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Electron proton instability in the CSNS ring *
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(Institute of High Energy Physics, CAS, Beijing 100049, China)

Abstract The electron proton (e-p) instability has been observed in many proton accelerators. It will induce

transverse beam size blow-up, cause beam loss and restrict the machine performance. Much research work has

been done on the causes, dynamics and cures of this instability. A simulation code is developed to study the

e-p instability in the ring of the China Spallation Neutron Source (CSNS).
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1 Introduction

The electron proton instability has been con-

sidered as one of the potential threats in the proton

rings[1, 2]. CSNS[3] is a proton accelerator facility with

consists of a linac and a rapid cycling synchrotron

(RCS). Two bunches with a population of 1.88×1013

will be accumulated and accelerated in the RCS ring,

and the electron-proton instabilities might happen in

such high intensity proton ring. A code[4] investigat-

ing the electron cloud instability in the position ring

is upgraded to study the electron proton instability

in the proton ring. In this article, we first discuss the

electron cloud build-up in the vacuum chamber, and

then give a brief introduction of the physical model

used in the simulation. After that, the simulation

Table 1. Main parameters of the RCS ring.

parameters symbol, unit value

inj./Ext. Energy Ein/Eext, GeV 0.08/1.6

circumference C, m 230.8

bunch population Np, ×1012 9.4

number of bunches nb 2

harmonic number H 2

beam pipe radii a/b, mm 110/110

e− prod. rate(proton loss) Ybl, e−/p/turn 1.16×10−2

e− prod. rate(ionization) Yion,e−/p/turn 1.22×10−5

max secondary e− yield δmax 2.1

incident e− energy at δmax Emax, eV 250

result of the electron proton interaction will be dis-

cussed. Finally, we make a summary of the whole

investigation.

The main parameters of the RCS ring are sum-

marized in Table 1.

2 Electron cloud build-up

The electron cloud density in the vacuum cham-

ber which depends both on the property of the beam

pipe environment and the beam itself. Three candi-

date mechanisms of electron production are consid-

ered in this article, including: lost protons hitting on

the chamber wall, electrons produced by residual gas

ionization, and secondary electron emission.

The electron yield due to residual gas ionization

is determined by the ionization cross section and the

vacuum pressure in the beam chamber[5]. Resid-

ual gases of CO and H2 are considered, whose ion-

ization cross sections are σ(CO)=1.3×10−22 m2 and

σ(H2)=0.3×10−22 m2. The corresponding electron

yield at vacuum pressure p = 10 nTorr and room tem-

perature (T = 294 K) is 1.22×10−5 e−/p/turn. The

electrons are produced along the beam trajectory.

The mechanism of electron yield due to proton

loss is not yet well known. In the simulation, we

use the simplified model proposed by Furman et al[6],

that the number of electrons generated by lost pro-

tons hitting the vacuum chamber wall is Np×Y ×ploss
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per turn for the whole ring, where Y is the effective

electron yield per lost proton, and ploss is the proton

loss rate per turn per beam particle. According to

the beam loss tracking simulation of the RCS ring[7],

a total beam loss of 6% mostly occurs in the colli-

mation region during the first 1 ms. By using the

assumption of 100 e−/p/loss[6], we obtain an electron

production rate of 1.16×10−2 per turn, which is 3 or-

ders higher than that of gas ionization. We assume

the lost proton time distribution to be proportional

to the longitudinal bunch intensity.

Another important origin of electrons is the sec-

ondary electron emission due to electron multipacting

on the chamber wall. The secondary electron yield,

δ, is expressed by[8]

δ(Er,θ)≈ δmax1.11(Er)
−0.35(1−e−2.3E

1.35

r )/cosθ , (1)

where θ is the incident angle, δmax the max secondary

electron yield, Er = E0/Emax, E0 the incident electron

energy and Emax the incident electron energy at δmax.

Here we use the typical stainless steel SEY parame-

ters in the following calculation.

3 Physical model

The RCS ring stores two bunches with long gaps of

tens of meters. The current density profile is shown

in Fig. 1. In our simulation we assume the beam

has uniform distribution with radius r = 35 mm in

the transverse plane, and we use the simulated re-

sult of painting injection for the longitudinal inten-

sity profile[7]. The vacuum chamber in the simulation

is considered as perfectly conducting pipe with circu-

lar cross section. As the bunches are about several

tens of meters in length, the bunches are longitudi-

nally sliced that each slice has an equal number of

particles. The long bunch gaps are also divided into

intermediate steps to calculate the electron motion

and secondary electron emission. Due to the lon-

gitudinal movement, the particles in different slices

are rearranged after each bunch passage according to

their longitudinal position. The energy ramping of

the bunches is considered during each turn, and the

curves of acceleration RF voltage and RF phase ob-

tained in Ref. [7] are used.

The electrons are simulated by macro particles.

We use 1000 macroparticles to represent primary elec-

trons generated when each bunch slice passes through

the electron region. The secondary electron emission

occurs when the particles hit on the beam chamber

wall. The macro electrons are tracked dynamically in

the transverse plane. The space charge force is com-

puted by using PIC method, and applied to particles

at each slice in the bunch and each step in the gap.

The motion of macro-electrons and macro-protons are

tracked during the EC region. After that, the bunch

is transformed according to the six-dimensional linear

transfer matrix.
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Fig. 1. Build-up of the electron cloud.

4 Simulation results

The build-up of the electron cloud during the pas-

sage of the beam is shown in Fig. 1. The dark line

shows the current density profile of the beam with

arbitrary units, and the dotted line shows the elec-

tron density evolution during the bunch passage. The

electron cloud density has a fast increase during the

passage of the front edge of the bunch, and saturates

around the flat top of the profile. When the bunch

intensity decreases to a certain extent during the pas-

sage of the bunch tail, the electron density begins to

fall.

This phenomena can be explained by the fact that

the average energy of the electrons hitting the wall is

around 30 eV according to the simulation, and hence

the SEY is smaller than 1. So the electrons will be

absorbed when hitting on the wall equivalently. In

the front edge of the bunch profile, the population of

electrons is still low, and the increase of the electron

density is dominated by the generation of primary

electrons. As the number of electrons increase, more

and more electrons will be absorbed because of hit-

ting on the chamber wall, and thus the growth of the

electron density slows down. When the generation

and absorption of electrons equal, the electron den-

sity reaches a peak value. Afterward, the electron

density goes down due to the decrease of the electron

production rate of proton loss, as it is proportional

to the bunch current density. During the bunch gap,

the average energy of electrons decreases because of



10 Chinese Physics C (HEP & NP) Vol. 33

multi pacting effect, and then the beam pipe act as

a net absorber to electrons. Fig. 2 presents the elec-

tron density evolution during the passage of the first

twenty bunches.
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Fig. 2. Electron density evolution during the

passage of the first twenty bunches.

We also evaluated the effects of several signifi-

cant parameters on the electron cloud formation. We

vary the electron production rate of proton loss from

1.16×10−2 to 1.16×10−1 e−/p/turn, and the electron

cloud build-up during the first few bunch passages is

shown in Fig. 3. We can see that the peak densities

of different cases are almost proportional to the pro-

ton loss rate, which demonstrates the dominant role

of proton loss in the electron cloud generation.
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Fig. 3. Build-up of the electron cloud for dif-

ferent electron production rates.

We find that the changes of maximum secondary

electron yield from 1.1 to 2.1 have not made signif-

icant difference on the saturated electron density as

expected. This can be explained by the fact that the

secondary electron production rate SEY, correspond-

ing to the average energy of electrons hitting on the

wall, is smaller than 1, and the electrons generated

by the proton loss on walls is the dominant origin

of electron cloud formation. In addition, significant

changes in the vacuum pressure have little effect on

the electron cloud formation.

In order to study the beam instability caused by

the electron cloud, we tracked the beam for about

one hundred turns and recorded the centroid position

and transverse rms size of the slices. The simulation

results show that there is no beam size blow-up or ex-

citation of serious transverse centroid oscillation dur-

ing the interaction of the electron and proton beams.

We ascribe this to the long gap between the bunches.

But further investigation is needed on the instability

threshold and growth rate.

5 Summary

A simulation code is developed to study the elec-

tron proton interaction in the RCS ring. Primary sim-

ulation results of electron cloud build-up and electron

cloud induced instability have been given.

The mechanisms of electron yield due to proton

loss, gas ionization and secondary emission have been

considered in the simulation. Primary electrons are

generated at the surface of the chamber wall or beam

trajectory. As the bunch gap is sufficient long, the

electron cloud will not accumulate during successive

bunch passages. We have also studied the effects of

different parameters on the electron cloud build-up,

and found that the electrons generated by proton loss

on the walls play the dominant role during the elec-

tron cloud formation. Significant changes in the pro-

duction rate of ionization electrons or secondary elec-

tron yield have little effect on the electron density

evolution.

The preliminary simulation on electron proton in-

stability shows that this kind of instability may not

be strong enough to cause serious problem in the RCS

ring. But more work should be done on the analysis of

the instability threshold and the frequency spectrum.

In this article, we assume the lost protons are uni-

formly distributed in separate turns during the first

1 ms. However, large proton loss may happen dur-

ing certain turns in the real situation. In addition,

electron build-up during the injection process has

been excluded, which may also bring serious beam

stability problems. These subjects should be further

studied. As the proton loss is the main source of the

electron yield, we still should restrict the proton loss

to a certain level in order to control the build-up of

electron cloud.
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