rms
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emittances of injection beam, and different matching

conditions.
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« During the simulations, the chopping rate is 50% , the
patterns of the RF voltage and synchrotron phase are
given in right figure, and the space charge effects are
considered. The turn number of the injection painting
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beam losses (%)
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Momentum spread

In order to study the effects of the momentum spread, the injection processes with
the momentum spread between 0.01% and 0.5% were simulated.

It can be found 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 emittances are constrained in
reasonable ranges.
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There is transverse coupling which depends on the momentum spread.

When the momentum spread is below 0.1%, the coupling 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.

The momentum spread of 0.1% is a optimal value for injection.

This simulation results are consistent with the operation experience in J-PARC.
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beam losses (%)

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 mm mrad and 5.0
mm mrad were simulated.

« |t 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 mm mrad, the beam
loss iIs smaller than 1%, the 99% and rms emittances are constrained in

reasonable ranges.

5 2
a.l:} / E
£
1.5 &
=
1.0 | =y
— 5
o il =
os | VT g
=
L

0 1 2 3 4 5

rims emittance of the injection beam/(mmm-mrad)

220
215
210

205 '

200
195
190
185
[ &0
175

0 | 2 3 A

rms emittance of the injection beam

emittance (rms)/{mmm-mrad)

38
37
36
35
34
33
32
31
30

0 | 2 3 i 5

rms emittance of the injection beam



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.

In order to study the effects of the injection twiss parameters mismatch, for a
fixed B, different o, were discussed. The injection processes with (o,; o)
between (0.0, 0.0) and (5.0, 5.0) were simulated.

It can be found that the beam loss, 99% and rms emittances all increase with
the increasing o;. While (ay,; oyy) Is smaller than (1.0, 1.0), the beam loss is
smaller than 1%, the 99% and rms emittances are constrained in reasonable
ranges. However, while (a,; oy,) Is larger than (1.0, 1.0), the beam loss, 99%
and rms emittances are much larger than that of the matching case.
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[11. The particle distribution during the
Injection process for CSNS

 Since the aperture of the BH3/BV3 position during the injection region for
CSNS/RCS is very small now and the space is too narrow, the injection
painting range and the particle motion distribution during the injection process
need to be studied in detail.

« With the code ORBIT, the injection processes with different painting methods
and different painting ranges were simulated in detail. The painting image and
particle motion distribution of each turn can be obtained. Then, with the code
MATLAB, the particle distribution data of each turn can be analyzed and the
data of all 200 turns can be combined together. Therefore, it can be found that
whether the aperture size is suitable for the injection painting process.

* In the following figures, the horizontal painting range: 57mm—24mm; the

vertical painting range:0—25.7mm.



Correlated painting method
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Anti-correlated painting method
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It can be found that:

(1) For the correlated painting method, the aperture is suitable during the early
stage of the injection process while it is very narrow during the later stage.

(2) For the anti-correlated painting method, the aperture is suitable during the
later stage of the injection process while it is very narrow during the early
stage.

(3) There are some particles can be lost due to the stripping foil scattering and
space-charge effects.

(4) In general, compared with the correlated painting method, the anti-
correlated painting method has more advantages.



V. The injection control software for
CSNS

The development of new accelerator application software plays an important
role for CSNS/RCS.

The injection control software is the key part of the new application software.

The injection control software for CSNS contains two parts currently: painting
curve control and injection control. The injection control part contains four
sections: single-bunch-beam calculation, LRBT beam control at foil, injection
orbit correction and Trim control.

The follow-up work of the injection control software need to be continued.



Painting curve control

Three kinds of painting curves can be selected and saved: anti-correlated
painting; optimize painting; real painting.

Injection Control - Untitled.baf
File Edit View Window Help
| Painting Curve Control | Injection Control ‘ Bump Measurement |
Parameter BC Value Parameter BH Value BV Value
H Bump (mm) 57 Start Paint Bump (mm) 57.0 31.0
W Bump (mm) End Paint Bump (mm) 24.0 0.0
Paint Time (ms) 0,39 0,39
Fall-Off Time (ms) 0.039 0.0
Webble Time of the Power (ms) 0.018 0.018
Track Precision (%) 2.0 2.0
H Waveform Type: |Optimize painting - V Waveform Type: |Optimize painting |v|

Plot H Waveform

[Anti-correlated painting
Optimize painting
Real painting

Plot Vv Waveform
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Single-bunch-beam calculation

Two BPMs (INBPMO1 and INBPMO02) are used to measure the positions of the
single-bunch-beam. If the position and direction of injection beam are not
suitable, with the transmission matrix, the correct position and direction of
Injection beam can be calculated.

Injection Control - Untitled.baf

File Edit View Window Help

[ Painting Curve Control | | Injection Control I | Bump Measurement |
| Single Bunc h Beam Cal lculation ‘ BBBBBBBBBBBB | at Fail | Injection Orbit Correction | Trim Contro I |
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0.3
3
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L RBT beam control at foll

While the correct position and direction of injection beam can be obtained,
with the correctors of LRBT, the injection beam can be corrected to fit for
the RCS orhbit.

Injection Control - Untitled.baf - 0 x

File Edit View Window Help
| Painting Curve Control I Injection Control | Bump Measurement |
| Single Bunch Beam Calculation | LRBT Beam Control at Foil | Injection Orbit Correction | Trim Control ‘
HORIZONTAL - LRBT Beam at Foil
Corrector Guess B[T] Memory B Use [ 0 |<== Fitting Weight of B () Use B close to Mem, B
LRET_Mag:LRDHO4 |0 0 [
LRET_Mag:LRDHO5 |0 [¥] L] | 1 |<== Position Weight | 1 |<== Angle Weight L
LRET_Mag:LRDHOG |0.0001221 4] vl Beam at foil position control i
LRBT_Mag:LRDHO7 |-7.224E-5 0 v ) )
LRET_Mag:LRDHOE |0.0003023 0 v Change in Pos.[mm]: Change in Angle [mrad]:
LRBT_Mag:LRDH10 |-2 34F-4 0 [v] &l
ool . J&] f#
Selution Delta(pos.) [mm]: Solution Deltalangle) [mrad]:
0.4 | o ]
(' Automate Find-Apply
== Memorize Existing B == " == Restore from Memory == Initialize Model " Find Solution ” Apply Guess B |
VERTICAL - LRBT Beam at Foil
Carrector Guess B[T] Memory B Use [ 0 |<== Fitting Weight of B () Use B close to Mem. B
LRBT Mag:LRDYVO4 |0 4]
LRET_Mag:LRDVOS |0 1] ] | 1 |<== Position Weight | 1 |<== Angle Weight
LRET_Mag:LRDVO6 |0.0002055 0 [v] Beam at foil position control
LRET_Mag:LRDVO7 [0.0003399 0 v
LRET Mag:LRDVOE |8,273E-5 [¥] [¥] Change in Pos.[mm]: Change in Angle [mrad]:
LRET_Mag:LRDVO9 [6.702E-5 0 v &l W
[+lolo]. J2] 4 +[olo]. o] &
Solution Delta(pos.) [mm]: Solution Deltalangle) [mrad]:
0.2 | 0 | 3
| ) Automate Find-Apply
I P - -
| == Memorize Existing B == " == Restore from Memory == | | Initialize Model " Find Selution ” Apply Guess B




Injection orbit correction

If the injection orbit with BC bump gives away, with the transmission
matrix, the optimized solutions of the three trim powers of BC magnets
can be calculated, and then the injection orbit can be corrected.

Injection Control - Untitled.baf - 0 x
File Edit View Window Help
[ Painting Curve Control | Injection Control | Bump Measurement |
| Single Bunch Beam Calculation | LRBT Beam Control at Foil | Injection Orbit Correction | Trim Control |
BPM Value (mm) without BC bump with BC bump
RCS_Diag R4BPMO2 0.0058517251974439955 ® (mm) (RLBPMO1) 0.0296B6485063595336 0.0460B4B81937262749
RCS_Diag R4BPMOL -0.0263942393799448 xp (mrad) (RLEPMO1) 0.00273274414784879 -0.0027733211257290564
RCS_Diag:R1EPMO1 0.029686485063595336
RCS_Diag:R1BPMODZ -0.00615790995282019

Judgement Initializtion

Beam Displacement Plot

B

g-g; = TRIM detla B (T) detla | (A)
00z RCS_Mag:INBC2TRIM -0.004819999999999773  |-4.819999999999773
0.01 I RCS_Mag:INBEC3TRIM 0.007900000000000044 7.900000000000045
-0.01 RCS_Mag:INBCATRIM -0,004099999999999789  |-4.099999999999788
-0.02
-0.03

: .

B
o] 100 200 300 S
Position (m) Colbutton Set Trim Values

EPM g (mm)
L=




Trim control

« If the suitable solutions of the trim powers can not be given by the above
program, it will be need to sharp tuning the three trim powers respectively.

Injection Control - Untitled.baf

| File Edit View Window Help

| Painting Curve Control | Injection Control | Bump Measuremen t ‘
[ Single Bunch Beam Calculation | LRBT Beam Control at Foil | Injection Orbit Correction | Trim Control
Beam Displacement Plot
without BC bump with BC bump 0.03
®lmm ) (R1BPMO1) 0.017415038771705024 |0.021389321B64640785

0.02

o
xp (mrad) (RIEPMO1) -6.527946242656014E-4 |0.0018993460994906376 ﬁll
0.01 1 f /\
/ kY

Trim2 Power [A] +|1 _|0 0 E|- 0|0: H 0.01

!

] ! R |

- VU Y
Trim3 Power [Al: nRERBEERRPIE 0,02 ] \I |

-0.03

; ; ;
Trim4 Power [A]: +|1 _|o 0 El. olo = |¢} o 100 200 300
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f=]
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V. Summary

The dependence of the painting beam on the injection beam parameters for
CSNS/RCS were studied, and the simulation was done for different momentum
spreads, different rms emittance of injection beam, and different matching
conditions.

The optimized ranges of the injection beam parameters were obtained.

The particle distribution during the injection process for CSNS was studied,
and the optimized painting range and painting method can be found.

The injection control software for CSNS was introduced and discussed.
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