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Aweak vertical coupled-bunch instability with oscillation amplitude of the order of a few �m has been

observed in SPEAR3 at nominal vacuum pressure. The instability becomes stronger with increasing

neutral gas pressure as observed by turning off vacuum pumps, and becomes weaker when the vertical

beam emittance is increased. These observations indicate that the vertical beam motion is driven by ions

trapped in the periodic potential of the electron beam. In this paper we present a series of comprehensive

beam measurements, impedance-based stability analysis, and numerical simulations of beam-ion inter-

actions in SPEAR3. The effects of vacuum pressure, gas species, beam current, bunch fill pattern,

chromaticity, and vertical beam emittance are investigated.
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I. INTRODUCTION

In an electron storage ring, ions generated from electron
beam collisions with residual gas molecules can be trapped
by the periodic electric potential of the bunched beam. The
positively charged ions then interact resonantly with the
beam leading to coupled-bunch motion and emittance
blowup. For this reason most storage ring light sources
use a long bunch train followed by a charge-free gap to
avoid multiturn ion trapping. Nevertheless, the ion-
clearing gap often does not preclude ions from accumulat-
ing during one passage of the bunch train resulting in the
fast ion instability (FII) predicted by Raubenheimer and
Zimmermann [1]. The FII has been observed at the
Advanced Light Source and Pohang Light Source by arti-
ficially increasing the neutral gas pressure with helium
injection into the vacuum chamber, or by turning off vac-
uum pumps to induce pressure buildup [2–4]. Similarly,
as observed in PLS [5], SOLEIL [6], and Shanghai
Synchrotron Radiation Facility [7], when the vertical
beam emittance is reduced the trapping potential increases
and beam-ion instabilities can occur at nominal vacuum
pressure.

Although beam-ion instabilities have been qualitatively
observed at many accelerator facilities, there is still a need
to develop quantitative agreement between measurement,
theory, and simulation. Existing theories often include a
single damping factor, for instance, Stupakov’s [8] inves-
tigation of beam size variation around the accelerator
and Kim/Ohmi [9] and Wang’s [10] formalism of includ-
ing nonlinear space charge effects. Here we provide a
detailed analysis of beam-ion interactions in SPEAR3 in-
cluding the effect of multiple gas species, realistic beam

optics, nonlinear space charge forces, and chromaticity
simultaneously. All these factors can provide damping
mechanisms which act to suppress growth of beam-ion
instabilities. This integrated-physics approach yields
good agreement between measurement and calculated
beam instability in SPEAR3.
It is important to note some basic characteristics of

beam-ion instabilities to correctly observe and interpret
the measured data. Ions trapped in the electron beam
potential oscillate with a frequency dependent on beam
current, beam size around the ring, and bunch fill pattern.
The trapped ion oscillation frequency can range from
10–150 MHz in SPEAR3 which corresponds to an ion
oscillation period of 100–6 ns or 50–3 rf buckets. The
oscillation frequency also varies with charge/mass ratio
so a mixture of gas species will broaden the effective ion
frequency. Since the ion oscillation period is longer than
the 2.1 ns bunch spacing, ions disturbed by one electron
bunch can couple to the trailing bunches leading to
coupled-bunch instability with mode number correlated
to the ion oscillation frequency. The dependence of mode
number on beam current profile and transverse beam
size also generates important signatures of the beam-ion
instability mechanism.
Different from other types of chamber-impedance driven

instabilities, the amplitude of a beam-ion instability typi-
cally grows quickly in the linear regime and then saturates
at low amplitude, about one beam radius [13 �m root-
mean-square (rms) size in our case], due to nonlinear
amplitude-dependent space charge effects. Since SPEAR3
has mode-damped cavities and low vacuum chamber im-
pedance, coupled-bunch instabilities driven by resistive
wall impedance and high-order cavity modes are normally
small or nonexistent. This makes SPEAR3 an ideal
machine to isolate and measure beam-ion interactions.
This paper reports on measurement and modeling of

beam-ion instabilities in SPEAR3 including single bunch
train (FII) and multiple bunch-train instability phenomena.
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Note that the instability characteristics may differ even
with the same electron beam conditions due to changes
of the vacuum characteristics over time. Most of the mea-
surements were made under nominal vacuum conditions
with the exception of one case where the vacuum pressure
was artificially increased by turning off ion pumps. The
paper is organized with measured data presented in Sec. II,
wakefield/impedance analysis in Sec. III, and numerical
simulations in Sec. IV.

II. BEAM-ION MEASUREMENTS

A. The SPEAR3 light source

The SPEAR3 storage ring has an 18-cell double bend
achromat racetrack magnet lattice with 234 m circumfer-
ence and harmonic number 372. At 3 GeV the natural
horizontal emittance is 10 nm. The nominal vertical emit-
tance is 10–15 pm for user operations or as low as 5 pm
during minimum coupling tests. The nominal fill pattern
consists of six bunch trains containing a total of 280
bunches. Four of the bunch trains have 47 consecutive
bunches with bunch-train separations of 30 ns while the
other two contain 46 bunches with bunch-train separations
of 32 ns. Under these conditions there are no observable
beam-ion instabilities at beam currents up to 500 mA.

Table I lists the main parameters of the SPEAR3 storage
ring. The beam-loaded vacuum pressure ranges from 0.1 to
0.5 nTorr depending on position in the storage ring.
In general, gas composition of different accelerators can
vary. In SPEAR3 the dominant species are H2 (48%), H2O
(21%), CO2 (14%), CO (12%), and CH4 (5%). These are
average values measured at four vacuum gauges. We will
use this gas composition as a baseline throughout the
paper.

B. Dependence on vacuum pressure

The beam-ion instability was first observed at SPEAR3
for 200 mA beam with single bunch-train fill pattern.
Figure 1 shows a section of the beam power spectrum
where the high peak signals are revolution harmonics and
the lower sidebands to the left are vertical sidebands
(due to beam-ion coupling in this case). The modal fre-
quencies of the sidebands agree well with theoretical pre-
dictions. No horizontal sidebands were observed. Figure 2
shows the bunch-by-bunch vertical oscillation amplitude
along the 280 bunch train as a function of bunch number.
A single ‘‘probe’’ bunch with higher beam current can be
seen in the charge-free gap. Along the main bunch train the
observed bunch oscillation amplitude increases from front
to back, but not exactly monotonically, and saturates at
�10 �m rms (about one vertical beam size). Since
coupled-bunch instabilities driven by traditional vacuum
chamber impedance do not exhibit similar saturation
mechanisms the observed beam motion can be attributed
to beam-ion interactions.
In order to confirm the beam-ion coupling hypothesis, the

vacuum pressure was raised by turning off a series of ion
pumps in the ring. Figure 3 shows the resulting growth of the
vertical sidebands for a range of different average pressures
and 300 mA total beam current. In this case, the bunch fill
pattern included six bunch trains and the frequencies in-
dicated along the horizontal axis represent the location of
the vertical low sideband frequencies near the revolution
harmonics. Initial operation with all vacuum pumps active
produces an average ring pressure of 0.37 nTorr and no
vertical beam instability. The instability began to appear
as the neutral gas pressure was increased and became
stronger at higher pressures. These observations confirmed

TABLE I. Typical SPEAR3 machine parameters.

Parameter Symbol/unit Value

Beam energy E (GeV) 3

Circumference C (m) 234

Beam current I (mA) 200–500

Revolution frequency f0 (MHz) 1.280

rf frequency frf (MHz) 476.315

Harmonic number h 372

Bunch spacing Sb=c (ns) 2.1

Bunch number M 280

Bunch length �z (mm) 6

Momentum compaction factor � 1:6� 10�3

Energy spread �E 9:8� 10�4

Damping times �x=�y=�z (ms) 4:0=5:3=3:2
Horizontal tune �x 14.1

Vertical tune �y 6.18

Horizontal emittance "x (nm) 10

Vertical emittance "y (pm) 14

Vacuum pressure P (nTorr) 0.1–0.5

FIG. 1. Beam spectrum at 200 mA with a single bunch-train
fill pattern. The high peaks are the revolution harmonics and
the peaks to the left are lower vertical sidebands excited by
beam-ion interactions.
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that the vertical instability was driven by ions in the vacuum
chamber.

As discussed above, the ion oscillation frequency can
vary around the accelerator due to changes in the periodic
electron beam trapping potential and ion charge/mass ratio.
As shown in Fig. 3, the combined effects of variable beam
size and complex gas composition result in a broad spec-
trum of unstable modes with relatively low oscillation
amplitudes even at higher vacuum pressure.

C. Dependence on vertical beam size

Additional tests were carried out to confirm the effect of
vertical emittance on the beam-ion interaction. For these

measurements the skew quadrupole magnets were turned
off to increase vertical beam size. Figure 4 shows the
resulting change in the spectrum of lower vertical side-
bands with the skew quadrupole magnets on and off. The
vertical beam size is about 2.3 times larger when the
quadrupole magnet is turned off. In this case the beam
fill pattern consisted of a single bunch train with 280
bunches and a total beam current of 192 mA. With the
skew quadrupole magnets off, the maximum frequency of
the sidebands decreased from 26.0 to 13.0 MHz, and the
spectral amplitude dropped as predicted by the theory
when considering the change in focusing potential as
seen by the trapped ions. This behavior also indirectly
confirmed that the beam instability was driven by ions
rather than physical vacuum chamber impedance because
to first order the resistive wall and geometric impedance do
not change with beam size. The observed frequencies also
agree with estimated values presented below.
Note that hydrogen ions do not contribute to the beam-

ion instability although it is the dominant gas species in the
SPEAR3 vacuum chamber. This can be explained by the
small ionization cross section and low molecular mass. We
rarely observe beam instabilities at the higher frequencies
expected from hydrogen ions even at high beam current.
Generally speaking, heavy ions are the primary drivers of
beam-ion instabilities due to their large ionization cross
section, slower kinetic velocity, and consequently more
stable motion in the periodic trapping potential. The simu-
lation shows that the ion volume density exhibits an ex-
ponential decay in the charge-free gap with a decay time
order of the ion’s oscillation period. Therefore, the bunch-
train gap is more effective in reducing the ion density for
light ions, which also reduces the effect of light ions. As
demonstrated below, heavier ions contribute to larger
effective beam-ion impedance due to these effects.
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FIG. 3. Vertical lower sideband spectra at different total
vacuum pressures. For these measurements the beam consisted
of six bunch trains with total bunch number of 280 and beam
current 300 mA. No sidebands are visible at the nominal
operating pressure of 0.37 nTorr.
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FIG. 2. Bunch-by-bunch vertical oscillation amplitude with a
single 280-bunch train. Bunches 1–280 are filled with a total
beam current of 200 mA. A single probe bunch is visible in
bucket 326.
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D. Dependence on total beam current

Total beam current affects the beam-ion interaction in
two ways: the frequencies of the unstable modes increase
with the square root of the beam current, and the instability
growth rate increases linearly with beam current with the
assumption of constant vacuum and long enough bunch-
train gap. Figure 5 shows the lower vertical sideband
spectra for various beam currents and again a single bunch
train. Clearly there is a tendency toward stronger instability
at higher beam currents. Other types of beam instability
also have the same character, however in this case the
amplitude of the unstable modes remains small, which is
a typical feature of beam-ion instabilities. The increase in
the unstable modal frequencies with beam current is a
characteristic of beam-ion instabilities. Note that the un-
stable modes at lower frequency always appear when
strong instability occurs, for instance at high beam current,

high vacuum pressure, or short bunch-train gap. When
the amplitude of the beam instability grows larger than
the beam size, the oscillation amplitude enters a non-
linear regime which results in larger frequency spread
towards low frequencies and consequently stronger
Landau damping of the motion.

E. Dependence on bunch fill pattern

Beam-ion interactions are particularly sensitive to the
bunch fill pattern because ion accumulation depends on the
timing structure of effective trapping potential presented
by the electron beam. In general, more ions survive a short
gap in the bunch train because time of flight in the field-
free region is reduced. As demonstrated in SPEAR3, the
beam-ion instability becomes slightly stronger when the
train gap was reduced from 189 to 38 ns and was much
stronger when the gap was reduced to 17 ns. These results
suggest that the effect of gap size is nonlinear—a gap of
38 ns was tolerable but a gap of 17 ns was too short. For
example as shown in Fig. 6, pinhole camera images of the
x-ray beam clearly identify ion-induced vertical beam size
blowup in the extreme case of no ion-clearing gap.
As a result, a multi-bunch-train fill pattern can help to

mitigate beam-ion instabilities by reducing the density of
trapped ions near the beam [10]. For example, the beam is
unstable with a single bunch train 200 mA current beam as
shown in Fig. 1 but the instability disappears when the
single bunch train is divided into two equal bunch trains
(not shown here).
Figure 7 shows the lower sideband amplitudes of un-

stable modes with one, four, and six bunch trains. The
beam current is 500 mA in all cases. Note that there is
significant reduction with four bunch trains compared with
a single bunch train. However, the rate of reduction de-
creases beyond four bunch trains. The optimum fill pattern
appears to be six bunch trains, which was chosen for the
nominal SPEAR3 operating mode. The bunch-train gap for
the six-bunch-train fill pattern is 32 ns (15 buckets) which
is equal to one wavelength at 31 MHz.
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F. Dependence on chromaticity

In addition to using different bunch-train fill patterns,
the beam-ion instability can also be controlled by increas-
ing chromaticity. Figure 8 shows the reduction in lower
vertical sidebands with higher vertical chromaticity in
SPEAR3. In this case, the beam fill pattern was a single
280-bunch train with total beam current of 500 mA and the
horizontal chromaticity was held constant at 2.0. The data

clearly show the damping effect from increased vertical
chromaticity. Note that the additional nonlinearity in the
lattice optics at high chromaticity, such as �y ¼ 7 as shown

in Fig. 8, decreases the dynamic aperture and therefore
drops the beam lifetime from 10 to 4.7 hours and reduces
the beam injection rate. SPEAR3 normally operates with
top-up injection at 5 min intervals so control of the beam-
ion instability with excessively large chromaticity is
impractical.
Based on the bunch fill pattern studies outlined above

and the desire to operate with modest chromaticity,
SPEAR3 now operates with either four or six bunch trains.
Beam-ion instability at 500 mA with a six-bunch-train
pattern is completely suppressed by increasing the vertical
chromaticity from 2.0 to 2.6 without the use of bunch-by-
bunch feedback. Feedback may become necessary for
future lower-emittance operation or with more small-gap
insertion devices. When on occasion the beam-ion insta-
bility does appear (which can happen following a vent of
the vacuum chamber), a slightly higher vertical chroma-
ticity can be applied to suppress the instability.

G. Resistive wall instability

For comparison, we can briefly discuss the resistive wall
instability which has been observed in many light sources
due to the use of stainless steel vacuum chambers and small
aperture insertion devices. In SPEAR3 the vacuum cham-
ber is constructed from oxygen-free high-conductance
copper and many of the ID chambers are internally copper
plated so there is no resistive wall instability in nominal
operating conditions. In order to detect resistive wall in-
stability threshold, we injected a uniform bunch pattern
(no gap). In this case, a low frequency instability was
observed in the vertical plane. Figure 9 shows the resulting
lower sideband spectrum with a total beam current of
500 mA. The beam instability can be attributed to resistive
wall impedance because the spectrum contains signature
sideband amplitudes inversely proportional to the square
root of frequency. Under these conditions the instability
could not be passively suppressed even at high vertical
chromaticities up to 7.4.
For the single 280-bunch-train beam including an ion-

clearing gap, we observed only pure beam-ion instability
with a vertical chromaticity of 1.4. The resistive wall
instability appeared at lower chromaticity of 0.4. The re-
sistive wall instability becomes slightly stronger with mul-
tiple bunch-train patterns where the threshold in terms of
vertical chromaticity is about �y ¼ 0:9 for two, four, and

six bunch trains. These results indicate that the resistive
wall instability also depends on the bunch fill pattern and is
strongest with a uniform fill pattern. On the other hand, the
single bunch-train fill pattern with a gap has slightly
weaker resistive wall instability than multiple bunch-train
cases. The resistive wall instability in SPEAR3 with nomi-
nal multi-bunch-train beam is suppressed by a chromaticity
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about 1.0. A bunch-by-bunch feedback may become nec-
essary when more insertion devices are installed in the
future.

III. THEORETICAL ANALYSIS

A. Ion-cloud impedance with arbitrary
vacuum and variable beam size

To compare theory with measurements, it is essential to
model the beam-ion instability with accurate gas compo-
sition vacuum and include variation of beam size around
the ring. Existing beam-ion instability theories do not
include both effects. Our analysis can model multiple gas
species, realistic beam optics, nonlinear space charge
forces, and chromaticity simultaneously. Therefore, it can
be directly used to compare with beam measurements.

To begin, we model the beam-ion instability as a
two-stream beam instability. In this case positive ions
are trapped by the negatively charged electron beam. The
electric field of a bi-Gaussian distribution of particles in the
linear regime (within one beam size) has the following
form:

Ex;y ¼ �

2�"0�x;yð�x þ �yÞ ðx; yÞ; (1)

where � is the line density of the charge and "0 is the
vacuum permittivity. The ion-cloud distribution is not
exactly Gaussian but the electric field of the ion cloud
can be assumed to closely approximate that of a Gaussian

distribution with �i ¼ �e=
ffiffiffi
2

p
[10].

In the linear regime, the coupling force between the
electron beam and ion cloud can be modeled using the
wakefield formalism [10]. Here, when an electron bunch
with transverse displacement �ye passes through the ion

cloud, the ion cloud begins to oscillate with frequency of
!i and amplitude of ŷi. The oscillating ion cloud then
deflects trailing electron bunches which further amplifies
the ion motion. When the offset �ye is smaller than the
beam size and the wavelength of the ion-cloud oscillation
is much longer than the bunch spacing, the motion of the
ion cloud can be expressed as

yiðtÞ ¼ ŷi sin!it ¼
Nerpc

!i;yA

2P
y
ðP
x
þP

y
Þ�ye sin!it; (2)

where c is the speed of light, rp is the classical radius of the

proton, A is the mass number of the ion, Ne is electron
bunch population, and

P
x;y is an effective cross-sectional

area which depends on the transverse size of electron
bunch and ion cloud. If electron bunches and the ion cloud
both have Gaussian distributions with rms size �eand �i,
we get

X
x

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

e;x þ �2
i;x

q
and

X
y

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

e;y þ �2
i;y

q
: (3)

Then it is straightforward to calculate the kick of the
oscillating ion cloud on subsequent electron bunches. The
wakefield is derived from the ratio of the kick relative to
the initial offset as

WyðsÞ ¼ 	

Nere

��y0eðsÞ
�ye

; (4)

where re is the classical radius of electron and 	 is the
relativistic factor. In the linear regime, the kick amplitude
is proportional to the offset so the wakefield is independent
of offset as expected. The wakefield of an ion cloud with a
constant beam size can be further generalized to include
the nonlinear field as [10]

WyðsÞ ¼ Ŵye
�ð!is=2Q0cÞ sin

�
!is

c

�
; (5)

here the amplitude of the wake is given by

Ŵy ¼ Ni

�
rpSb
ANe

�
1=2

�
4

3

1

�yð�y þ �xÞ
�
3=2

; (6)

where Ni is the number of ions, Sb is bunch spacing, and
�x;y is the transverse rms beam size of the electron

bunches. Q0 is an effective quality factor due to the non-
linear space charge field, which depends on the distribution
of the particles. For a Gaussian distributed beam, Q0 � 9
[10]. It is important to note that the nonlinearity has only a
weak dependence on the vertical beam emittance when the
horizontal emittance is fixed. For instance, the Q0 value
changes from 8.63 to 9.74 when the vertical emittance is
increased from 1 to 8 nm in our simulations. In the linear
regime, the coherent ion oscillation frequency is
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!i;y ¼ 2�fi;y � c

�
4Nerp

3ASbð�x þ �yÞ�y

�
1=2

: (7)

For a flat beam, as seen in most electron rings, the
vertical wake function is larger than the horizontal wake
function resulting in a stronger instability in the vertical
plane. This explains the reason we predominantly observe

the vertical instability in SPEAR3. In the rest of this paper
we discuss only vertical beam-ion instabilities and omit the
subscript y for simplicity.
In general, the beam size and vacuum pressure vary

around the ring. The total wakefield from the ions is
therefore calculated by integrating around the whole
ring [10],

WringðsÞ ¼
Z C

0

4

3

!i;yðzÞ
c

�iðzÞSb
Ne

1

�yðzÞ½�yðzÞ þ �xðzÞ� e
�½!iðzÞs=2Q0c� sin

�
!iðzÞs

c

�
dz; (8)

where �i is the ion line density. The volume density of the
ion cloud increases linearly along the bunch train and
exponentially decays during the bunch-train gap with a
decay time of the order of the ion oscillation period [10].
Equation (8) can be used to calculate the wake function
with arbitrary beam fill pattern if it is assumed that the
bunch spacing is much shorter than the ion oscillation
period. This condition should be checked at each location
and the integral should be done only at the locations where
the assumption is true. For instance, where there is only a
very small betatron function in the wiggler section of the
International Linear Collider (ILC) damping ring, the
light ions species cannot be trapped along the bunch
train. The strong space charge force of the electron bunch
‘‘over-kicks’’ ions and drives them out of the beam.

The total wake function with multiple gas species can be
calculated from Eq. (8) by linearly superimposing the wake
function of different ion species. As a result, Eq. (8) can
yield the total wake function of ions around the ring with
arbitrary beam optics and gas composition, including non-
linear space charge effects. It should be pointed out that it
is essential to calculate the wake function using Eq. (8)—as
is shown later the wake function can be inaccurate if
estimated assuming constant beam size around the ring.

In many cases, it is advantageous to analyze beam
instability problems in the frequency domain. The imped-
ance due to the ion cloud integrated around the ring can be
obtained by Fourier transform of the wake function as

Z?ð!Þ ¼ i
Z 1

�1
ds

c
WringðsÞei!s=c: (9)

Time and frequency domain plots of the ion wake function
and impedance in SPEAR3 including all effects (nonlinear
space charge force, beam optics, and multiple gas species)
for a typical gas composition and total gas pressure of
0.37 nTorr are shown in Fig. 10. In this case, the beam
fill pattern was six bunch trains with a total beam current of
500 mA. The ion density seen by different bunches varies
somewhat because of the nonuniform fill pattern. The wake
function was calculated using an average ion density seen
by all bunches.
The benchmark against simulation shows the average

ion density method is a good approximation with a suffi-
cient number of bunch trains. Similarly, the growth rate of
the single bunch-train instability [1] is exactly proportional
to the average ion density (or wakefield) along the bunch
train. In this case, both the instability growth rate and the
wake of ion cloud increase linearly along the bunch train.
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This may explain why the average wake model works. The
calculated wake function and impedance induced by differ-
ent ion species shown in Fig. 10 provide further insight into
the beam-ion interaction physics. In each case a quality
factor of Q0 ¼ 9 was used to model the effect of nonlinear
space charge. The wake function from CO2 ions has the
largest amplitude due to its large ionization cross section
and large mass (low diffusion rate). H2 ions also have large
wake function due to the high partial pressure of hydrogen
although its ionization cross section is small. However, the
frequency of H2 is large so that its effect on instability is
small. Clearly each wake function has a damped-resonant
oscillation form with wavelength longer than the bunch
spacing thus providing a multibunch coupling mechanism.

Through integration, the impedance spectrum for each
gas species depends on the variation of the beam size
around the ring. The net impedance at each frequency
results from contributions of the ions at different locations
around the ring taking into account variations in electron
beam size. The computed single-gas impedance spectrum
therefore captures the frequency-dependent effect of
variations in beam size. For instance, the impedance due
to single gas species in the ILC damping ring has three
peaks which represents the contributions of the ions from
straight, arc, and wiggler sections, respectively [11]. Note
that the relative frequency spread �!=! of the impedance
induced by each ion species is approximately the same
because of the cancellation of the mass factor in the
numerator and denominator. It purely represents the effect
of variations in beam size. As shown later, it can be
represented by a Q factor. In a ring with large variations
in beam size, such as an ILC damping ring, a larger
relative frequency spread in the ion impedance leads to
an increased damping of the beam-ion instability.

A multispecies gas composition also contributes to
spread in the effective ion frequency. As shown in
Fig. 10(b), the overlap of the frequencies from different
types of ions increases frequency spread across the imped-
ance spectrum which tends to mitigate the beam-ion inter-
action. Note that the frequency of H2 ions is well separated
from other ion species. The frequencies of CH4, H2O, CO,
and CO2 ions overlap strongly in the range from 20 to
60 MHz making it difficult to distinguish the effect of
different ion species experimentally.

B. Instabilities driven by multiple gas species

When the beam is evenly filled around the ring, the
exponential growth rate of the coupled-bunch instability for

mode y�j / e2��j=nb is given by the imaginary component of

the coherent frequency shift with mode number� [12],

���!
¼ i
NeMrec

2	T2
0!


X1
p¼�1

Z?½ðpMþ�yþ�Þ!0þm!s�:

(10)

Here T0 and!0 are the revolution period and frequency, �y is

the betatron tune,M is the bunch number, !
 and !s are the

betatron and synchrotron frequency. The real part of the fre-
quency shift gives a tune shift and the imaginary part gives the
exponential growth rate of the coupled-bunch beam-ion insta-
bility.Growth time is the inverse of growth rate. Amulti-bunch-
train beamfill patternwith short charge-free gaps is an effective
way to reduce the ion impedance and therefore mitigate the
beam-ion instability.Wewill use Eq. (10) to estimate the beam-
ion instability growth rate of multi-bunch-train beams with the
approximation of a uniformly distributed bunches.
Figure 11 shows the growth rate of each unstable mode

driven by different ion species based on the impedances
presented in Fig. 10(b). The different contribution from
each ion type is clearly shown in the plot. CO2, CO, and
H2O contribute to the most unstable modes. The actual
instability is weak when considering the radiation damping
rate as shown by the dashed line in the plot. The unstable
modes driven by hydrogen ions (near mode number 280)
are completely radiation damped. Analysis of separate gas
species provides a convenient way to study the effect of
realistic vacuum conditions and understand the contribu-
tion from each ion species. For instance, the effect of CO,
CO2, and H2O partially add together to contribute a broad
mode spectrum with multiple spikes which agrees with
measurement. A single gas model cannot explain multiple
spikes in the spectrum. In the ILC damping ring [11], even
H2 ions can provide damping to unstable modes. It is
therefore important to analyze and simulate the beam-ion
instability with a realistic gas composition for each
accelerator.

C. Bunch-train effects

Several mechanisms to suppress beam-ion instability
with a multiple bunch-train fill pattern are discussed in
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Ref. [10]. Roughly speaking, a multiple bunch-train beam
fill pattern can reduce the ion density near the beam and
therefore the net ion-induced impedance. Typically, when
the bunch-train gap is much longer than the ion oscillation
period for a given gas species all ions of that type are cleared.
The optimum bunch-train gap is one or two ion oscillation
periods to minimize ion trapping while attempting to
accommodate as many bunches as possible.

Figure 12 shows the calculated ion-cloud impedance for
different beam fill patterns in SPEAR3. There is clearly a
reduction in impedance using multiple bunch-train fill
patterns. The four and six bunch trains have similar im-
pedance, which agrees with the measurement and simula-
tions shown below. The instability growth rate with the six
bunch train was shown in Fig. 11, including radiation
damping. The unstable modes driven by H2 ions are very
weak for the single bunch train and are completely radia-
tion damped when a multiple bunch train is used. This
explains why we do not observe the unstable modes driven
by H2 ions in SPEAR3. In general, the frequency range of
the calculated impedances shown in Fig. 12 also agrees
with the measurement.

D. Effects of bunched beam and chromaticity

The above analyses were carried out using a single
particle model. For a bunched beam, the beam-ion inter-
action force technically depends on the product of the
impedance and the bunching factor in the frequency
domain. The effective impedance seen by a bunched
beam is given by

Zeff
? ¼ X1

p¼�1
Z?ð!Þe�ð!�!�Þ2�2

z=c
2
; (11)

where Z?ð!Þ is the single particle impedance, !� ¼
!0�=� is the chromatic frequency shift due to chromatic-
ity � ¼ �Q=ð�p=pÞ, �z is the rms bunch length, � is the
slippage factor � ¼ �� 1=	2, and � is the storage ring
momentum compaction factor. Because of the low fre-
quency content of the ion-cloud impedance, the effective
impedance seen by a bunched beam at zero chromaticity is
almost the same as that of the single particle calculation.
As a result, the single particle derivations discussed above
are also accurate for a bunched beam. However, nonzero
chromaticity can induce a frequency shift which reduces
the effective impedance seen by the beam. The impedance
reduction depends on both bunch length and the chromatic
frequency. The effect of chromatic frequency shift is more
pronounced for machines with low momentum compaction
factor and/or long bunch length.
For the nominal operation of SPEAR3, both the hori-

zontal and vertical normalized chromaticities are �2:0. If
the beam-ion instability appears, a slightly higher vertical
chromaticity can be used to suppress the instability.
Viewed as a function of coupled-bunch mode number,
the effect of chromaticity is clearly seen in Fig. 13. For
both single bunch-train and multiple bunch-train beams,
any weak instability driven by hydrogen ions (mode num-
ber�280) can be completely damped by a combination of
chromaticity and radiation damping.
According to calculation, with a six-bunch-train beam

fill pattern, a chromaticity of 4.0 suppresses all unstable
modes except those driven by CO2 ions. Based on mea-
surement, a chromaticity of 2.6 damps the most unstable
mode. The difference indicates that either the real total
pressure is below 0.375 nTorr or the actual CO2 partial
pressure in the vacuum is less that 14%. Nevertheless, the
analysis is very close to the measurements even with the

200250300350
0

100

200

300

400

500

600

700

800

Mode No.

G
o

w
th

 r
at

e 
(1

/s
ec

)

 

 

single train,ξy=0

single train,ξy=2

single train,ξy=4

single train,ξy=6

single train,ξy=8

six train,ξy=2

six train,ξy=4

six train,ξy=6

FIG. 13. Calculated growth rates of the beam-ion instability in
SPEAR3 for 500 mA beam current and 280 bunches in a single
bunch train and six-bunch-train fill pattern at different chroma-
ticity values. A total average vacuum pressure of 0.375 nTorr is
used. The dashed line shows the radiation damping rate.

0 50 100 150 200
0

0.2

0.4

0.6

0.8

1

f (MHz)

Z ⊥
 (

M
Ω

/m
)

 

 

One  bunch train
Two  bunch train
Four bunch train
Six  bunch train

FIG. 12. Calculated of ion-cloud impedance for different beam
fill patterns in SPEAR3. The beam current is 500 mA and the
total vacuum pressure is 0.37 nTorr in all cases. The dashed line
shows the radiation damping instability threshold with a vertical
damping time of �y ¼ 5:3 ms. The corresponding instability

growth rate with a six bunch train is shown in Fig. 11.

BEAM ION INSTABILITY: MEASUREMENT, ANALYSIS, . . . Phys. Rev. ST Accel. Beams 16, 104402 (2013)

104402-9



uncertainty in gas composition. With 300 mA beam current
and vertical chromaticity of 2.0, there is no measurable
instability which also agrees with analysis.

E. Vertical beam size effects

As expected, the distribution of unstable modes is
closely related to the beam-ion impedance. To see this
more clearly, we take the Fourier transform of the
resonance-type wake function in Eq. (5) to yield the
frequency-dependent impedance,

Zionð!Þ ¼ Ŵt

!
�

Q

1þ iQð!i

!
1
� � !

!i
�Þ

� Ŵt

!

Q

1þ iQð!i

! � !
!i
Þ ; (12)

where Ŵt and Q are the amplitude and quality factor,
respectively, obtained by fitting the integrated wake
function of Eq. (8) to the resonance model in Eq. (5).

With Q � 4, the factor � ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ð1=2QÞ2p � 1. At the

resonance frequency, ! ¼ !i, the real part of the imped-
ance can be simplified to

Re

� X1
p¼�1

Zion½ðpMþ �y þ�Þ!0�
�
¼ ReðZionð!iÞÞ

� Ŵt

!i

Q ¼ 4

3
Q
NiSb
Ne

1

�yð�y þ �xÞ : (13)

At SPEAR3, the beam is relatively flat �x � �y, so the

impedance at resonance frequency is inversely propor-
tional to the product of horizontal and vertical beam size.

Vertical beam size (emittance) can affect the ion imped-
ance in several ways for a given bunch current and bunch
fill pattern. First, the maximum impedance is roughly
proportional to 1=�y when the coupling is less than a

few percent and the number of ions is fixed. The problem
is complicated, however, by the fact that at fixed current the
number of trapped ions depends on beam size as well as ion
species. More ions can be trapped with a larger emittance
and heavier ions are more stable and have more chance to
survive a bunch-train gap. These two factors make heavier
ions more important at large vertical beam size. Therefore,
as shown in Fig. 14 for different coupling cases, the
impedance reduction with large emittance is smaller for
heavier ions. For these two cases the ratio of the coupling is
10 and the impedance of light hydrogen ions is reduced by
a factor about square root of 10. The impedance reduction
is smaller for heavy ions such as CO2. At large emittance
there is less frequency spread and the impedance spectrum
shifts to lower frequency. This tendency is shown in Fig. 14
as well as Fig. 4.

F. Beam current effects

As shown in Eq. (10), for a given fill pattern, the
instability growth rate is proportional to the beam current
and ion impedance. Interestingly, the ion impedance itself
does not increase with beam current, and even slightly
decreases with total beam current even though the number
of ions goes up. The reason for the net reduction in ion
impedance is that the ion frequency also increases with
total beam current. The peak impedance is inversely
proportional to the ion frequency which reduces the over-
all impedance at high beam current. As demonstrated in
Eq. (13), the ion impedance is roughly proportional to
Ni=Ne. For a single bunch train with long gaps, this ratio
is approximately constant and the ion impedance there-
fore does not change with beam current as long as the ions
are trapped along the bunch train (!iSb=c � 1). For the
multi-bunch-train case, the ratio of Ni=Ne becomes
smaller at high beam current because the ions have less
chance to survive bunch-train gaps due to the stronger
force overfocusing ions [10].
Figure 15 shows the dependence of the ion-cloud im-

pedance on beam current for the one- and six-bunch-train
fill patterns. There is a larger frequency spread for a high
beam current. The amplitude of the impedance has only a
weak dependence on beam current for the single bunch
train. With the six bunch trains the impedance decreases
with beam current, especially at low frequencies. In this
case the bunch-train gap is not long enough to completely
clear the ions and the clearing is more effective for high
beam current. As a result, the dependence of instability
growth rate on total beam current is linear for a single
bunch train and slower than linear for multiple bunch trains
at a given vacuum pressure.
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G. Effect of nonlinear space charge
forces and beam size variation

Both the nonlinear space charge force and beam size
variation can work to damp beam-ion instabilities. It is
therefore interesting to investigate these damping mecha-
nisms independently. The comparison of the effects of
nonlinear space charge force and beam size variations is
shown in Fig. 16. Three cases are compared: (1) nonlinear
space charge forces only; (2) beam optics effect only;
(3) both effects. The nonlinear space charge force is turned
on and off by setting a low Q0 value of 9 and a high Q0

value of 200. The beam size variation effect is included or
excluded by using a varying or constant beam size, respec-
tively. In the case of constant beam size an average beta-
tron function value is used to calculate beam size.

Figure 16 shows that the nonlinear space charge force
and variable beam size have a similar damping effect on
beam-ion instabilities in SPEAR3. The instability growth
rate is reduced about a factor 2 when both effects are
included.
It is important to quantify the effect of the variation in

beam size which can be characterized by the ion frequency
spread [8] andQ [10], respectively. However, it is not clear
how to accurately calculate the effect for a given set
of variations in beam size around the ring because the
distribution of the ion frequencies is usually far from a
standard Gaussian distribution. The quality factor Q in the
traditional frequency domain analysis is defined as

Q ¼ !0

�!0

; (14)

where�!0 is the full width at half maximum. For instance,
if we calculate relative frequency spread in SPEAR3 from
the above equation, it yields a Q about 1. This value is
small compared with results shown in Fig. 16 and the more
accurate estimate below.
Alternatively, one may approximate the quality factor Q

due to beam size variations as the ratio of average
frequency around the ring �! to the standard derivation
�! in frequencies

Qoptics � �!

�!

: (15)

For example, using this technique the estimatedQ factor of
CO ions in Fig. 10 is 9.86. This is a good approximation
and is close to the more accurate method below.
For a ring with small variations in beam size, like

SPEAR3, the wake function due to a single ion species
evaluated around the ring still maintains the damped-
resonant characteristic shown in Fig. 10(a). In this case,
the wake function can be written

WringðsÞ ¼ W0e
�ð!rs=2QringcÞ sin

�
!rs

c

�

¼ ½W0e
�ð!rs=2Q0cÞ�e�ð!rs=2QopticscÞ sin

�
!rs

c

�
; (16)

where Qring is the Q factor of the wake function due to the

ion cloud along the whole ring and Qoptics is due to the

variation of beam size around the ring. We can also derive
the following relationship from Eq. (16):

1

Qring
¼ 1

Q0

þ 1

Qoptics

: (17)

In practice, the Qring is found by numerically fitting the

beam-ion wake function given by Eq. (8). For the wake
function of each type of ion species shown in Fig. 10(a), we
get Qring ¼ 4:49. Q0 is due to the nonlinear space charge

effect and has a value Q0 ¼ 9. Therefore, from the above
equation, Qoptics ¼ 8:9. Note that the factor Qoptics is about
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the same asQ0. This finding agrees with the analysis above
where the beam size variation effect and nonlinear space
charge force contribute similar damping rates to the beam-
ion instability. The factor Qoptics represents the relative

variation of the ion frequency due to beam size variation
[Eq. (15)] and does not vary with ion species, as expected.

IV. NUMERICAL SIMULATIONS

Time-domain simulations have a number of advantages
in the study of beam-ion instabilities: the nonlinearity of
the interaction force between electron beam and ion-cloud
can be included, the effects of beam optics and bunch-
train gap with arbitrary beam fill pattern are readily visible,
and a realistic vacuum model with multigas species is

straightforward. A particle-in-cell code based on a weak-
strong model is used here [10].
Figure 17 shows the simulated beam instability with

different bunch-train fill patterns and total beam current
of 500 mA. The total vacuum pressure is 0.37 nTorr for all
the simulations in this section. The simulations show there
is at first an exponential growth of the instability which is
eventually slowed down by the nonlinearity of space
charge forces when the amplitude is larger than the beam
size. The time evolutions with four and six bunch train are
very similar. The simulations agree well with measure-
ments. The six-bunch-train fill pattern appears to be the
optimum one with a growth time of 2.72 ms. This agrees
well with the analytical model in which the calculated
growth time is 3.18 ms. The exponential growth rate in
the experiment is still unknown. However, it is known that
a weak instability can appear with the six-bunch-train
beam fill pattern which suggests a growth time slightly
shorter than the radiation damping time of 5.3 ms. The
simulation is therefore within a factor of 2 of the
measurements.
Figure 18 shows the time evolution of bunch-by-bunch

vertical oscillation amplitudes with the six-bunch-train fill
pattern. The overall amplitude grows exponentially in time
after the initial onset of instability. The instability is still in
an exponential regime after 20 ms due to its slow growth.
Simulation also allows us to study the nonlinear regime.

Figure 19(a) shows the unstable behavior of a single
bunch-train beam. Instead of mode number, the frequen-
cies of modes are shown in order to compare with the
frequencies of the impedance. In this case, the unstable
modes all have frequencies below 50 MHz. In addition,
three main peaks are clearly seen which agree with the
multi-ion impedance calculations shown in Fig. 12. The
unstable modes driven by H2 ions in the 125–150 MHz
region are very weak and hard to see. This again agrees
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with theory and measurements, where hydrogen-driven
sidebands are rarely seen. A particular mode 336 is high-
lighted in Fig. 19(b) with the vertical axis on a logarithmic
scale. Both the linear and nonlinear growth regimes are
visible. In this case, mode 336 has exponential growth
when the amplitude is less than 10 �m and thereafter
saturates to the order of the beam size in agreement with
measurements.

V. CONCLUSIONS

This paper summarizes comprehensive measurement,
analysis, and simulation of beam-ion interactions in the
vertical plane at SPEAR3. An instability was first observed
under nominal vacuum conditions with a single bunch
train. The characteristics of the beam-ion instability were
confirmed by varying vacuum pressure and beam size. The
instability causes the beam to oscillate with amplitude
saturation of order of the vertical rms beam size.
Similarly a blowup of the vertical beam size was observed
with no bunch-train gap. The instability is also sensitive to
fill pattern and chromaticity. Multibunch-train fill patterns
were found to be helpful to suppress the instability. A six
bunch train is the optimum fill pattern and the optimized
bunch-train gap is about 1–2 ion oscillation wavelengths.
At 500 mA beam current the beam-ion instability can be
suppressed by slightly raising the chromaticity.

In this paper, we introduced an impedance model to
study the beam-ion instability. The ion-cloud impedance
is broadband by nature due to the variation of beam size
around the storage ring and due to the multiple gas species
in the vacuum chamber. The resulting impedance provides
clear physical insight into the physics of beam-ion
instabilities.

Analytical evaluations of multi-bunch-train beam-ion
instabilities include beam optics, multiple gas species,

nonlinear space charge forces, and realistic beam fill pat-
terns. Each of these factors can provide damping under the
correct operating conditions. Damping due to beam optics
and nonlinear space charge forces are clearly seen in the
analysis. Similarly the multiplicity of spikes in the beam
spectrum is explained by the multiple gas-species model.
Overall we found excellent agreement between

measurement, analysis, and simulation in many ways.
For instance, the frequency of the measured beam spec-
trum agrees well with analytical calculations in the fre-
quency domain and simulations in the time/frequency
domain. The calculated and simulated growth rates of
beam-ion instabilities with multibunch trains agrees with
measurements, often within a factor of 2 even with the
uncertainty of gas composition and the inability to measure
real growth rates. With the recent purchase of transverse
bunch-by-bunch feedback front-end electronics, measure-
ments of beam-ion interactions in the time domain will be
extended in SPEAR3.
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