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Abstract Tune ripple has a significant influence on beam

spill ripple in RF-knockout (RF-KO) slow extraction. In

this study, a model was proposed to explain how the tune

ripple affects the beam spill in RF-KO slow extraction;

consequently, a simulation was performed using the lattice

of the Xi’an Proton Application Facility (XiPAF) syn-

chrotron to verify the model. The simulation demonstrates

that the tune ripple influences the beam spill in two ways.

On the one hand, the tune ripple causes a direct fluctuation

in the separatrix area, which induces beam spill ripple. On

the other hand, the tune ripple influences the emittance

growth rate in RF-knockout slow extraction. These two

aspects simultaneously contribute to the beam spill ripple.

Keywords RF-knockout slow extraction � Synchrotron �
Tune ripple � Power supply ripple � Beam spill ripple

1 Introduction

When a spacecraft is in space, it is constantly exposed to

a space radiation environment. When high-energy charged

particles are incident on the sensitive volume of electronic

devices in a spacecraft, the radiation will affect these

devices in various ways, which may disturb the logic of the

device, affect the device performance, reduce the reliabil-

ity, and even permanently damage the spacecraft. To

ensure a stable operation of the spacecraft in space, it is

necessary to study the space radiation effect and construct

more radiation-resistant electronic devices.

To study the effects of space radiation, in addition to

theoretical analysis and simulation, it is necessary to con-

duct radiation experiments. Compared with sending elec-

tronic devices into space for experiments, accelerator-

based ground radiation environment simulations are more

convenient and economical. Based on the fact that protons

account for the largest portion of space radiation and cause

the most damage, many international laboratories have

built accelerators and beamlines for studying proton radi-

ation effects, such as the 230 MeV cyclotron at Indiana

University [1] in the USA and Paul Scherrer Institute in

Switzerland [2].

The Xi’an Proton Application Facility (XiPAF) is the

first Chinese facility dedicated to simulating space radia-

tion environments. It consists of a 7 MeV linac injector, a

synchrotron (60–200 MeV), and two experimental stations

[3, 4]. According to the requirements of space radiation

simulation, the proton accelerator should provide a quasi-

DC-extracted beam with an adjustable width from 1 s to

longer than 10 s. Third-order resonance extraction is

adopted to obtain a long extraction time. The RF-knockout

(RF-KO) method [5] is used to feed the excited resonance
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by exciting the particles transverse emittance growth. The

RF-KO method is widely used in the hadron therapy field

because of its quick response to beam-on and beam-off

applications. Moreover, it can easily control the intensity of

the extracted beam.

The extracted beam in the third-order extraction is also

referred to as the ‘‘spill’’. The spill uniformity is crucially

important in some applications, namely ‘‘fixed target

experiments’’ [6, 7] and hadron therapy [8]. The third-order

resonant extraction process is sensitive to the horizontal

betatron tune because the horizontal betatron tune is close

to the third-order resonance. Owing to the sensitive nature

of the third-order resonant extraction, the tune ripple has a

significant influence on the temporal structure of the beam

spill. Tune ripples can induce betatron tune fluctuations,

which lead to the temporal modulation of the spill. In other

words, the tune ripple is transferred to the beam spill ripple

via betatron tune modulation.

Tune ripples mainly originate from the power supply

ripple, especially the main dipole and quadrupole power

supply. To deal with the power supply ripple, a lot of

research and efforts have been made to explain how the

power supply ripple transfers to the beam spill ripple and

mitigate the power supply ripple influence. Research

regarding the transfer function between the quadrupole

power supply ripple and beam spill ripple in quadrupole-

driven resonance slow extraction has been reported in

J-PARC [9] and CERN [6]. The transit time during the

slow extraction process has been researched in proton ion

medical machine study (PIMMS) [10] and has been uti-

lized to suppress the spill ripple caused by the power

supply ripple in GSI SIS-18 [7, 11]. However, these studies

are mainly concerned with the power supply ripple in

quadrupole-driven slow extraction rather than RF-KO slow

extraction.

In third-order slow extraction, the stable triangle sepa-

ratrix area depends on the horizontal betatron tune distance

from the third-order resonance, in addition to the sextupole

field strength. Therefore, the betatron tune variation indu-

ces a stable separatrix area variation. In quadrupole-driven

slow extraction, the stable separatrix area slowly shrinks

with time owing to moving the machine tune towards

resonance. If there is a tune ripple, the area shrinkage is

modulated by the tune ripple; then the spill ripple occurs.

However, RF-KO slow extraction is somewhat different

from quadrupole-driven slow extraction. In RF-KO slow

extraction, the stable separatrix area remains constant and a

transverse RF-field is used to excite the particle emittance

growth to enter the unstable area. Quadrupole-driven slow

extraction has no such emittance growth caused by the RF-

field. Naturally, in RF-KO slow extraction, not only the

separatrix area but also the emittance growth is affected by

the tune ripple. The emittance growth rate in RF-KO slow

extraction usually depends on the parameters of the RF-

field used to excite particles, in addition to the horizontal

betatron tune. Based on the tune ripple effect, the betatron

tune fluctuates while the RF-KO parameters remain con-

stant, which induces emittance growth rate variation and

finally is transferred to beam spill ripple. The separatrix

area and emittance growth rate variations both contribute to

spill ripple. However, in a previous study on the tune ripple

influence in RF-KO slow extraction [12], only the variation

of the stable separatrix area was considered and tune ripple

influence on the emittance growth was neglected. In this

study, a model is proposed to explain how the tune ripple is

transferred to the beam spill ripple in RF-KO slow

extraction, which includes both the stable separatrix area

and beam emittance growth rate variation. Subsequently, a

simulation using the XiPAF synchrotron lattice was per-

formed to verify the model.

2 A previous study on tune ripple effect in RF-KO
slow extraction

A model of how the tune ripple transfers to the beam

spill ripple in RF-KO slow extraction has been proposed in

a previous study by HIMAC [12]. The stable triangle

separatrix area A produced by the third-order resonance

and sextupole magnetic field is defined as follows:

A ¼ 48
ffiffiffi

3
p

p2
q2

S2
; ð1Þ

where q � Qx � Qres, Qx is the horizontal betatron tune,

Qres is the resonance tune, q is the horizontal betatron tune

distance from the third-order resonance, and S is the nor-

malized strength of a virtual sextupole created by an

arrangement of N sextupoles. The stable triangle separatrix

area depends on q and S. Therefore, the stable triangle

separatrix area variation can be expressed as follows:

DA
A

¼ 2
Dq
q

� 2
DS
S

: ð2Þ

The condition jðDq=qÞ=ðDS=SÞj � 1 is usually satisfied

because the betatron tune is close to the resonance and q is

very small. Hence, the effect of sextupole ripple can be

neglected compared with that of the tune ripple.

The beam is extracted at an intensity of I particles per

second (PPS) using the RF-knockout slow extraction

method; the extracted beam intensity remains constant

without the ripple effect. The beam spill ripple is induced

by the separatrix area variation through the tune ripple by

spilling out the particles near the separatrix. Considering

the separatrix area variation, the extracted beam intensity I

is expressed as follows:
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I tð Þ ¼ I0 � q
dAðtÞ
dt

; ð3Þ

where I0 is the extracted beam intensity without any ripple

influence and q is the average particle density near

separatrix.

The main dipole or quadrupole power supply ripple

causes a betatron tune ripple. Without loss of generality,

we assume that the betatron tune fluctuates with ripple

frequency f and amplitude a as follows:

q tð Þ ¼ q0 þ a sin ð2pftÞ; ð4Þ

where q0 is the tune distance without the tune ripple effect.

The tune ripple amplitude a is usually quite small com-

pared with that of q0. Therefore, considering first-order

approximation, I tð Þ can be expressed as follows:

I tð Þ ¼ I0 � q
dA tð Þ
dt

¼ I0 � q
2A tð Þ
q tð Þ

dq tð Þ
dt

¼ I0 � 4pfaq
AðtÞ
qðtÞ cos ð2pftÞ

� I0 � 4pfaq
A0

q0
cos ð2pftÞ;

ð5Þ

where A0 ¼ 48
ffiffiffi

3
p

p2 q2
0

S2
. The beam spill ripple amplitude Ir

can be defined as follows:

Ir � 4pfaq
A0

q0
: ð6Þ

From Eq. (6), it can be found that the beam spill ripple

amplitude induced by the tune ripple is proportional to the

tune ripple amplitude a, frequency f, and average particle

density near separatrix q. However, notice that only the

stable triangle separatrix area variation caused by the tune

ripple is considered in this model. The emittance growth is

not considered. The experimental data [12] for the beam

spill ripple amplitude induced by the tune ripple are pre-

sented in Fig. 1. Observe that the beam spill ripple

amplitude is proportional to the tune ripple amplitude, and

the vertical axis intercept is almost zero in Fig. 1a. How-

ever, the vertical axis intercept in Fig. 1b is nonzero, which

means that the spill ripple is not proportional to the tune

ripple frequency. Although there are only two frequencies

in Fig. 1b, the nonzero intercept is clear. Moreover, the

intercept depends on the tune ripple amplitude, whose

value increases with the tune ripple amplitude. This means

that the experimental results are inconsistent with the

theoretical analysis obtained from the model. The emit-

tance growth rate variation is neglected in this model,

which may have caused the difference between theoretical

and experimental results.

3 A novel beam spill ripple model

We propose a novel model to describe the beam spill

ripple, which includes the influence of separatrix area and

emittance growth rate variation.

If the particle distributions in x and x0 directions follows
a Gaussian distribution, the radial distribution function of

the particles in the normalized phase space (X;X0) can be

expressed using the Rayleigh distribution function as fol-

lows [13] :

p rð Þ ¼ 2r

r2
exp � r2

r2

� �

; ð7Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ X02
p

, r2 ¼ 2erms and erms is the root-

mean-square (RMS) emittance. In the third-order extrac-

tion, the stable triangle separatrix defines the boundary r0,

Fig. 1 Experimental data from [12]. a Spill ripple amplitude vs. tune

ripple amplitude for different tune ripple frequencies and b spill ripple

amplitude versus tune ripple frequency for different tune ripple

amplitudes
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where r0 ¼
ffiffiffiffiffiffiffiffiffi

A=p
p

. It is assumed that particles with a radial

amplitude larger than r0 are extracted from the ring.

Therefore, the total number of extracted particles Next can

be expressed as follows:

NextðnÞ ¼
Z 1

r0

N0pðrÞdr ¼ N0 exp � r20
r2ðnÞ

� �

; ð8Þ

where N0 is the total number of particles stored in the ring,

n is the revolution turn number, and r2ðnÞ changes with the

turn in RF-KO slow extraction because of the transverse

RF-field excitation. Thus, the particles extracted per turn or

beam intensity can be represented as follows:

I nð Þ ¼ dNext
dn

¼ N0

dr2 nð Þ
dn

r20
r4ðnÞ exp � r20

r2ðnÞ

� �

: ð9Þ

In RF-KO slow extraction, a transverse RF-field is applied

to diffuse the particles. Under transverse RF-field diffusion,

r2ðnÞ can be expressed as follows[13]:

dr2 nð Þ ¼ kh2 nð Þdn; ð10Þ

where h is the kick angle amplitude of the transverse RF-

field and k is a coefficient related to the parameters of the

RF-KO and horizontal betatron tune. By choosing a suit-

able amplitude modulation function hðnÞ, where dNext=dn

remains constant, a flat spill can be achieved. However, if a

tune ripple is induced by the power supply ripple, the beam

intensity will be affected.

Figure 2 shows the Steinbach diagrams for the RF-KO

slow extraction process without and with ripple, respec-

tively. In a Steinbach diagram, the horizontal axis repre-

sents the betatron tune of the particles and vertical axis

represents the particle radial amplitude in the normalized

phase space. The separatrix divides the normalized phase

space into two regions: a stable and an unstable area. The

particles in the stable area are excited by a transverse RF-

field; then, these particles’ emittance growths enter the

unstable area. If there is no tune ripple, the separatrix area

and emittance growth rate are both constant. However,

both the separatrix area and emittance growth rate fluctuate

if a tune ripple exists. The separatrix area and emittance

growth variation affect the beam spill.

First, we consider the influence of the tune ripple on the

stable triangle separatrix area. r0 is the equivalent radius of

a circle with the same area as the stable triangle. In other

words, pr20 is equal to the separatrix area A0. With the tune

ripple effect, the separatrix area is no longer a constant and

can be expressed as:

r2 ¼ r0 þ Dr sin 2pfnTð Þð Þ2

� r20 þ 2r0Dr sinð2pfnTÞ;
ð11Þ

where T is the revolution period of the reference particle

and Dr is proportional to the tune ripple amplitude a. The

extracted beam intensity can be expressed as follows:

I nð Þ ¼ dNext
dn

¼ N0

r2

r4
dr2

dn
� 1

r2
dr2

dn

� �

exp � r2

r2

� �

¼ N0

1

r2
r2

r2
kh2 � 4pfTr0Dr cos 2pfnTð Þ

� �

exp � r2

r2

� �

:

ð12Þ

The first term on the right side of Eq. (12) can be consid-

ered a constant, while the second cosine term denotes the

spill ripple induced by separatrix area fluctuation. Because

Dr / a, the spill ripple amplitude is proportional to the

tune ripple amplitude and frequency. This conclusion

agrees with Eq. (6) taken from the previous model.

Then, we consider the influence of the tune ripple on

emittance growth. In RF-KO slow extraction, to excite all

particles effectively, the transverse RF-field should have a

frequency bandwidth Df that covers the betatron tune

spread. In general, the center frequency and bandwidth of

RF-KO are chosen to cover the tune spread. The coefficient

k mentioned in Eq. (10) represents the emittance growth

rate. The larger the value of k is, the faster the emittance

increases. The coefficient k is related to the beta function b,
center frequency of RF-KO, bandwidth of RF-KO, and

Fig. 2 Steinbach diagram of the

RF-KO slow extraction

a without tune ripple influence

and both a constant separatrix

area and emittance growth rate;

b with tune ripple influence and

both a fluctuating (time-

varying) separatrix area and

emittance growth rate
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betatron tune [13]. Here, k is proportional to b and 1=Df .
The variation in b caused by tune variation is quite small,

which is not the main reason for the variation in k. In fact,

the change in Df is the main reason for this. When the tune

varies, the tune spread also changes. However, the center

frequency and bandwidth of RF-KO remains constant. The

parameters of RF-KO do not match the betatron tune and

tune spread. In other words, the effective bandwidth of RF-

KO varies as well. Thus, the emittance growth rate, that is,

the coefficient k, varies. If the variation is small, consid-

ering the first-order approximation, k can be expressed as

follows:

k ¼ k0 þ Kqðq� q0Þ ¼ k0 þ Kqa sinð2pfnTÞ
¼ k0 þ Dk sinð2pfnTÞ;

ð13Þ

where Kq is the coefficient of the first-order approximation,

k0 represents the emittance growth rate or RF-KO excita-

tion efficiency without the ripple effect, and Dk � Kqa

denotes the variation of k, which is proportional to the tune

ripple amplitude a. Note that Eq. (13) requires that the

repetition frequency of FM (frequency modulation) is

much larger than the tune ripple frequency. k is the average

emittance growth rate in an FM period. The higher the

repetition frequency of FM is, the shorter is the FM period.

A shorter FM period means that the emittance growth is

modulated by the tune ripple more clearly. If the repetition

frequency of FM is smaller than the tune ripple frequency,

the FM period is longer than that of the tune ripple, which

means that in an FM period, the betatron tune variation

averaged over time is extremely small. Thus, the emittance

growth rate modulation by the tune ripple is weak and

Eq. (13) may no longer hold.

After considering the emittance growth rate variation,

the beam intensity can be expressed as follows:

I nð Þ ¼ dNext
dn

¼ N0

1

r2
r2

r2
k0 þ Dk sin 2pfnTð Þð Þh2

�

�4pfTr0Dr cos 2pfnTð Þ� exp � r2

r2

� �

¼ N0

1

r2
r2

r2
k0h

2 þ r2

r2
h2Dk sin 2pfnTð Þ

�

�4pfTr0Dr cos 2pfnTð Þ� exp � r2

r2

� �

¼ N0

1

r2
r2

r2
k0h

2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2

r2
h2Dk

� �2

þ 4pfTr0Drð Þ2
s

2

4

sin 2pfnT þ /ð Þ� exp � r2

r2

� �

;

ð14Þ

where tan/ ¼ �4pfTr0Dr=ðr
2

r2 h
2DkÞ.

There are two terms regarding the beam spill ripple in

Eq. (14). As mentioned previously, the cosine term denotes

the spill ripple caused by the stable triangle separatrix area

variation, whose amplitude is proportional to the tune

ripple amplitude and frequency. The sine term represents

the spill ripple induced by emittance growth rate variation,

whose amplitude depends only on the tune ripple ampli-

tude. If the tune ripple frequency f approaches zero, then

the amplitude of the cosine term also approaches zero.

However, the amplitude of the sine term remains the same,

which causes a nonzero intercept as depicted in Fig. 1b1.

Note that certain parameters mentioned in Eq. (14), namely

k0 and Dk, are difficult to determine theoretically, and r2

and h are time-dependent. Thus, Eq. (14) is suitable only

for qualitative analysis. It is almost impossible to calculate

the real spill ripple using Eq. (14).

Furthermore, the cosine and sine terms can be summed

as a sine term as shown in Eq. (14). Because both Dr and
Dk are proportional to the tune ripple amplitude a, the

relationship between the beam spill ripple and tune ripple

amplitudes and frequency can be expressed as follows:

Ir /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2

r2
h2Dk

� �2

þ 4pfTr0Drð Þ2
s

/ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ cf 2
p

; ð15Þ

where c is a coefficient. Observe that the beam spill ripple

amplitude has a linear dependence on the tune ripple

amplitude and nonlinear dependence on the tune ripple

frequency.

4 Simulation method and results

4.1 Simulation method

The amplitude and frequency dependence of the beam

spill ripple amplitude derived from the model were verified

via a simulation. To simulate the slow extraction process

more conveniently and quickly, a high-performance code

Li-Track based on C?? was developed for the beam

dynamics simulation of a synchrotron [14, 15]. The Li-

Track code is a parallel multiparticle tracking program

written entirely in C??, thus, can achieve a high compu-

tational speed. The overall design of the Li-Track follows

the object-oriented programming principles. The imple-

mented element model can be easily reused to build dif-

ferent synchrotron lattices. A symplectic integral algorithm

is used to ensure that there are no physical errors in the

long-term simulation. The lattice of the XiPAF synchrotron

was used for the simulation. The dual FM method [16] and

amplitude modulation (AM) [13] were applied. Table 1

lists the main parameters used in the simulations.
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The tune ripple mainly originates from the power supply

ripple. The main dipole and quadrupole power supply

ripples cause the tune ripple. In this simulation, the tune

ripple was introduced by the quadrupole power supply

ripple. Only the focusing quadrupole (QF) power supply

ripple was considered because the defocusing quadrupole

has a small influence on the horizontal betatron tune

compared with the focusing quadrupole. The relationship

between the tune ripple amplitude a and QF power supply

ripple in XiPAF synchrotron can be expressed as follows:

a ¼ 1:54
DIQF
IQF

; ð16Þ

where DIQF=IQF denotes the amplitude of QF power

supply ripple. Without loss of generality, QF power supply

ripple is assumed to be a sine wave with an initial phase

equal to zero. The extraction duration in the simulation was

0.3 s, which was sufficiently long compared to the power

supply ripple period. Although the beam spill ripple

amplitude may change over time, the average beam spill

ripple amplitude can be obtained from the frequency

spectrum of the beam spill using the fast Fourier transform

(FFT) method. To compare the simulation results more

conveniently, the beam spill ripple amplitude was nor-

malized by the average extracted beam intensity.

4.2 Influence of the power supply ripple amplitude

To measure the correlation between the beam spill rip-

ple and QF ripple amplitudes, we fixed the QF ripple fre-

quency at 50 Hz and varied the amplitude from 50 ppm

(parts per million) to 300 ppm. Figure 3 shows the time

Table 1 Basic simulation parameters

Parameter Value

Extraction energy (MeV) 60

Ring circumference (m) 30.9

Longitudinal RF voltage (V) 50

Revolution frequency (MHz) 3.3128

Horizontal betatron tune Qx 1.6784

FM center frequency (MHz) 2.24

Bandwidth of FM (kHz) 21.2

Repetition frequency of FM (Hz) 2422

Kick angle of RF-KO (lrad) 0.4–2

Separatrix area (p mm �mrad) 28.2

Macro-particle for simulation 2� 104

Extraction turns 106

Extraction duration (s) 0.3

Fig. 3 Simulation results of the extracted beam spill under different

power supply ripple amplitudes: a QF power supply ripple is a sine

waveform with a frequency of 50 Hz and amplitude of 100 ppm.

b QF power supply ripple is a sine waveform with a frequency

of50 Hz and amplitude of 250 ppm

Fig. 4 Correlation between the average normalized beam spill ripple

and QF power supply ripple amplitudes. The dashed line is the curve

fitted using a linear fit, and the dots represent the data obtained from

the simulation results. The linear dependence can be observed; the

intercept of the vertical axis is almost zero
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structure of the spill under different QF ripple amplitudes.

The beam intensity fluctuates significantly as the QF ripple

amplitude increases.

Although the beam spill ripple amplitude is time

dependent, the average amplitude can be obtained by FFT.

The correlation between the average normalized beam spill

ripple and QF ripple amplitudes is depicted in Fig. 4.

Observe from Fig. 4 that the average normalized beam spill

ripple amplitude linearly depends on the QF ripple ampli-

tude and the intercept of the vertical axis is almost zero,

which agrees well with the theoretical analysis results.

4.3 Influence of the power supply ripple frequency

To measure the correlation between the beam spill rip-

ple amplitude and QF ripple frequency, QF ripple ampli-

tude was kept constant while the frequency was varied

from 25 Hz to 250 Hz. In this simulation, the QF ripple

amplitude was fixed at three values, namely

100 ppm,150 ppm, and 200 ppm. Figure 5 shows the time

structure of the spill under different QF ripple frequencies.

The extracted beam intensity fluctuates significantly as the

QF ripple frequency increases.

From Eq. (15), the relationship between the average

normalized beam spill ripple amplitude Inr and QF power

supply ripple frequency can be deduced as follows:

Inr ¼ c1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ c2f 2
p

; ð17Þ

where c1 and c2 are the fitting coefficients. According to

Eq. (15), c1 is proportional to QF ripple amplitude whereas

c2 is independent of QF ripple amplitude. The correlation

between the average normalized beam spill ripple ampli-

tude and QF ripple frequency obtained via the simulation is

presented in Fig. 6. The dashed lines in Fig. 6 are the

curves fitted using Eq. (17). Observe that the relationship

between the average normalized spill ripple amplitude and

QF ripple frequency is nonlinear.

Coefficients c1 and c2 can be derived by fitting the

simulation data. The QF ripple amplitudes were set to

100 ppm, 150 ppm, and 200 ppm in the simulations. The

values of c1 are 0.0882, 0.1373, and 0.1854, respectively,

and the values of c2 are 4.5e-4, 4.1e-4, and 4.1e-4,

respectively, with each amplitude value. c1 is approxi-

mately proportional to the QF ripple amplitude, whereas c2
is independent of QF ripple amplitude. In other words, the

relationship between the fitting coefficients c1, c2, and QF

ripple approximately agrees with the theoretical analysis

results obtained from the model.

Fig. 5 Simulation results of the extracted beam spill under different

power supply ripple frequencies: a QF power supply ripple is a sine

waveform with a frequency of 100 Hz and amplitude of 200 ppm.

b QF power supply ripple is a sine waveform with a frequency of

200 Hz and amplitude of 200 ppm

Fig. 6 Correlation between the average normalized beam spill ripple

amplitude and QF power supply ripple frequency. The dashed lines

represent the curves fitted using Eq. (17). The diamonds, squares, and

dots represent the data obtained from the simulation results with QF

power supply ripple amplitudes of 100 ppm, 150 ppm, and 200 ppm,

respectively. A nonlinear dependence can be observed, and the

intercept of the vertical axis is nonzero
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Furthermore, we compared the fluctuation effect of the

separatrix area with that of the emittance growth rate

obtained from the simulation results. The nonzero intercept

of the vertical axis results from emittance growth rate

fluctuation. According to the fitted curves presented in

Fig. 6, the intercepts were 0.0882, 0.1373, and 0.1854,

respectively, for the three conditions. For the low-fre-

quency QF ripple, taking 50 Hz as an example, the nor-

malized spill ripple amplitudes were 0.1262, 0.1928, and

0.2486, respectively. This implies that in the low-frequency

regime (\50Hz), the spill ripple is mainly determined by

the emittance growth rate fluctuation effect. In the high-

frequency regime ([ 100Hz), fluctuation in the separatrix

area is dominant. Note that this conclusion may not be

established for all situations because the emittance growth

rate variation depends on the parameters of the RF-KO.

Different RF-KO parameters cause different spill ripples.

4.4 Emittance fluctuation

The simulation program Li-Track can output the phase

space distribution of particles at a fixed frequency. Thus,

Fig. 7 Circulating beam

evolution in the normalized

phase space without any QF

ripple. a–e Correspond to the

phase space at times 100 ms,

105 ms, 110 ms, 115 ms, and

120 ms, respectively
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the circulating beam evolution in the phase space can be

obtained during the RF-KO slow extraction process. Fig-

ures 7 and 8 demonstrate the circulating beam evolution in

the normalized phase space in one QF ripple period. The

frequency of QF ripple is 50 Hz; therefore, its period is

20 ms. The subgraph in Figs. 7 and 8 correspond to the

normalized phase space at different moments. In Fig. 7, the

amplitude of the QF ripple is zero and there is no ripple

effect. In Fig. 8, the frequency of the QF ripple is 50 Hz

and amplitude is 200 ppm. Compared with Fig. 7, the

evolution in the normalized phase space depicted in Fig. 8

is different owing to the QF ripple effect. This indicates

that the QF ripple influences not only the separatrix area

but also the emittance growth. In RF-KO slow extraction,

there are two tune regions: the extraction region near the

boundary of the separatrix and diffusion region deep inside

the separatrix [16]. Because of the emittance growth

caused by RF-KO, the particles in the diffusion region are

diffused into the extraction region and then extracted from

the extraction region. The extracted beam intensity is

determined by the particle density near the separatrix (i.e.,

the extraction region) and extraction rate from the

Fig. 8 Circulating beam

evolution in the normalized

phase space in one QF ripple

period. A QF ripple with a

frequency of 50 Hz and

amplitude of 200 ppm was

considered. a–e Correspond to

the phase space at times

100 ms, 105 ms, 110 ms,

115 ms, and 120 ms,

respectively
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extraction region to the unstable area. Because the QF

ripple affects the emittance growth, the diffusion rate from

the diffusion region to the extraction region and extraction

rate from the extraction region to the unstable area change.

Both the particle density in the extraction region and

extraction rate vary, both of which contribute to the beam

spill ripple.

We calculated the change in emittance with respect to

time to directly observe the circulating beam evolution in

phase space. To exclude the influence of separatrix area

fluctuation, particles near the separatrix were not included

when calculating the RMS emittance. Only particles with

emittances smaller than 25 p mm �mrad were considered.

The separatrix area was 28.2 p mm �mrad without a ripple

effect, which could be shrunk to 26.7 p mm �mrad with a

200 ppm QF ripple. Therefore, the 25 p mm �mrad was

sufficiently small to exclude the influence of separatrix area

fluctuation. The RMS emittance varied over time under

different conditions as shown in Fig. 9. The RMS emit-

tance was effectively modulated by the QF ripple com-

pared to the no-power-supply ripple case, which agrees

with the theoretical analysis. As mentioned previously, the

emittance growth rate depends on the parameters of RF-

KO; consequently, it is possible to adjust the RF-KO

parameters to reduce the emittance growth rate fluctuation.

5 Discussion

The beam spill ripple originates from two phenomena:

the stable triangle separatrix fluctuation and emittance

growth rate fluctuation. Therefore, we can mitigate the

influence of the tune ripple considering two perspectives.

The first is to reduce the separatrix area fluctuation influ-

ence; for example, by enlarging the betatron tune distance

and sextupole field strength simultaneously while keeping

the separatrix area constant [12] or lowering the particle

density near the separatrix by an extra transverse RF-field

[17]. Another is to reduce the emittance growth rate sen-

sitivity to tune ripple, which requires determining adequate

RF-KO parameters. As mentioned in Sect. 3, a shorter FM

period means that the emittance growth is modulated by the

tune ripple more clearly. Hence, appropriately reducing the

repetition frequency and lengthening the FM period is a

possible way to mitigate the power supply influence. The

effects of other parameters, such as the center frequency

and bandwidth of the RF-KO, still need to be researched.

Further study is needed to realize the mitigation tune ripple

influence from the emittance growth perspective.

6 Conclusion

The tune ripple significantly affects the beam spill ripple

in RF-KO slow extraction. A novel beam spill-ripple model

is proposed in this study. On the one hand, the tune ripple

causes the separatrix area fluctuation; on the other hand, it

influences the emittance growth rate in the RF-KO

extraction method. These two aspects simultaneously

contribute to the beam spill ripple. To verify this model, a

simulation was performed using the XiPAF synchrotron

lattice. The simulation results agreed well with those of the

theoretical analysis. Further studies are still needed to

mitigate the tune ripple influence to a greater extent.
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