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Abstract

The space charge effect is a strong limitation in high-
intensity accelerators, especially for low- and medium-en-
ergy proton synchrotrons. And for CSNS-II, the number of
particles in the RCS is 3.9¢13 ppp, which is five times of
CSNS. To mitigate the effects of the strong space charge
effect, CSNS-II/RCS (Rapid Cycling Synchrotron) will use
a dual harmonic RF system to increase the bunching factor
during the injection and the initial acceleration phase. For
studying the beam dynamics involved in a dual harmonic
RF system, PyORBIT is used as the major simulation code,
which is developed at SNS to simulate beam dynamics in
accumulation rings and synchrotrons. We modified parts of
the code to make it applicable to the beam dynamic in RCS.
This paper includes the major code modification of the
Dual Harmonic RF system and some benchmark results.
The preliminary simulation results of the dual-harmonic
system in CSNS-II/RCS simulated by the particle tracking
code PyORBIT will also be discussed.

INTRODUCTION

After reaching the designed beam power of 100 kW [1],
The China Spallation Neutron Source (CSNS) has an up-
date plan (CSNS-II) to increase the beam power to 500 kW
(3.9¢e13 ppp), which means much stronger space charge ef-
fect will occur. To alleviate space charge effect, a dual har-
monic RF system will be used for longitudinal painting to
increase the bunching factor and the linac energy will be
increased from 80 MeV to 300 MeV.

PyORBIT [2], which is developed at SNS, is used as the
major simulation code to study the beam dynamic involved
the space charge effect with and without the dual harmonic
RF system in RCS (Rapid Cycling Synchrotron) of CSNS.
To meet the requirement of simulation in acceleration
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process, some code modification is made. In order to verify
whether the modified code is suitable for CSNS, a series of
experiments are carried out to compare with the simulation
results. Besides the modification made for acceleration
process, some changes of the dual harmonic RF cavity
model also need to be made to meet the needs of the chang-
ing voltage ratio between the second harmonic and the fun-
damental harmonic RF.

THE BENCHMARK OF LONGITUDINAL
PARAMETERS

For checking the code as well as estimating the mo-
mentum acceptance of the CSNS/RCS, the longitudinal pa-
rameters with different momentum offsets are measured,
which is shown in Table 1. BF and PF in Table 1 are the
average value of bunching factor and momentum filling
factor from 1200 to 1400 turn, which is about 2 ms to
2.4 ms, and the measured PF is gotten by tomography
method [3]. More comparison of bunching factors can be
found in reference [4], and the simulation results agree well
with the measurements. From the measurement, we also
found that the RCS transmission changed greatly with the
longitudinal parameters. The RCS transmission under dif-
ferent longitudinal parameter combinations is shown as
Fig. 1. The picture in lower right corner is the beam loss
distribution under the bunching factor of 0.28 and the mo-
mentum filing factor of 0.86. The designed momentum ac-
ceptance of RCS is 1%, and the corresponding momentum
filling factor is about 0.82 at 2 ms. The accuracy of de-
signed momentum acceptance can be roughly judged ac-
cording to the beam loss distribution in the figure, which
also provides a reference for longitudinal painting optimi-
zation of CSNS-II.

Table 1: Comparison of Longitudinal Parameters Under Different Momentum Off-Set

Momentum off-set (%) RCS transmission (%) BF (meas- BF (simu-  PF (meas-  PF (simu-
ured) lated) ured) lated)
0.17 97.2 0.2503 0.2401 0.802 0.815
0.19 98.2 0.2606 0.2495 0.834 0.835
0.21 97.2 0.2704 0.2691 0.863 0.860
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Figure 1: Comparison of RCS transmission under different longitudinal parameters. The beam loss distribution is meas-
ured by beam loss monitor, and the red bar near the arc section means large beam loss occur.

where V; is the amplitude of the fundamental rf voltage, r
and ¢, are the voltage ratio and the phase difference be-

SIMULATION RESULTS WITH DUAL

HARMONIC RF SYSTEM tween the second harmonic and the fundamental harmonic

The single-turn energy gain of dual harmonic RF system  RF, and ¢, is the phase of the reference particle. Because
can be written as the potential function of longitudinal Hamiltonian can de-
cide the beam distribution [5], the comparison between

dE =V, * {sing — 1 = sin[2(¢ — P1s) + P25l them is made to verify the code as Fig. 2.
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Figure 2: The longitudinal phase space and potential function with dual harmonic RF system while r equals 0.8, 0.5, 0.3
from left to right separately. The phase space density is proportional to the potential function value. The definition of
coordinates can be found in reference[6].
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The accuracy of bunching factor is also important. Since
5 the dual harmonic RF system is not installed at present,
J-PARC’s longitudinal parameter in the experiment of stor-
age ring mode [7] is used to study the effect of different
. longitudinal painting on the bunching factor. As shown in
Fig. 3, the simulation results of PyORBIT shows that a
large voltage ratio with momentum offset can improve the
bunching factor obviously, which comes to same conclu-
sion as the reference, and the bunching factors of simula-
. tion are close to those of J-PARC experiment.
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Figure 3: The simulation results of bunching factor by us-
ing PyORBIT with J-PARC's parameter at 181MeV [7].
The pictures above are respectively: (a) r=0.5; (b) r=0.5
and -0.2% momentum offset; (c) r = 0.8; (d) r = 0.8 and
= -0:2%. momentum offset.
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For CSNS-II/RCS, different turns of acceleration period
need to correspond to different voltage ratio and synchro-
ron phase. For this, a new cavity module has been added
o the code, which can be simulated by a given voltage and
energy change curve. The simulation results of beam dis-
tribution in phase space in 500 turn and 3000 turn are
shown in Fig. 4, the variation of beam distribution with
longltudlnal parameters can be reflected.
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Figure 4: Longitudinal phase space of different turns at the
same acceleration period.

CONCLUSION

By comparing with the experiment, the calculation of the
longitudinal parameters is verified. The improved code can
simulate the dynamics of double harmonic RF system in
RCS, and the study of longitudinal painting in CSNS-
II/RCS will be carried out on this basis.

REFERENCE

[1] S.Xu et al., “Beam commissioning and beam loss control for
CSNS accelerators”, J. Instrum., vol. 15, no. 7, pp. P07023—
P07023, Jul 2020.
doi:10.1088/1748-0221/15/07/P07023

A. Shishlo, S. Cousineau, J. Holmes, and T. Gorlov, “The Par-
ticle Accelerator Simulation Code PyORBIT,” Procedia com-
puter science, vol. 51, pp. 1272-1281, 2015.
d0i:10.1016/j.procs.2015.05.312

M. T. Li, Y. W. An, S. Y. Xu, and T. G. Xu, “Longitudinal
Tomography for Analysing the Longitudinal Phase Space
Distribution in RCS of CSNS”, in Proc. 10th Int. Particle Ac-
celerator Conf. (IPAC'19), Melbourne, Australia, May 2019,
pp- 639-642.doi:10.18429/JACOW-IPAC2019-MOPRB029

L. Huang et al., “Longitudinal dynamics study and optimiza-
tion in the beam commissioning of the rapid cycling synchro-
tron in the China Spallation Neutron Source,” Nucl. Instrum.
Methods Phys. Res., Sect. 4, vol. 998, p. 165204, 2021.
doi:10.1016/j.nima.2021.165204

A. Hofmann and F. Pedersen, “Bunches with Local Elliptic
Energy Distributions,” TNS, vol. 26, no. 3, pp. 3526-3528,
1979. doi:10.1109/TNS.1979.4330088

[6] S. Y. Lee, Accelerator physics 2nd Ed. New Jersey, USA:
World Scientific, 2004.

[7] F. Tamura ef al., “Longitudinal painting with large amplitude
second harmonic rf voltages in the rapid cycling synchrotron
of the Japan Proton Accelerator Research Complex”, Phys.

Rev. Spec. Top. Accel Beams, vol. 12, no. 4, Apr. 2009.
doi:10.1103/PhysRevSTAB.12.041001

(5]

MCS: Beam Dynamics and EM Fields

D11 Code Developments and Simulation Techniques



