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Abstract

Under abnormally poor vacuum conditions in the electron
damping ring, described in a companion paper at this
conference, an emittance blowup was observed related to
a transverse instability. The instability was only observed
with two bunches in the ring, and could not be seen with
single bunch operation, even at the same total beam cur-
rent as for the two bunches. Measurements of the trans-
verse Beam Transfer Function indicate strong coupling
between the two bunches when ions are present. This is
described in terms of a simple model where the oscillat-
ing ion cloud provides the coupling between the two
bunches. The frequency shift due to coupling can also
cause the ion cloud to become unstable, and disappear,
when the betatron tune of the electron bunch is just below
the 1/2 integer.

1  INTRODUCTION

An instability has been observed in the 1.2 GeV SLC
electron damping ring relating to the poor vacuum condi-
tions following an accidental venting and contamination
of the ring. The instability causes a large amount of
emittance blowup, particularly in the vertical plane,
which has been addressed in a companion paper at this
conference[1]. Many of the observations point to a multi-
bunch effect rather than a single bunch emittance growth
phenomenon. The signature of the instability, the appear-
ance of strong vertical betatron sidebands in the bunch
spectrum, persists down to low intensities of 1•1010 total
number of electrons when two bunches are present. How-
ever, single bunch intensities as high as 4•1010 electrons
do not show such sidebands in the bunch spectrum. The
emittance growth of single bunches also clearly decreases
at lower intensities, whereas the emittance growth with
two bunches is large over a wide range of operating cur-
rents.

One important conclusion from the observations of
the ion effects in the SLC damping ring is that the ions
are only able to be captured during a brief interval after
injection while the beam is large. Once the beam has
damped to small dimensions the critical mass for an ion
to be captured gets quite large. Since we continue to ob-
serve ion related emittance growth at long store times this
implies that the ion cloud that formed after injection has
also shrunk in transverse dimension with the beam. If the
ion cloud had not shrunk with the beam those ions would
have large amplitude oscillations and be lost from the
beam.

This paper concentrates on the coupling aspect of the
instability. Measurement techniques were developed to
distinguish the coupling from other beam instability
modes. A simple model is used to demonstrates how the
measured transverse beam transfer function can distin-
guish between coupled and non-coupled bunches. The
change in the instability behavior with the vertical tune
can also be interpreted in light of the coupling mecha-
nism. The tune shift of the beam and the shift in fre-
quency of the coherent dipole oscillations of the ion cloud
depend upon the modes that are possible in the presence
of coupling. Under certain tune conditions the ion cloud
is found to be able to shake free of the beam and the in-
stability stops.

2  MEASUREMENT METHODS

The amplitude response of the beam gives some indica-
tions of the presence of ions, as described in reference[1].
At CESR the technique has been developed to infer the
ion density from the amplitude response using a linear
model [2]. A complete characterization of the Beam
Transfer Function (BTF) in the presence of ions requires
the measurement of both phase and amplitude response,
as has been performed for unbunched beams in the CERN
antiproton rings [3]. The output from the network ana-
lyzer drives a broadband transverse kicker through a
50 W amplifier, as illustrated in figure 1. A stripline
kicker is used so the current measured in the stripline is
proportional to the kick received by the beam and is used
as the reference signal for the BTF. The beam response is
measured at another stripline and low-pass filtered to
remove the power generated at high frequencies by the
short bunches. The signal to noise ratio is improved by
using a low noise pre-amplifier in the signal path.

The network analyzer used on these measurements is
a conventional swept frequency instrument that acquires
the data over several seconds. The beam is stored during
this time and has therefore reached its equilibrium emit-
tance. Although data can be retrieved while the damping
ring is cycling through many injection and extraction
cycles, it is difficult to interpret because of the varying
beam conditions. The data presented here is all for stored
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Figure 1: Measurement of the transverse beam transfer func-
tion with a network analyzer driving the beam and measuring
the response at a stripline monitor.
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beams. Plans are under way to use a synthesized sweep
instrument that can be gated on during specific intervals
of the store.

3  MEASUREMENT RESULTS

The first case shown in figure 2 is for two bunches of
4•1010 electrons each, which is close to the nominal inten-
sity for SLC operation. The amplitude and phase response
do not show a single resonance response as might be ex-
pected. The phase does not make a net change as it passes
through the resonance, but returns close to its starting
value. The tune spread in the electron beam can be de-
duced from the width of the amplitude response.

The second case in figure 3 is for a single bunch with
the same bunch charge as in the previous example. The
tune spread in the amplitude response is comparable in
both cases. However, a large difference is seen in the
phase response between the single and two bunch cases.
The phase makes a net change as the frequency is swept
through the resonance in the single bunch case.

The third case in figure 4 is again for a single bunch
but at a reduced intensity of 1•1010 electrons. The tune
spread seen in the amplitude response is reduced, but the
phase response shows the same behavior as for high in-
tensities, with a net phase change across the resonance.

4  COUPLED BUNCH MODEL

In a simple model the transverse dipole motion of the
bunch can be described as an oscillator with natural fre-
quency wn and damping ratio z. If coupling is included
between the two bunches the coupling force is repre-
sented by the coupling frequency wc and for completeness
a damping ratio zc for the coupling is also included. The
equations of motion for the phases of bunch 1, f1, and
bunch 2, f2, are
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The coupled bunch motion has two modes, an 0-mode
(n=0) and a p-mode (n=1) where the two bunches are in
phase or out of phase respectively. The frequency of
these two modes is given by
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where the p-mode is shifted up in frequency due to cou-
pling. Note that this amounts to an additional tune shift
above that already caused by the focusing effect of the
ions on a single bunch.

Equation (1) represents a fourth-order system from
which the transfer function can be deduced. The ampli-
tude and phase response versus frequency (Bode plot) is
shown in figure 5 for this system. The frequency scale is
normalized so that the natural frequency wn=1 in the plot.
The characteristic behavior of the coupled system is that
the frequency sweeps through two resonances, with the
phase increasing at the first resonance and then decreas-
ing to the starting value as the second resonance is
passed.

The modeled behavior of the fourth-order system re-
sembles very closely the measured response of the two
bunch system in figure 2. Note also that the measured two
bunch response was at a sideband of an odd revolution
harmonic, corresponding to a n=1 mode for the bunch
oscillation.

As a comparison, a similar frequency analysis is
shown for the single bunch case. The simple oscillator for
a single bunch is a second-order system whose transfer

Figure 3: Measured magnitude and phase response for
one bunch of 4•1010 electrons at f0+ny.
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Figure 2: Measured magnitude and phase response for
two bunches of 4•1010 electrons each at f0+ny.

Figure 4: Measured magnitude and phase response for one
bunch of 1•1010 electrons at f0+ny.
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function may be simply written using control system
formalism as

G s( ) =
wn

2

s2
+ 2zwns+wn

2
, s= jw (3)

The transfer function has the well-known frequency
response of a second-order system, shown in figure 6.
Comparing with the measured single bunch response in
figures 3 and 4 one can see a similar net phase change
across the resonance.

The control system formalism is a useful tool for
analyzing the coupling since it is evident that the coupled
oscillators can be modeled as two sequential transforma-
tions of the type in equation (3). The first transformation
corresponds to the single bunch response and the second
to the coupling term, so that the complete transfer func-
tion can be written as
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which represents the 4th-order system in equation (1).

5  ION CLOUD BEHAVIOR

The modeling above supports the existence of coupling
between the bunches. It is further concluded that the cou-
pling is due to ions, since the effect was not seen before
the vacuum contamination occurred and the coupling is
also not seen in the SLC positron damping ring where no
ion trapping occurs. In the introduction it was noted that
the ion cloud must shrink with the beam as it damps, in
order to account for the persistence of the ions into the
store. The small (~70 mm) beam sizes in the damping ring
are good candidates for two-stream instabilities to occur
as described in plasma physics. That is, the centroids of
the electron bunch and the ion cloud will begin to oscil-
late with respect to each other. The oscillations are self
limiting since at larger amplitudes the electron bunch
samples the nonlinear 1/r field of the ion cloud. The clas-
sical multi-turn instability is discussed, for example in
references [4,5].

If we try and include the ion cloud as a third bunch in
the model we end up with a sixth-order system describing
the phases f1, f2 and f3. This is of limited use since the

measurement system only detects the position of the
electron bunches and not the ion cloud. However, it is
useful to note that there are three oscillation modes pres-
ent, n=0, 1 and 2. In the n=0 mode the three bunches are
in phase, but in the n=1 and n=2 modes the two electron
bunches are out of phase and the ion cloud is in phase
with either one bunch or the other. Since the ion cloud is
always out of phase with one bunch its frequency is al-
ways shifted upward according to equation (2).

The expected frequency shift of the ions can account
for some of the tune behavior seen with the beam. It has
been observed that operating with the vertical tune just
below the 1/2 integer resonance cures some of the emit-
tance growth problems due to the instability. If the ion
cloud dipole mode frequency is shifted upward by the
coupling the ions will be sitting in closer proximity to the
1/2 integer resonance and their amplitude may grow until
they are expelled from the beam. The sudden tune jumps
observed under these conditions might also be due to
changes in the dipole modes as the ion density changes.

Only the coherent dipole motion of the electron
bunches have been considered so far. Transverse quad-
rupoles can also be driven by the coupling in the ion
space charge, but can remain hidden from normal dipole
pickups, as was the case with the antiproton beams in
references [3,5].
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Figure 6: The predicted magnitude and phase response
for a 2nd-order single oscillator model.

Figure 5: The predicted magnitude and phase response
for a 4th-order coupled oscillator model.
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