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Abstract

We report on the first observation of the fast beam–ion in-
stability (FBII), at the Advanced Light Source (ALS). The
FBII [1, 2] is a novel single-pass instability, which is sim-
ilar to the classical beam break up instability in a linac.
Unlike the classical trapped-ion instability, the FBII can-
not be cured by a clearing gap in the bunch train, and it is
predicted to be a potential limitation for many multi-bunch
small-emittance storage rings and linacs. In order to induce
the FBII in the ALS, we added helium gas to the vacuum
system so as to increase the vacuum pressure by two or-
ders of magnitude above its normal value. At an elevated
pressure of about 50–100 nTorr, we observed a variety of
effects, including an increase of the vertical beam size by a
factor 2–4, self-excited betatron sidebands, and a growth of
the betatron motion along the bunch train. The onset of the
vertical beam-size increase (as a function of bunch num-
ber) occured close to the theoretically predicted instability
threshold.

1 INTRODUCTION

When a charged particle beam passes through an accelera-
tor beam pipe, ions are generated in the residual gas. These
ions have long been recognized as a potential limitation
in electron and antiproton storage rings, where they may
cause large tune shifts or transverse instabilities [7, 8, 9, 10]
and lifetime reductions. Such classical ion effects are in-
duced by ions which are accumulated over many turns and
trapped by the electric field of the beam. Often, the ions
can be removed by intentionally introducing a gap in the
bunch train, in which the ions are overfocused and lost to
the chamber wall. For example, the design of the PEP-
II B factory at SLAC includes a gap of 352 ns (5% of the
ring circumference), during whose passage most of the ions
generated by the 1658-bunch train will disappear. As a con-
sequence, classical multi-turn ion effects are not expected
to be important for PEP-II.

However, if a beam consists of a train of many bunches
with small transverse emittances, effects of single-pass ions
may become significant. These are ions which are gener-
ated during a single passage of the bunch train, and whose
density increases roughly linearly along the train. In the
gap at the end of the train the ions are lost, and there is

�This work was supported by the U.S. Department of Energy under
Contract Nos. DE-AC03-76SF00098 and DE-AC03-76SF00515 and by
the Tsukuba EXPO' 85 Memorial Foundation.

only an insignificant number of ions left when the train re-
turns on its next revolution. As a numerical example, in
the PEP-II High Energy Ring the ion line density at the end
of the bunch train is about106 m�1, assuming an average
pressure of 5 nTorr and carbon monoxide molecules.

A schematic of the FBII is shown in Fig. 1 (top picture).
If there is a small initial perturbation in the relative trans-
verse bunch positions along the train, the ions produced
by a leading bunch are offset with respect to some trail-
ing bunch. The latter is then deflected by the electric field
of the ion cloud produced by the former. This mechanism
can lead to an instability where the oscillation amplitude
increases exponentially along the bunch train. This is quite
reminiscent of the classical beam break-up in a linac. To
distinguish this instability from conventional multi-turn ion
instabilities, it has been called the ' fast beam-ion instabil-
ity' (FBII). Since it is a single-pass effect, the fast beam-
ion instability can occur in either storage rings or linacs.
The same type of instability is also predicted for a single
positron bunch (see the bottom picture of Fig. 1). In this
case the atomic electrons, generated by the gas ionization,
oscillate within the positron bunch in quite the same man-
ner as the ions would oscillate within the electron bunch
train. The electrons are lost in the gap between positron
bunches, similar to the ion loss at the end of the electron
bunch train. For otherwise identical parameters, the rise-
time estimates for the single-bunch positron instability are
usually much larger than those for the multi-bunch ion-
electron instability, primarily because a single bunch gen-
erates much fewer ions (or electrons) than an entire train.

To experimentally confirm the predicted instability for
an electron bunch train, in 1996 we performed a series of
experiments at the Advanced Light Source, in which the
vacuum pressure was artificially raised to 50–100 nTorr by
a remotely controlled inflow of helium gas. We thus estab-
lished conditions where the fast beam-ion instability was
expected to occur. In this report, we describe the results of
our experiments. The experimental set up and preliminary
results have already been discussed in Refs. [5, 6].

In the following section, we summarize the theoretical
predictions for the fast beam-ion instability, and we list
estimated instability rise times for many existing or pro-
posed accelerators. Section 3 introduces the Advanced
Light Source and the diagnostics used in the FBII stud-
ies. The experimental results are discussed in Section 4.
Finally, in Section 5. we give a summary and draw some
conclusions, and we present plans for future ion-instability
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Figure 1: Schematic of the fast beam-ion instability, which
can arise either due to ion trapping within an electron bunch
train or due to trapping of free electrons for the case of a
positron bunch.

studies at the ALS.

2 THEORY AND RISE-TIME PREDICTIONS

The FBII growth rate strongly depends on the number of
bunches, the transverse beam sizes, and the residual-gas
pressure. Analytical expressions for the growth rate at the
end of the bunch train have been derived using three dif-
ferent approximations [1, 2, 3, 4]. In a simple linear treat-
ment, which is applicable for small amplitudes (y � �y),
an initial vertical perturbation of magnitudêy is found to
increase quasi-exponentially as [1]

y � ŷ
1

2
p
2�(t=�c)1=4

exp(
p
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Here, dgas = p=(kT ) denotes the residual gas density
(wherep is the gas pressure,k Boltzmann's constant, andT
the absolute temperature),� the average vertical beta func-
tion,Nb the bunch population,nB the number of bunches
in the train,Lsep the bunch spacing (in meters),�x and�y
the horizontal and vertical beam size, respectively, the
beam energy in units of the rest energy,A the ion mass as a
multiple of the proton mass,re (� 2:8�10�15 m) the clas-
sical electron radius,rp (� 1:5 � 10�18 m) the classical
proton radius,c the speed of light, and�ion the cross sec-
tion for collisional ionization. The ionization cross section
�ion for nitrogen or carbon monoxide is about 2 Mbarn;
the cross section for helium or hydrogen is about 10 times
smaller, with a correspondingly reduced growth rate.

If the ion decoherence—caused, for example, by the de-
pendence of the vertical ion oscillation frequency on the

horizontal position—and the variation of the ion frequency
along the beam line are included in the analytical deriva-
tion, Eq. (1) is replaced by a purely exponential growth
[2, 3]

y � exp(t=�e) (3)

with an e-folding time of
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denotes the coherent ion oscillation frequency, and2abt
the peak-to-peak ion-frequency variation (abt � 0:1–1; the
smaller number applies to a FODO cell and the larger to a
typical light-source optics,e.g., to a Chasman-Green cell.)
Also Eq. (3) is only valid for amplitudes small compared
with the beam size.

Computer simulations indicate that the instability growth
rate dramatically slows down at amplitudes of about 2–5
�y, where the beam-ion force becomes very nonlinear. The
nonlinear force also leads to a filamentation in phase space,
resulting in a larger beam size and a correspondingly fur-
ther reduced growth rate.

Disregarding any such filamentation effects and using a
simplified analytical model, Heifets showed that for very
large oscillation amplitudes (y � �y), a linear growth is
expected [4],i.e.,

y � �y
t

�H
(6)

with a time constant

1
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� 1

�c

c

2�fiLsepn
3=2

b

(7)

According to Eq. (6) at large amplitudes the oscillation
amplitude grows only linearly as a function of time, so
that, in reality, the growth will eventually be balanced by
some exponential damping mechanism,e.g., by a trans-
verse multibunch feedback system or by synchrotron radia-
tion. An analytical estimate of the equilibrium beam size in
the presence of noise excitation and feedback was recently
derived by Chao and Stupakov [12].

The FBII arises only when the ions are trapped between
bunches. The trapping condition can approximately be
written as

4Lsepfi=c � 1 (8)

In an experiment, the number of single-pass ions could be
inferred from the tune shift that the ions induce along the
bunch train. At the end of the bunch train the ion-induced
incoherent tune shift is given by

�Qy =
re�y�ionC

2��y(�x + �y)
(9)

where�y denotes the average vertical beta function,C the
ring circumference, and�ion the ion line density at the end



of the train. The coherent tune shift along the train is about
two thirds of the incoherent tune shift.

It is interesting to notice that for a constant average cur-
rent, the three alternative formulae for the instability rise
time, Eqs. (1), (4), and (6), predict a very different depen-
dence on the number of bunches [11]:

�c / p
nb (10)

�e / 1 (11)

�H / 1=
p
nb (12)

This difference could be used to determine experimentally
the applicability of the various theories!

In Table 1 we list parameters and predicted instability
rise times for three accelerators related to a next-generation
linear collider, namely for the proposed damping ring and
the main linac of the Next Linear Collider [13] and for the
prototype damping ring ATF which is presently being com-
missioned at KEK. The projected rise times are exceed-
ingly short: in all cases the characteristic time�c is of the
order of a few hundred nanoseconds or less, the e-folding
time�e is a few microseconds and even�H is much smaller
than a millisecond. These rise times are unprecedentedly
small. Table 1 suggests that the ATF damping ring pro-
vides the unique opportunity to study collective single-pass
ion effects in a parameter regime which is very similar to
(actually, even more severe than) that expected for a next
linear collider.

accelerator NLC e� DR NLC ML ATF DR
�Nx [�m] 3 3 4.3
�Ny [nm] 30 30 30
nb 90 90 20

Nb [1010] 1.5 1.5 2
�x;y [m] 2 8 2.5
�x [�m] 40 35 83
�y [�m] 4 3.5 5
Lsep [cm] 42 42 84
C [m] 223 — 139
E [GeV] 2 10 1.54
p [nTorr]� 1 10 60
fi [MHz] y 176 201 90
4Lsepfi=c 0.98 1.12 1.02
�Qy [10�3] 2.5 — 18

�c [ns] 500 42 187
�e [�s] 20 1.9 1.6
�H [�s] 660 64 27

Table 1: Parameters and predicted oscillation growth rates for
the NLC electron damping ring [13], the first section of the NLC
main linac [13], and the ATF damping ring (presently being com-
misioned) [14, 15];
�partial pressure of carbon monoxide or nitrogen;
yassuming carbon monoxide as a typical species.

In Table 2 we present, for comparison, an equivalent
list of nominal parameters for 4 operating accelerators: the
ALS at LBNL, the ESRF in Grenoble, the HERA electron
ring at DESY, and CESR at Cornell. The calculated insta-
bility rise times are considerably larger than those of Table

1. The characteristic time�c now varies between 1�s and
a few 100�s, the e-folding time is a few ms, and the linear
rise time at large amplitudes,�H , is even longer. The pre-
dicted instability rise time�e for the ALS is ten times larger
than the damping time of the transverse multibunch feed-
back system, and thus the fast beam-ion instability should
not be observed during routine operation. The same is true
for the HERA electron ring, where the feedback damping
time is of the order of 0.1 ms, 50 times shorter than the es-
timated instability rise time. Also in CESR, the instability
rise time is quite modest, comparable to the head-tail or ra-
diation damping times (which are about 5 ms and 20 ms,
respectively [16]). We note that, using Eq. (8), in CESR
the ions are not stably trapped between bunches, which will
lead to a reduction of the instability growth rate.

Table 2 indicates that from all the storage rings in routine
operation, the ESRF appears to be the only one in which the
fast beam-ion instability might be observedunder nominal
operating conditions. Since the ESRF uses a Chasman-
Green lattice, with a large variation of the ion oscillation
frequency around the ring, the theoretical prediction for the
ESRF is more uncertain than that for a regular FODO cell
lattice, for which�x(s)��y(s) � constant (the uncertainty
enters in the form of the parameterabt in Eq. (4)). We were
not able to gather much information about the composition
of the residual gas in the ESRF. If we suppose that 95%
of the residual gas is hydrogen, whose ions are too light
to be trapped in the bunch train, the partial carbon monox-
ide pressure would only be 0.1 nTorr, and the instability
rise time�e � 6 ms would be comparable to the radia-
tion damping time (�y � 7 ms). Experimental observations
with regard to the ESRF are not well documented; accord-
ing to some informal reports [17] vertical instabilities are
indeed observed, but it has not been determined if these
are caused by ions or if they are normal coupled-bunch in-
stabilities. In practice, the instabilities are suppressed by
introducing a large positive chromaticity [17]. Whether the
observed instabilities are caused by ions or not, head-tail
damping (due to the large chromaticity) should also damp
the FBII.

In order to create experimental conditions where the fast
beam-ion instability should definitely occur, we raised the
vacuum pressure in the Advanced Light Source to about 80
nTorr. At this pressure, the predicted rise time exceeds the
feedback damping time by a significant factor. The vacuum
system was vented with helium gas, since, for helium, the
expected rms emittance growth due to beam-gas scattering
is small (a few percent at 100 nTorr). Table 3 compares
the ALS parameters chosen for our experiments with those
anticipated for the PEP-II High Energy Ring. According to
all three rise time estimates—�c, �e and�H—, the instabil-
ity in the ALS experiment is faster than that predicted for
PEP-II.



accelerator ALS ESRF HERA e� CESR
�Nx [�m] 12 73 2000 2700
�Ny [�m] 0.2 0.7 110 120

nb 320 300 210 7
Nb [1010] 0.7 1 3.7 46
�x;y [m] 2.5, 4 4,12 25 14, 13
�x [�m] 101 213 1000 2000
�y [�m] 17 11 230 400
Lsep [m] 0.60 1 29 96
C [m] 200 844 6300 670
E [GeV] 1.5 6 26 5
p [nTorr]� 1 2 1 5
fi [MHz] y 20 25 0.85 0.87
4Lsepfi=c 0.155 0.33 0.31 1.11
�Qy [10�3] 0.1 6 0.26 0.04
�c [�s] 18 0.7 170 1000
�e [ms] 4 0.3 4.9 3.5
�H [ms] 25 2 250 33

Table 2: Parameters and oscillation growth rates for some
existing accelerators: the Advanced Light Source, the Eu-
ropean Synchrotron Radiation Facility [18], the HERA
electron ring (presently being operated with positrons), and
CESR;
�the measured pressure is taken to be equal to the partial
pressure of carbon monoxide (depending on the actual gas
composition, this could overestimate the growth rate by up
to a factor 10–20);
yassuming carbon-monoxide molecules.

3 THE ADVANCED LIGHT SOURCE

The Advanced Light Source (ALS) is a 3rd generation light
source, operating at 1.5 GeV and optimized for produc-
ing high brightness synchrotron radiation. Table 4 lists the
nominal machine parameters.

The ALS is currently operating for users at the design
current of 400 mA. So far 5 insertion devices have been
installed and 12 light beamlines are operational. Under
normal operating conditions (with 320 bunches), feedback
systems are used to control the conventional transverse and
longitudinal coupled-bunch instabilities.

3.1 Transverse Coupled-Bunch Feedback System

During our studies, the ALS transverse coupled–bunch
feedback (TFB) systems [21, 22] played an important rˆole.
For multibunch beam currents above�50 mA, the beam in
the ALS executes large amplitude coupled–bunch oscilla-
tions in both the horizontal and vertical directions. Pre-
vious studies have correlated the beam oscillations with
known RF cavity higher-order modes and with the resis-
tive wall impedance [20]. For all data presented in the next
section, the vertical, horizontal, and longitudinal FB sys-
tems were active. In the following, our hypothesis is that
during our experiment the coupled bunch oscillations were
successfully damped by the feedback system while the ion-
induced oscillations were not damped during their initial
growth.

accelerator ALS experiment PEP-II HER
�Nx [�m] 12 500
�Ny [�m] 0.4 25

nb 160,240, 320 1658
Nb [1010] 0.4–0.8 3
�x;y [m] 2.5, 4 25, 20
�x [�m] 200 1250
�y [�m] 20 200
Lsep [m] 0.6 1.2
E [GeV] 1.5 9
p [nTorr] 80z 5�

fi [MHz] 40z 4�

4Lsepfi=c 0.34 0.15
�Qy [10�3] 3.2 6.1

�c [�s] 0.4 2
�e [�s] 14–140 74–740
�H [ms] 0.76 10.7

Table 3: Parameters and predicted oscillation growth rates
for the ALS machine experiment compared with those for
the PEP-II High-Energy Ring.
zfor helium atoms;�assuming carbon-monoxide or nitro-
gen molecules.

parameter description value
E beam energy 1.5 GeV
C circumference 196.8 m
frf RF frequency 499.654 MHz
�� RMS �E=E 7.1e-4
h harmonic number 328
�x av. hor. beam size 100�m
�y av. vert. beam size 17�m
�x norm. hor. emittance 1:2� 10�5 m
�y norm. vert. emittance 4� 10�7 m
� momentum compaction 1.594e-3
Qs synchrotron tune 0.0075
�` RMS natural bunch length 4.5 mm
Qx;y betatron tunes (x,y) 14.28, 8.18

Table 4: Nominal ALS parameters.

As input signal to the TFB, the transverse moments of
the bunchI�x; I�y are detected at two points in the ring,
with nominal betatron phase differences (modulo2�) of ap-
proximately 65 and 245 degrees in thex; y directions. The
TFB receivers are implemented as heterodyne detectors
centered at 3 GHz (6�frf ) with a bandpass of�250 MHz.
The 3-GHz was chosen as the local oscillator frequency,
because it is near the frequency of maximum impedance
of the button pickups. We used a monitor of the baseband
signal from one of the receivers as a diagnostic of coherent
centroid oscillations in the control room.

A diagram of the TFB systems is shown in Fig. 2. Two
features of the TFB are relevant to our studies. First, the
sensitivity of the heterodyne receivers to vertical oscilla-
tions is less than a micron, significantly smaller than the
average vertical beam sizes. Second, the damping rate of
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Figure 2: ALS transverse feedback systems.

the TFB is linearly dependent on the bunch current and also
somewhat sensitive to the system phase adjustments, mak-
ing it difficult to predict the precise damping rate of the
system without a direct measurement (the feedback damp-
ing time can be determined either from the oscillation de-
cay time after excitation with an injection kicker magnet, or
from the evolution of unstable modes after the feedback has
been switched off temporarily [20]). For the conditions in
the experiments presented below, the damping time of the
vertical FB system is about 0.3–0.4 msec at 1 mA/bunch
although this was not measured at the time of the experi-
ments.

3.2 Synchrotron Light Image

Our main diagnostic was an image of the transverse beam
profile at one location of the storage ring using light from
synchrotron radiation [19]. The photon optics consist of
grazing incidence mirrors with an optical magnification
of unity. A carbon foil eliminates light with� >5 nm,
for which the image of the vertical beam size would be
diffraction-limited. The transmitted soft x-rays are con-
verted to visible light using a scintillator and then focused
onto a CCD camera. Unfortunately the response time of
the scintillator is long—300 ns, about half the revolution
period—, so that it does not allow beam-size measurements
of individual bunches within the bunch train.

3.3 Transverse Beam Spectrum

Another diagnostic in the experiment was the spectrum of
transverse dipole beam oscillations. We observed the beam
spectrum in the control room using an HP70000 spectrum
analyzer. Computer control of the analyzer allowed auto-
matic recording of the amplitudes of all 328 betatron side-
bands from 0 to 250 MHz. Most of the data in the high
pressure regime were taken with a Tektronix 3052 spectrum
analyzer, which uses 1024 parallel digital signal processors
to quickly produce a Fourier transform of the input signal.
We used this in combination with the HP70000 spectrum
analyzer in the following way. The 321.4 MHz IF sig-
nal from the spectrum analyzer was down-converted to 7.5
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Figure 3: Raw spectrum of vertical pickup shown near the
4th and 5th revolution harmonics.

MHz using a Tektronix 162 downconverter and input to the
TEK3052. Using the fast processing of the TEK3052 the
time required to scan all of the betatron sidebands was less
than 10 minutes. As an example, Fig. 3 shows the sponta-
neous (i.e., self-excited) vertical upper and lower betatron
sidebands near the 4th and 5th rotation harmonics.

3.4 ALS Vacuum System

For UHV operation, the vacuum in the ALS is pumped
by a combination of passive titanium sublimation pumps
which are distributed throughout the ring and 107 active
noble diode ion pumps. The pressure is detected using 12
ion gauges and from the currents in the ion pumps. The
ion gauges are calibrated to read the equivalent pressure
for diatomic nitrogen. For normal operation of the ring, the
average pressure with beam is about 0.25 nTorr. For the
FBII experiment, we installed a small gas inlet in the ring
that could be used to bleed in helium gas so as to maintain
a consistent high gas pressure.

To reach the high pressure it was necessary to turn off all
of the ion pumps except for a pump on either side of the RF
cavities, which are located adjacent to one another in one
of the ring's twelve straight sections. The gas inlet ports
are located on either side of these pumps in order to bal-
ance the gas distribution throughout the ring. By adjusting
the gas inlet rate, we could maintain an average pressure
of �80 nTorr of helium around the ring as measured us-
ing the ion gauges. Residual gas analyzers indicated that
helium was the dominant gas species by an order of mag-
nitude. Hydrogen and argon were the next most populous
species. Following the completion of a high pressure ex-
periment, the noble diode ion pumps were turned on and
the vacuum recovered in 10–15 minutes. To date, we have
not been able to measure the effect on the beam of other
helium pressures. We are currently exploring the feasibil-
ity of adding other gas species.

4 EXPERIMENT

We bled in an appropriate amount of helium to maintain the
desired high gas pressure. The motivation for using helium
gas is that the vertical emittance growth from Coulomb
scattering is only a few percent effect and that calculations
indicated an achievable level of helium pressure (<100
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nTorr) would give an FBII growth rate much faster than the
damping rate of the TFB system. We recall that our goal
was to create a condition where the coupled-bunch oscilla-
tions driven by the ring impedance would be stabilized by
the TFB system but oscillations driven by the FBII would
be unstable, thereby allowing us to distinguish between the
two effects.

The experimental procedure was to record the syn-
chrotron light image and the vertical beam spectrum for
bunch patterns with 240, 200 and 160 consecutive buckets
filled (roughly 3/4, 5/8 and 1/2 of the ring) at both the nom-
inal and the elevated pressure. We also recorded the beam
image of a single bunch, and found that the single-bunch
beam size increase with pressure (by a few percent) agreed
well with the expected emittance growth due to beam-gas
scattering.

Shown in Figure 4 are transverse beam profiles from the
synchrotron light monitor measured for the case of 160
successive bunches at the nominal pressure (left) and at
an elevated helium pressure of about 80 nTorr (right). At
the higher pressure, the vertical beam size dramatically in-
creased while the horizontal beam size was unchanged.
Underneath each image is a vertical profile of the image,
fitted to a Gaussian distribution with the rms value shown.

We studied the onset of the instability by recording the
beam behavior as the length of the bunch train was slowly
increased. Starting with a single bunch of 0.5 mA, we
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Figure 5: RMS vertical beam size versus the number of
bunches for nominal and elevated pressure conditions.

slowly filled consecutive bunches. Shown in Figure 5 is
a plot of the RMS vertical beam size (average over all
bunches stored) as a function of the number of bunches
continuing up to a total of 45 bunches. Also shown are
the corresponding vertical beam sizes at nominal pressure.
With helium gas added, the beam size increased signifi-
cantly at a threshold corresponding to about 8 bunches. The
predicted growth rates�c and �e for the 8th bunch under
these conditions are about (1 ms)�1. Thus they are ap-
proximately equal to the feedback damping rate for a cur-
rent of 0.5 mA/bunch. In other words, the observed insta-
bility threshold at a train length of about 8 bunches agrees
quantitatively with the theoretical prediction!

The vertical beam spectrum for several different cases is
shown in Figure 6. For simplicity, we have plotted the dif-
ference between the lower and upper sidebands. (The FBII
theory predicts that only the lower sideband is unstable). A
positive value indicates a larger lower sideband. The co-
herent vertical sidebands were not present at the nominal
pressure. As helium was added, a pattern of lower side-
bands appeared with a peak amplitude at a frequency near
that predicted by FBII simulations. For increasing beam
current, the coherent signal shifted upwards in frequency
as expected. A comparison of the coherent oscillation fre-
quencies from experiments and theory is shown in Figure 7.

In addition, when we enlarged the vertical beam size by
operating very close to the linear coupling resonance, we
observed that the coherent signal shifted downwards in fre-
quency. Such a frequency shift is expected for the FBII,
since the ion oscillation frequency in Eq. (5) depends on
the vertical beam size. This is in stark contrast to conven-
tional coupled-bunch instabilities, for which the frequency
of an unstable mode should not depend on the beam size.

It should also be mentioned that we did not observe a co-
herent signal for all cases even though we always observed
a vertical beam-size increase when helium was added. The
exact reason for this is not yet understood. One possible
explanation is that for large growth rates the coherent verti-
cal oscillations filament very rapidly, only persisting in the
form of an enhanced vertical size. We hope to resolve this
question in subsequent experiments.

Although we did not have the instrumentation for mea-
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Figure 8: Beam current along the bunch train for 160
bunches after moving a vertical aperture close to the beam.
The nonuniform loss pattern shows the increasing vertical
oscillations (or beam size) along the bunch train.

suring the vertical oscillations ofeach bunch in the train,
we were able to measure the relative oscillation amplitudes
or the relative beam sizes by moving a vertical aperture
(i.e. scraper) close to the beam and detecting the current
loss along the bunch train. The signal from a beam po-
sition monitor, in Fig. 8, shows the relative current along
the bunch train after scraping the beam. Starting from a
uniform current distribution, the scraper reduced the bunch
population in the tail about 2.5 times more than that of the
leading bunches, indicating that either the oscillation am-
plitude or the beam size (or both) increased along the train.
The nonuniform loss pattern proves the transient nature of
the instability, which is one of the main predictions of the
FBII theory.

5 CONCLUSIONS

5.1 Summary

In the Advanced Light Source the fast beam-ion instabil-
ity is not observed at the normal operating pressure (0.3
nTorr). When 80 nTorr helium gas was added to the vac-
uum, the vertical beam size increased by a factor 2–4 in
a regime where multiturn ion trapping is not expected and
where a single bunch only showed a marginal beam-size
increase due to gas scattering. The beam loss pattern af-
ter vertical scraping shows that the tail of the bunch train
was driven more strongly than the head. The instability
threshold as a function of the number of bunches was ob-
served exactly at that point where the predicted instability
rise times�c and�e are equal to the feedback damping time!

Self-excited betatron sidebands, which, in our experi-
ment, were sometimes but not always observed, peaked at
a value consistent with the calculated ion oscillation fre-
quency. The peak frequency increased with current as ex-
pected, and it decreased when the vertical beam size was
increased by setting the betatron tunes close to the linear
coupling resonance. Finally, the instability growth satu-
rated at amplitudes of 2–4�y, which is also predicted both



by theory and simulation.
In conclusion, all observations so far appear to be in

good agreement with the theoretical predictions for the fast
beam-ion instability.

5.2 Future Plans

In the next ALS experiments, tentatively scheduled for the
fall of 1997, we intend

� to measure the emittance blow-up for a short bunch
train with the multibunch feedback system turned off
and to study the effect of noise in the TFB sys-
tems (HOM-driven coupled-bunch instabilities are not
thought to be a problem if there are only a few bunches
in the ring, while on the other hand noise induced
by the feedback which is being amplified by the FBII
could be responsible for the observed blow-up),

� to investigate the effectiveness of a large chromaticity
in reducing the instability growth rate,

� to determine the instability threshold for different gas
pressures,

� to measure the tune shift and the oscillation amplitude
of each bunch along the train, and

� to test potential cures.

One potential cure is the introduction of additional short
gaps in the bunch train to clear the ions. Preliminary sim-
ulation results for the NLC damping ring [23], depicted in
Fig. 9, indicate that additional gaps can be effective in slow-
ing down the instability.
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