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Abstract

Electron cloud is one of the leading mechanisms that limit
the performance of high intensity circular accelerators and
colliders. In the Relativistic Heavy Ion Collider, multi-
bunch electron cloud effects are observed both in the warm
region and super-conducting region when the number of
ion bunches and their intensities are raised beyond the de-
sign values. Vacuum-pressure rises, transverse tune shifts,
and electron detector signals are observed at injection,
upon transition crossing, and at top energy. Transverse
emittance growth, fast instabilities, and beam loss also oc-
cur upon transition crossing. With the Spallation Neutron
Source Ring, single-bunch electron cloud effects are ex-
pected for the high intensity proton beam. A comprehen-
sive list of mitigation measures are implemented both to
reduce the production of electron cloud and to control the
beam stability. This paper intends to provide an overview
of observations, performance limitations, and beam dy-
namics challenges pertaining to electron cloud build-up in
high intensity, circular hadron accelerators.

1 INTRODUCTION

Since the first reports four decades ago, electron cloud has
attracted the attention of accelerator physicists around the
world [1]-[5]. During the recent years, electron-cloud ef-
fects are found to limit the performance of several high-
intensity and high-brightness circular accelerators [6]. A
fast, transverse electron-proton instability and the induced
beam loss limits the beam intensity in the Proton Stor-
age Ring (PSR) at the Los Alamos National Laboratory
(LANL) [7]. Transverse emittance blow-ups caused by
the electron cloud limit the luminosity in the lepton facto-
ries (BEPC, KEKB, PEP-II) [8]-[11]. During recent op-
erations of the Relativistic Heavy Ion Collider (RHIC),
vacuum-pressure rises associated with electron-induced
gas desorption are found to limit the number of stored
bunches and the beam intensity during high-intensity op-
erations (Fig. 1) [12]-[14]. Electron-cloud phenomena in-
clude transverse tune shifts (KEKB, AGS Booster, RHIC),
coupled-bunch (B factories, BEPC, PS, SPS) and single-
bunch (KEKB, SPS, PSR, RHIC) instabilities, vacuum-
pressure rise (RHIC etc.), emittance growth (KEKB, PEP-
II, SPS, RHIC), beam diagnostics interference (RHIC, PS,
SPS, PSR), and heat load on superconducting cryogenic
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Figure 1: Vacuum-pressure rise in RHIC during gold-beam
injection in year 2001 operation. The top curve indicates
the total beam intensity as a function of time, and the bot-
tom curves indicate the corresponding vacuum pressure at
one location (BO11) of the ring. The horizontal scale is
2 minutes per box. The right-hand side shows the nominal
operation when 55 bunches at 216 ns spacing, each contain-
ing 9���� gold ions, are injected into the ring. The left-
hand side shows that when the bunch spacing is reduced by
half to 108 ns, the vacuum pressure increases dramatically
even when only 39 bunches, each containing 7.5��� � gold
ions, are injected.

wall (SPS beam experiments) [15].

Electron cloud is expected to be one of the performance-
limiting mechanisms for the Spallation Neutron Source
(SNS) accumulator ring currently under construction at the
Oak Ridge National Laboratory [16]. When the full beam
intensity of � � ���� protons per pulse is accumulated in
the ring, trailing-edge electron multipacting is expected to
occur. Several mitigation strategies are adopted in the de-
sign, both in suppressing electron-cloud formation and in
enhancing Landau damping.

This paper mainly discusses electron-cloud effects in
RHIC and SNS. Section 2 briefly reviews key mechanisms
of electron-cloud formation. Section 3 summarizes the ex-
perimental observations in the RHIC collider. Section 4
discusses theoretical expectations in the SNS accumula-
tor ring. Mitigation measures adopted in RHIC and SNS
are presented in Section 5. Beam-dynamics challenges are
given in Section 6.

43



2 MECHANISMS

Key mechanisms pertaining to the formation of electron
cloud are beam-driven electron multipacting and electron
trapping. Depending on the beam parameters, the mul-
tipacting can be classified into several regimes: multi-
ple short-bunch multipacting [4, 17, 18, 19], single long-
bunch, trailing-edge multipacting [7, 20], and the interme-
diate regime. For the long-bunch and dc-beam [2, 3] cases,
beam-induced trapping is critical to sustain electron con-
centration. For the short-bunch cases, trapping due to mag-
netic field is suspected to be responsible for the long elec-
tron lifetime over beam gaps [21].

2.1 Multiple, short-bunch regime

The phenomena of beam-driven multiple short-bunch mul-
tipacting have been observed in many lepton accelerators.
The multibunch multipacting occurs if the transit time of
the electrons crossing the vacuum pipe is comparable to
the time between successive bunches, and if the electrons
gain enough energy to produce more than one secondary
electron when they hit the vacuum-pipe wall [4].

The multiple, short-bunch regime is defined as
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where the short-bunch multipacting parameter �� is de-
fined as the ratio between the transit time of the character-
istic electron crossing the vacuum pipe to the time between
successive bunches, �� is the distance between the subse-
quent bunches, � is the average radius of vacuum pipe, ��
is the velocity of the beam, and ��� is the characteristic ve-
locity of the electrons [4, 22]. In the case that �� � �, the
energy gained by the electron from the passage of the beam
bunch is approximately given by
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where �� � 	�
�������

� is the classical radius of elec-
tron, �� is the number of particle in the beam bunch,
the second relation is true if the electron motion is non-
relativistic, and
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In the general case that �� � �, the energy gain needs to be
analyzed numerically [23]. In order to sustain a multipact-
ing, the energy gained by the electron upon one or more
beam bunch passage must be such that the overall electron-
induced secondary-emission yield ��� (SEY) satisfies

��� � �
 (4)

Multibunch electron multipacting may occur for almost any
value of �� satisfying Eq. 4 [8].

Figure 2: Beam-induced electron multipacting at the trail-
ing edge of a long proton-bunch. The transit time of the
electrons across the beam pipe is much shorter than the pas-
sage time of the proton bunch.

The occurrence of electron-cloud multipacting build-up
depends strongly on the beam intensity and the secondary-
emission yield of the beam-pipe surfaces. The multiple
short-bunch multipacting is sensitive to the bunch spacing
and bunch pattern, and insensitive to the bunch length and
profiles when the condition of Eq. 1 is satisfied. The ef-
fect is usually stronger for regions of smaller vacuum-pipe
aperture where the beam field at the wall and the electron
crossing frequency are both high. Both multi-bunch and
single-bunch head-tail instabilities are observed. Mecha-
nisms that sustain electron concentration include trapping
by the magnetic fields (e.g., quadrupole-field trapping res-
onant to the bunch passage [21]) and near-elastic reflection
of low-energy electrons [24].

2.2 Single, long-bunch regime

The phenomena of beam-driven single, long-bunch mul-
tipacting are observed in routine operations in the PSR
and expected in the SNS ring. Single-bunch, trailing-edge
multipacting starts to dominate if the bunch length is long
enough to sustain multiple passes of electrons. As shown
in Fig. 2, electrons are attracted by the rising beam parti-
cle density as the beam potential increases [25, 26]. The
motion is characterized by the electron bounce-frequency

�� � �
�
������ (5)

where �� is the volume density of the beam. After the pas-
sage of the beam density peak, electrons are released and
accelerated by the part of the beam of decreasing density
(trailing edge of the beam density distribution). The num-
ber of electrons grows dramatically upon such trailing-edge
multipacting, as observed at the PSR [7].

The single, long-bunch regime is defined as
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where the long-bunch multipacting parameter � � is defined
as the ratio between the transit time of the characteristic
electron crossing the vacuum pipe to the passage time of
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Figure 3: Secondary-electron yield for various coating con-
ditions of the SNS ring chamber measured at CERN. Mag-
netron (dc) sputtering is used to coat the surfaces with
0.1 �m TiN. Surfaces coated at a pressure of 0.67 Pa, which
has a lower peak ��� but a higher outgassing-rate compar-
ing with those coated at a pressure of 0.2 Pa, are adopted
[27].

half of the beam bunch, and �� is the bunching factor [22].
When the electron motion is non-relativistic, the energy
gained by an electron is approximately given by
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Single-bunch multipacting occurs if the energy gained by
the electron is such that
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 (9)

Fig. 3 shows examples of the measured secondary yields
as functions of the primary electron energy on vacuum-
chamber surfaces of the SNS ring.

Electron-cloud build-up due to the single-bunch mul-
tipacting is typically not sensitive to the bunch spacing,
while electron survival between the bunch passage is sensi-
tive to the trapping in the beam gap. The build-up depends
critically on the length of the beam bunch and the variations
in its longitudinal density, which determine the energy gain
and the multipacting duration. The effect can be stronger
for regions of larger vacuum-pipe aperture where higher
energy gained over a longer path-length results in a higher
secondary yield, although the longer path-length may also
reduce the multipacting frequency. Upon acceleration by
the beam, the electron energy is typically below kV level.
Associated with the electron-cloud build-up, single-bunch,
fast transverse instabilities are observed [7]. Main trap-
ping mechanisms include attraction of the electrons due to

Figure 4: Electron build-up at BNL’s RHIC as an exam-
ple of intermediate-regime beam-induced electron multi-
pacting. The time between successive bunches is typically
108 ns when the multipacting occurs. The energy gain due
to bunch passage is from about 50 to 300 eV.

the increasing beam density at the rising density edge of
the bunch, reflections from the vacuum-chamber wall, and
trapping by the beam residual in the gap. Trapping by the
magnetic fields (e.g., quadrupole field) is typically weak
due to lack of resonance mechanism [25]).

A coasting, dc beam is a special case of the long-bunch
regime. In this case, the electrons are trapped by the con-
stant beam potential, and the electron density may accumu-
latively increase leading to vacuum pressure rise and two-
stream instabilities when the thresholds are exceeded [2, 3].

2.3 Intermediate regime

RHIC belongs to the intermediate regime where the transit
time of the electrons crossing the vacuum pipe is compa-
rable to the bunch length, as shown in Fig. 4. Between the
subsequent bunches, the electrons typically reflect from the
vacuum chamber wall for several times.

Upon acceleration by the beam bunch, the electrons gain
energy up to several hundred eV, and hit the wall with an
average SEY ����� typically much larger than 1. Upon
subsequent impacts on the wall, the electron energy is low
(typically below 10 eV) due to lack of beam potential, and
the average secondary-emission yield ����� (� � �� 
 
 
) is
smaller than 1. We define the characteristic SEY ����� as
the product of the average SEY of ��� reflections between
two subsequent bunch passage. The threshold for the mul-
tipacting in this regime corresponds to the condition when
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where
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Multipacting in the intermediate regime shares the fea-
tures of both the short-bunch and long-bunch regimes. The
build-up is not only sensitive to the bunch spacing and
bunch pattern, but also sensitive to the bunch length and
peak intensity. With a shorter bunch spacing, the number
of low-energy electron passages ��� is reduced, increasing
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the chance of exceeding multipacting threshold � ���� � �.
With a shorter bunch length and higher peak beam inten-
sity, the electron energy gain upon bunch acceleration be-
comes higher, leading to a higher secondary emission yield
����� and ����� . Mechanisms that sustain electron con-
centration include reflections from the vacuum-chamber
wall, trapping by the beam residual in the gap, trapping
by the magnetic fields, and possible secondary ionization
and trapping [28].

In the following section, we present observations per-
taining to electron cloud formation in RHIC.

3 RHIC OBSERVATIONS

The RHIC collider is comprised of two quasi-circular
rings (blue ring and yellow ring) each consisting of super-
conducting magnets contained in 4 K cryostats (Table 1).
Counter-circulating ions of various species from proton to
gold can be stored in each ring to intersect with each other
at up to six room-temperature locations.

Table 1: Typical machine and beam parameters pertaining
to electron cloud in RHIC.
Ring circumference 3833.8 m
Aperture, IR (2/6/8/10, 4/12) 7, 12 cm
Aperture (arc, triplet) 7, 13 cm
Beam species p - Au
Energy, injection - top, Au 9.8 - 100 GeV/u
Energy, injection - top, p 24.3 - 100 GeV
Transition energy, �� 22.9
Rebucketing energy, ���	 107.5
Bunch intensity, p, Au 10��, 10


Bunch spacing 108, 216 ns
Bunch length, full 35 - 5 ns
Electron bounce frequency 150 - 400 MHz
Peak bunch potential 0.25 - 1.6 kV
e� energy gain upon acceleration 50 - 300 V

During normal operations, ion bunches at 216 ns spac-
ing, each containing up to 10�� charges (e.g., 10
 �
�Au�
�

or 10�� protons), are injected into each ring and acceler-
ated to the top energy for hours of storage. During the ac-
celeration cycle, the bunch length reaches the minimum,
and the peak intensity reaches the maximum when the
beam crosses the transition energy (�� � ��
�), and when
the beam is transferred from the acceleration RF system
(28 MHz) to the storage RF system (200 MHz) at the be-
ginning of the storage (rebucketing, � ��	 � ���
�).

Sources of seed electrons in RHIC are expected to be
gas ionization and beam-loss induced surface emission and
desorption. The electron cloud becomes measurable only
if the threshold for intermediate-regime multipacting and
trapping, as discussed in the previous section, is exceeded.
Observables include vacuum pressure rise in the warm-
bore region, gas density increase in the cold-bore region,
electron flux on the wall, as well as bunch-dependent co-
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Figure 5: Beam intensity, vacuum pressure, and integral
electron flux as functions of time during the injection of
beams of about 0.78�10�� protons per bunch with 108 ns
bunch spacing.

herent tune shifts, transverse instabilities, transverse emit-
tance growths, and beam losses.

3.1 Vacuum pressure rise and electron flux

One of the most pronounced phenomena in RHIC pertain-
ing to electron cloud is the vacuum pressure rise when
the spacing between full-intensity bunches is reduced, as
shown in Fig. 1 [12]. Pressure rise often occurs during
beam injection when a large number of bunches are in-
jected with a reduced bunch spacing (108 ns in comparison
to the design value of 216 ns), and upon transition crossing
and rebucketing when the bunch peak intensity reaches the
maximum. Figs. 5 and 6 show a direct correlation between
the vacuum pressure and the integral electron flux on the
wall measured by a retarding-field electron detector [14].

The pressure rise often occurs in the interaction region
(IR) where beams in the two rings are both present effec-
tively doubling the local beam intensity, in regions where
unbaked surfaces are exposed to the beam, and in re-
gions where high SEY material surfaces (e.g. Be vacuum
chamber in the PHOBOS experimental region) are present.
Fig. 7 shows an example of the electron flux on the IR
vacuum-chamber wall measured by the electron detector,
where even the intensity threshold for electron multipact-
ing is not exceeded in each individual ring, the multipact-
ing occurs in the interaction region. Fig. 8 shows that al-
though a beam gap of 432 ns appears to suppress the elec-
tron multipacting, the suppression is incomplete since the
multipacting re-occurs in a much shorter time [14].

In addition to the beam-induced electron multipacting,
beam-induced vacuum run-away caused by gas desorption
from the pipe surface and subsequent ionization by the
beam may also contribute to a pressure increase. During
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Figure 6: Vacuum pressure as a function of the measured
integral electron flux (i.e. electron detector voltage) on the
wall corresponding to Fig. 5.
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Figure 7: Electron flux measured at injection in the RHIC
IR where two gold beams of 108 ns bunch spacing share the
common beam pipe. The two colors in the bottom figure
indicate the bunch pattern in the two rings. An ac-coupled
amplifier is used with a low-frequency cut-off of about 300
kHz (The integral over one revolution period of 12.8 �s is
zero). The grid is not biased. The collector is biased at 50
– 100 V positive.

the year 2003 - 2004 operations, pressure rises in the un-
baked regions (un-baked stochastic cooling kickers and un-
baked collimator jaws) are attributed to the increase in both
the electron secondary-emission yield and the gas desorp-
tion yield in comparison with that of the baked surfaces
[29].

3.2 Tune shifts and electron-ion instability

During the RHIC acceleration cycle, instability is likely
to occur upon transition crossing due to lack of syn-
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Figure 8: Electron flux measured at injection at 108 ns
bunch spacing with a fill pattern of 16-bunch beam, 4-
bunch gap, 16-bunch beam, 4-bunch gap, then 9-bunch
beam, and 71-bunch gap. The signal is again ac-coupled
and averages to zero over one revolution of 12.8 �s.

chrotron oscillation and synchrotron frequency spread [30].
Transition-energy jump is used to effectively increase the
transition crossing rate. However, transverse instabilities
of both slow (�100 ms) and fast (�15 ms) growth rates are
still observed [31]. Some cases of transition instability are
not correlated to the observation of electron cloud, and are
often cured by the adjustment of the timing and magnitude
of the chromaticity jump, and the activation of octupole
magnets at transition [32].

Systematic studies on a fast instability at transition are in
progress during year 2004 - 2005, indicating correlation to
the electron cloud [33]. Fig. 9 shows the transverse coher-
ence signal defined as the time-averaged rms amplitude of
the transverse centroid displacement. A transverse insta-
bility occurs immediately after transition for about 0.1 s,
leading to beam loss and emittance growth that are increas-
ingly severe for later bunches of the bunch train, as dis-
cussed in the next section. This fast instability and beam
loss also results in bunch-dependent longitudinal distribu-
tions, as shown in Fig. 10.

Bunch-dependent coherent tune shifts in both the hor-
izontal and vertical directions have been observed during
the injection of proton bunches at an intensity of 0.3��� ��

per bunch and 108 ns bunch spacing. The tune shift of
about 2.5����� corresponds to an electron density of up to
2 nC/m [13]. Measurement of bunch-dependent tune shift
during acceleration ramping is yet to be attempted.

3.3 Emittance growth and beam loss

Beam experiments during year 2004 - 2005 indicate that
with the beam in a single (blue) ring at 108 ns bunch spac-
ing of � � ��
 copper ions per bunch, electron cloud ef-
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Figure 9: Horizontal coherence observed on bunch #39 in-
dicating instability after transition. 40 bunches, each of
����
 copper ions, are accelerated at 108 ns spacing. The
shift in baseline is due to the orbit change upon transition
jump. The coherence that corresponds to an electron-ion
instability causing a large beam loss, occurs within about
0.1 s immediately after transition crossing [33].
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Figure 10: Longitudinal profiles of the first (top) and the
14th (bottom) bunch immediately after transition in the
RHIC blue ring. The beam parameter is the same as Fig. 11
[33].

Figure 11: Measured peak electron flux on the wall as
a function of time during the RHIC operation cycle. 40
bunches, each of � � ��
 copper ions, are accelerated at
108 ns spacing. The flux increases as the beam approaches
the transition energy, and disappears due to the large beam
loss at transition [33].

Figure 12: Measured bunch-dependent intensity reduction
near transition crossing in RHIC. The beam parameter is
the same as Fig. 11. The wall-current monitor data is not
logged for about 1 minute near transition [33].

fects dominate the acceleration ramp [33]. As the beam
approaches transition, the vacuum pressure and the elec-
tron flux (Fig. 11) both increase due to the increase of the
peak beam intensity. On the other hand, the electron cloud
impacts the beam mostly at the time of transition crossing
(within about 0.1 s) when the beam particle motion is non-
adiabatic, causing electron-ion instability (Fig. 9 obtained
from the beam-position monitor data), beam loss (Figs. 12
and 13 obtained from the wall-current monitor data), and
emittance growth (Fig. 14 obtained from the ionization pro-
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Figure 13: Beam loss at transition as a function of bunch
sequence number in the 40-bunch train of copper ions in
the RHIC blue ring. The beam parameter is the same as
Fig. 11 [33].
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Figure 14: Beam horizontal emittance growth at transition
as a function of bunch sequence number in the 40-bunch
train in the RHIC blue ring. The beam parameter is the
same as Fig. 11 [33].

file monitor data).
Systematic studies indicate that families of octupole

magnets can enhance Laudau damping and effectively re-
duce the electron-ion instability beam loss. A lower RF
voltage at transition also reduces the peak intensity and the
momentum spread, effectively reducing both the chromatic
[30] and the electron-cloud effects [33] at transition.

3.4 Background and interferences

Occasional, excessive experimental background in the in-
teraction region is attributed to the ionization when the vac-
uum pressure rises due to electron cloud (Fig. 15), and to
secondary shower from direct beam loss on the wall [34].

Electron cloud is also found to interfere with the beam
diagnostics in RHIC. The RHIC ionization profile mon-
itor (IPM) system is based on collecting electrons pro-
duced from controlled gas ionization with the circulat-
ing beam. Sweeping electrodes are used, and the multi-

,

Figure 15: Transition pressure rise at high beam intensity
causes high experimental background in the d-Au opera-
tion in RHIC. After beam-collision starts, the pressure re-
duces; but the corresponding background is still 200 kHz,
much higher than the coincidence rate of 7 kHz.

channel plates for electron collection need to be recessed
from the vacuum-chamber wall to avoid superfluous sig-
nals (Fig. 16) [35].

3.5 Cold-region density increase

The molecular density in the 4.5 K temperature cold-bore
region of the superconducting magnets has been indirectly
measured with cold-cathode gauges connected through
1.5 m long, 2.5 cm diameter conduits with about 1 l/s con-
ductance, capable of measuring the effective pressure at
10��� Torr level [29]. As shown in Figs. 17 and 18, the
molecular density increases in the cold and warm regions
are similar in time scale and magnitude. An increase of up
to three orders of magnitude in the effective pressure is ob-
served both in the triplet region (Q1-Q2-Q3) and in the arc
region (Q9-Q20-Q9) around the machine (Fig. 19). Tem-
perature rise is not observed at a resolution of about 0.01 K
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Figure 16: Comparison of beam profiles measured by the
RHIC IPM in the horizontal plane where the multi-channel
collecting plates are recessed from the wall, and in the ver-
tical plane where they are not (courtesy R. Connolly).

Figure 17: Effective vacuum-pressure rise that corresponds
to the molecular density increase in the region between su-
perconducting quadrupole magnets Q3 and Q4 at 4.5 K
temperature in RHIC. The data is logged every 5 minutes.

corresponding to a heat load of about 5 W per 100 m.
The effective pressure rise in the cold region is attributed

to lack of active pumping during most machine shut-
downs. An estimated 10 to 100 mono-layers of molecules
are accumulated. Direct measurement of the electron flux
in the cold region has not been possible, especially since all
the beam-position monitors are grounded.

4 SNS EXPECTATIONS

The Spallation Neutron Source (SNS) accumulator ring is
designed to accumulate, via H� injection, protons of 2 MW
beam power at 1 GeV kinetic energy at a repetition rate of
60 Hz. At such beam intensity, electron-cloud is expected
to be one of the intensity-limiting mechanisms that compli-

Figure 18: Corresponding to Fig. 17, the vacuum-pressure
rise in the IR region at the room temperature.

Figure 19: Ratio of the effective vacuum pressure between
the beam-induced and the static conditions in RHIC.

cate ring operations (Table 2).
Sources of seed electrons in SNS are mainly expected

to be the stripped electrons from the stripping foil in the
injection region, emission from the scraper and collimator
surfaces as lost protons are collimated, and from residual-
gas ionization especially when vacuum pressure rises. The
electron density can be greatly enhanced by the beam-
induced multipacting at the trailing edge of the bunch, as
shown in Fig. 20 [25]. Serious electron cloud effects may
occur if the stripped electrons are not properly collected,
if an excessive amount of beam is lost at the collimators,
if the surface SEY deteriorates, and if the amount of beam
residual in the beam gap is excessive.

4.1 Injection stripped electrons

During the H� charge-exchange injection at 1 GeV beam
energy, the stripped electrons of 545 keV kinetic energy
and 2 kW power are collected by a water-cooled catcher
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Table 2: Typical machine and beam parameters pertaining
to electron cloud in the SNS accumulator ring.

Ring circumference 248.0 m
Aperture (arc, straight) 21, 30 cm
Beam species proton
Kinetic energy 1 GeV
Bunch intensity 2�10��

Beam gap length 250 ns
Bunch length, full 700 ns
Electron bounce frequency � 175 MHz
Peak bunch potential 5 - 10 kV
e� energy gain upon acceleration 0 - 300 V

Figure 20: Computer simulation of the beam-induced elec-
tron multipacting in the non-magnetic region of the SNS
ring. The beam intensity is 2����� per bunch. The peak
SEY is assumed to be 1.8. The peak neutralization level is
about 1.5% within the rms beam radius, and about 10% on
average within the beam pipe.

(Figs. 21, 22). These electrons back-scatter from the
catcher and the vacuum chamber, resulting in a high con-
centration of electrons with a broad energy spectrum. The
injecting- and circulating-beams impacting on the foil pro-
duce secondary emission of electrons at tens of eV en-
ergy. The injecting- and circulating-beam also produce
knock-on electrons at a high energy (up to several MeV).
The stripping-foil, operating at a high temperature around
2000 K, emits thermionic electrons at low energy [36].

An accurate control of electron collection is essential in
minimizing the electron cloud in the injection region. As
shown in Fig. 23, the catcher consists of multiple tapered
blades of low charge-state (carbon-carbon) to reduce back-
scattering [38]. Video cameras are used to monitor both the
stripping foil and the electron catcher (Fig. 24).
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Figure 21: Collection of stripped electrons during the in-
jection of H� beam at the SNS ring. The stripped electrons
are guided by a magnetic field and collected by a water-
cooled device of heat-resistant material [37].

Figure 22: Devices to control electron cloud in the injec-
tion region of the SNS ring. The half-disk C-C catcher is
attached to the water-cooled copper plate at the bottom of
the vacuum pipe. The clearing electrode can supply 10 kV
voltage [37].

4.2 Collimation region electrons

Protons incident on the collimator surfaces produce sec-
ondary electrons. Depending on the energy of the beam and
the incident angle, the secondary electron-to-proton yield
can greatly exceed 1 when the incident beam is nearly par-
allel to the surface [39], as shown in Fig. 25. Although
a serrated surface reduces the generation of secondary-
emission electrons, it is practically ineffective since protons
incident on the front edge of the teeth easily escape from
the collimator body due to the long proton stopping-length
(about one meter) at 1 GeV energy. It is crucial to use a
two-stage collimation system with a primary thin scraper
(Fig. 26) to enhance the impact parameter to the secondary
collimator (Fig. 27).

The SNS ring collimation system is designed to collect
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Figure 23: Trajectory of the incident and back-scattered
electron from the SNS injection electron catcher [38].

Figure 24: SNS injection foil chamber and nearby devices
showing video ports to monitor the stripping foil and the
electron catcher.
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Figure 25: Proton-induced secondary-emission yields of
electrons as functions of the incident angle for 28-MeV
protons striking a flat (solid line) and a serrated (open cir-
cles) stainless-steel surface (courtesy P. Thieberger).

Figure 26: Schematics of the SNS ring primary scraper as-
sembly and the down-stream shielding. The scraper assem-
bly contains 4 thin tantalum blades transversely placed at
45Æ angle. The down-stream shielding has a similar struc-
ture as the ring collimators shown in Fig. 27 (courtesy H.
Ludewig and N. Simos).

Figure 27: Schematics of the SNS ring collimator showing
layers of material for radio-activation containment. The ef-
fective length is about 1.5 m. The collimator is designed
to withstand an average beam power of up to 10 kW at 1
GeV kinetic energy (courtesy H. Ludewig, N. Simos, and
G. Murdoch). The SNS ring has two such collimators, both
located at optimized betatron phase advances down-stream
of the primary scraper and its shielding [40].

more than 90% of the lost beam in the ring [40]. Com-
paring with other regions where the beam loss is typically
below 1 W/m for hand-on maintenance, the collimation re-
gion expects a beam loss of about 500 W/m. In order to
avoid frequent maintenance in such high radio-activated re-
gion, the secondary collimators are made non-adjustable
(Fig. 27) without attaching any electron-cloud mitigation
devices (like clearing electrodes and solenoids).

The small aperture of the collimators (Fig. 28) helps to
reduce the trailing-edge electron multipacting in the most
critical region where beam loss is expected to be the great-
est. As shown in Fig. 29, the lower energy gain in the
collimator region results in an effectively lower secondary
yield. In areas of larger aperture between the collimators,
which are more susceptible to the multipacting, solenoids
are wound to suppress the electron cloud.
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Figure 28: Beam acceptance envelope at 480 ��m in com-
parison with the physical aperture in the horizontal and ver-
tical directions in the SNS collimation region [41].

Figure 29: Electron energy gain upon beam passage in
small-aperture (10 � 14 cm) area of the SNS collima-
tion region in comparison with the gain in a typical large-
aperture drift region (28 cm) [25].

4.3 Ionization

The rate of electron line-density increase per unit length of
circumference is given by the relation
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����
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�������
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(12)

where � is the beam current, ���
 is the cross-section, �
is in units of Torr. At the room temperature of 300 K, the
molecular density �� is about �
������ m��. For the SNS
ring at a pressure of ���� Torr, a total number of �
�� ��


electrons per turn, or 1.7 �C/m of charge per turn, is pro-
duced when the proton intensity is ������. The ionization

electrons, however, are likely to be trapped in the long pro-
ton bunch until the very end of the bunch passage, thus not
participating in the trailing-edge multipacting process [25].

5 MITIGATION MEASURES

Control of the electron-cloud effects in both the RHIC and
the SNS ring involves design and operational optimization
to minimize the uncontrolled beam loss, enhancement of
Landau damping, and suppression of electron generation.

Minimization of the uncontrolled beam loss is of pri-
mary importance for the SNS ring [6]. At the design
stage, a large transverse acceptance and long, uninterrupted
straight-sections are two important aspects considered on
the lattice. The two-stage collimation system also plays an
essential role in localizing the beam loss to controlled ar-
eas. For RHIC, intra-beam scattering causes routine beam
loss during the beam storage. The collimation system can
effectively control the vacuum pressure rise and reduce the
experimental background.

Enhancement of Landau-damping helps to raise the in-
stability threshold. For the SNS ring, a large vacuum-pipe
aperture in the high-dispersion area and a large RF volt-
age provide sufficient momentum acceptance of ��� for
a 480��m transverse acceptance; longitudinal painting is
used to expand the momentum spread of the injected beam;
lattice sextupole families are used for chromatic adjust-
ments, to either improve momentum acceptance or enhance
damping; and, octupoles are also available for a possible
future enhancement. For RHIC, octupole correction mag-
nets are used to suppress the transverse instability near tran-
sition crossing.

Suppression of electron generation mainly includes mea-
sures to reduce the electron multipacting as discussed in the
following.

5.1 Surface treatment

The inner surface of the stainless-steel pipe in the RHIC
warm region are coated in subsequent sections with non-
evaporative getter (NEG) to lower both the secondary emis-
sion and desorption yield, and to increase local vacuum
pumping [29]. Beam experiments confirmed the effective-
ness of the coating in reducing the vacuum pressure rise
[42]. In year 2004, part of the RHIC cold region (four
arc sections and four triplet sections) is pumped down to
a vacuum pressure below � � ���� Torr before the cryo-
genic cool down to reduce the physi-sorbed gas to sub-
monolayers.

The inner surface of the entire SNS ring is coated with
TiN. Coated chambers are tested for conductivity and rise-
time response. With a variation within 20%, the thickness
of 0.1 �m withstands the bombardment from electrons dur-
ing the lifetime of the machine operation. Two layers of
coating are applied to the ceramic chamber for injection
kickers: a 1�m-thick copper layer for by-passing the im-
age charge, and a 0.1�m-thick titanium nitride (TiN) layer
for a low secondary-electron yield, along with an exterior
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Figure 30: Masking of the ferrite surface of the SNS ring
extraction kicker for TiN coating. In order to avoid eddy-
current heating, rise-time degradation, and high-voltage
shorts, about 20% of the ferrite inner surface is uncoated.

metal enclosure for dc current by-pass. Such a design al-
lows the passage of the image current above a frequency
of the lowest betatron sideband (�200 kHz) without de-
grading the magnetic-field penetration (a rise time of about
����s), eddy-current heating, and beam-induced heating.
For the ferrite of the extraction kicker inside the vacuum
pipe, a special coating pattern is selected to avoid eddy-
current heating, rise-time degradation, and high-voltage
shorts, as shown in Fig. 30. Measurements of TiN-coated
surfaces indicate a reduction of SEY by more than half of
an unit (Fig. 3) [27]. Fig. 31 shows the expected reduc-
tion of the electron density with a partial and a full TiN
coating. Vacant ports are available for additional pump-
ing, if needed, to accommodate a higher level of outgassing
from the rougher coated surface. The present magnet and
vacuum chamber design does not allow NEG film coating
which requires in-situ baking.

Beam scrubbing at an electron dose level of 1 mC/mm�

can further condition the vacuum surface during operations
[43]. For the SNS ring, vacant ports can house turbo pumps
to function at a vacuum pressure above 10�
 Torr. Ex-
tended beam storage in the ring is planned to accelerate the
scrubbing process.

5.2 Solenoids

Solenoidal magnetic field helps to confine the motion of
electrons to be in parallel to the vacuum pipe surface, effec-
tively reducing the electron multipacting. Fig. 32 shows the
measured reduction of vacuum pressure in a RHIC warm

Figure 31: Computer simulation showing the reduction of
electron-cloud density with a partial and a full TiN coating
on the SNS extraction kicker.

Figure 32: Reduction of vacuum pressure in the presence
of the solenoidal field in a RHIC warm section [14].

section when the solenoidal fields are applied [14].
Solenoids are implemented on the vacant straights (about

5 m) of the collimation region of the SNS ring. The
solenoid field �� of about 50 G is so strong that the ra-
dius �� � �� �
	�� (12 mm for 300 eV electrons) of
electron motion is small compared with the pipe radius,
as shown in Fig. 33. Effects on the proton beam can be
minimized by alternating the polarities of the solenoids ob-
serving betatron-phase variations. Skew quadrupoles can
further be used to correct the coupling.
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Figure 33: Computer simulation showing the confinement
of electron cloud by the solenoidal field in the SNS ring.

5.3 Clearing electrodes

Clearing electrodes have long been used to mitigate
electron-cloud effects in a coasting beam by locally chang-
ing the beam potential that traps the electrons [2, 3]. For
a bunched beam, the electrodes can alter the multipacting
pattern (frequency and energy gain) to effectively suppress
the electron generation even if the applied voltage is much
less than the beam potential, as shown in Fig. 34 [44].

For the SNS ring, a dedicated clearing electrode is im-
plemented inside the stripping-foil assembly (Fig. 22). A
voltage up to 10 kV can be applied, adequate to suppress
multipacting in the injection region. BPMs around the ring
are designed to be also used as clearing electrodes capa-
ble of providing a voltage up to �� kV, adequate to locally
reduce the multipacting frequency (Fig. 35).

5.4 Others

In order to reduce the electrons trapped by the residual
beam in the beam gap of the SNS ring, a gap-clearing
kicker is designed to clear the 250 ns gap during the last
100 of the 1060-turn accumulation [46]. By resonantly
exciting coherent betatron oscillations, beam residuals are
driven into the primary collimator, where beam loss is mea-
sured with a gated fast loss monitor. For the SNS ring,
vacuum ports are screened, and steps in the vacuum pipe
are tapered at 1-to-3 ratio to reduce peaked electric fields
causing electron emission. A vacuum pressure of about
10�� Torr ensures low electron generation from gas ion-
ization. Possibilities of mitigating the e-p instability with
wide-band resistive feedback are also under investigation
[47].

Figure 34: Simulation of the SNS ring showing the elec-
tron density as a function of the applied clearing electrode
voltage. The peak beam potential is about 10 kV. The
beam potential at the time of electron multipacting is about
2 kV. Such non-monotonic characteristics only applies to
the long-bunch multipacting regime.

Figure 35: Floating-ground BPM for the SNS ring [45].

6 BEAM-DYNAMICS CHALLENGES

Electron-cloud effects limit the RHIC upgrade path toward
higher intensity and luminosity, and the SNS potential be-
yond the design beam intensity and power. During the past
four decades, many progresses have been made in the field
of electron cloud. However, the understanding of the sub-
ject remains incomplete.

Among many open challenges are (1) understanding of
surface science underlying secondary emission and gas
desorption and guidance on surface treatment (2) dynamic
model on vacuum pressure rise incorporating desorption,
pumping, and ionization, and comparison with measure-
ments; (3) instability theory and simulation that satisfacto-
rily reproduces long-bunch regime data (PSR) and predicts
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high-intensity ring performance (SNS, J-PARC); (4) self-
consistent treatment of electron-cloud formation and beam
instability in the simulation codes; (5) systematic bench-
marking of simulation codes, and benchmarking with ex-
perimental data; (6) reliable diagnostics for both warm and
cold regions; and (7) wide-band damping of fast, single-
bunch electron-cloud instability.

We are indebted to our colleagues in the e-cloud com-
munity, and to colleagues on RHIC and SNS projects, es-
pecially A. Aleksandrov, G. Arduini, M. Bai, J. Brodowski,
P. Cameron, N. Catalan-Lasheras, A. Chao, R. Connolly,
S. Cousineau, V. Danilov, D. Davino, A. Fedotov, M.
Furman, O. Gröbner, H. Hahn, P. He, S. Henderson, N.
Hilleret, H. Huang, Y. Y. Lee, H. Ludewig, R. Macek,
W. Meng, R. Michnoff, C. Montag, M. Pivi, M. Plum, C.
Prior, V. Ptitsin, D. Raparia, G. Rees, N. Simos, F. Rug-
giero, T. Satogata, H. Schonauer, N. Simos, S. Tepikian, P.
Thieberger, R. Todd, J. Tuozzolo, F. Zimmermann, B. Zot-
ter. We thank F. Zimmermann for the careful reading and
corrections of the manuscript.
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