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Abstract

An anomal ous damping or growth of transverse coupled bunch
modes has long been observed in CESR. The growth rates and
tune shifts of these modes are a highly nonlinear function of cur-
rent. Theeffect isassociated with the operation of thedistributed
ion pumps, asit disappearswhen the pumpsare not powered. We
show that this effect can be explained by the presence of elec-
trons trapped in the CESR chamber by the field of the dipole
magnets and the electrostatic leakage field of the distributedion
pumps. Photoel ectrons are introduced into the chamber by syn-
chrotron radiation and can be gected from the chamber by the
passage of an et or e~ bunch. The transverse position of the
beam thus modul ates the trapped photoel ectron charge density,
which inturn deflects the beam, creating growth or damping and
atune shift for each coupled bunch mode. Predictionsof the de-
pendence of growth rate and tune shift on bunch current, bunch
pattern, and mode frequency by a numerical moddl of this pro-
Ccess are in approximate agreement with observations.

|. INTRODUCTION

An anomalous horizontal coupled bunch instability [1] in
CESR has growth rates and tune shifts which are nonlinear in
beam current. Itisstrongest at theintermediate currents encoun-
tered during CESR injection, and becomes dramatically weaker
a higher currents. It is present only when the distributed ion
pumps are powered [2]. The absolute values of both the growth
rate and tune shift are largest for the lowest frequency mode.
They drop rapidly for higher frequency modes.

Here we present the hypothesisthat slow electronstrapped in
the CESR beam chamber are responsible. We show that photo-
electrons from synchrotron radiation striking the beam chamber
wallswill be trapped in the combined dipole magnetic field and
electrostatic leakage field from the distributed ion pumps, and
calculate their interaction with the beam.

1. PHOTOELECTRON TRAPPING

Slow photoel ectronsin the CESR chamber will be confined to
very small orbitsin the horizonta plane by the 0.2 T magnetic
field of the CESR dipoles. The quadrupole component of elec-
trostatic leakage field from the distributed ion pump dots, ca-
culatedtobe 2.1 x 10 V/m? at the center of the beam chamber
[3], confines the electrons vertically. Positive ions are expelled
by thisfield. The combination of these fields acts as a Penning
trap for electrons, much like theion pump itself. Because there
isahorizontal dipole component of the pump leakage field (320
V/m at the center of the beam chamber), the trapped electrons
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undergo an E x B drift down the length of the magnet, with ave-
locity of theorder of 1.6 x 103 m/s. Thusatrapped electronislost
from the 6.5 m long magnets in about 2 ms. We will later show
that electronsare removed by interactionswith the beam on afar
shorter time scale, so their drift velocity may be neglected. The
cyclotron frequency of thetrapped el ectronsis 5.6 GHz, so their
cyclotron motion is unimportant at the frequencies of the cou-
pled bunch modes. The vertical motion, with frequencies of the
order of 10 MHz or less, dominates the dynamics.

In addition to producing photoel ectrons through synchrotron
radiation, the beam has an essentia roleintrapping thee ectrons.
An electron which is emitted from the chamber wall will soon
collidewiththe chamber unlessperturbed by thetime-dependent
force provided by thebeam. Electronswhich are deflected by the
beam opposite to their vertical velocities are trapped on orbits
of lower amplitude. Other electrons are excited to higher ampli-
tudes and may be lost in collisionswith the beam chamber.

The magnitude of the impulse from the beam depends on the
position of the beam relative to the trapped electrons. Thus the
oscillating beam position modulates the trapped charge density,
whichin turn drivesthetransverse oscillation of the beam. Cou-
pled bunch modes are damped, driven unstable, or shifted in
tune, depending on the phase of thetrapped charge density rela
tive to the beam motion.

1. SIMULATION

A simplified numerical model of was produced to calculate
the coupled bunch mode growth. In thismodel, we cal cul ate the
trajectories of photoelectrons moving under the influence of the
electric field gradients of the distributed ion pumps, a bunched
positron beam, and the other photoelectrons. Because severd
simplifying assumptions are used, the calculated growth rates
and tune shifts should be regarded as estimates.

We divide the beam chamber into dices aong the « direction
from the pump dotsto the center of the chamber. In each time
increment &t¢:

1. aphotoelectron macroparticleis started in each « diceat y =
Ywan Withvertical velocity v, = 0;

2. the electric field gradient £, /0y is calculated for each =
slice;

3. y and v, are updated for each macroparticle using the cal cu-
lated 0 Fy /0y, and

4. any macroparticle for which y > y,, 4y isremoved.

No horizontal motion of the macroparticleis allowed because of
the strong vertical magneticfield. Anapproximate model isused
for the field gradientsin which 0E, /0y fdls off as the square
of the distance from the distributed pump dots and the beam,
and theeffect of the photoel ectron macroparticlesisto screen the
field due to the pump dots. The beam position x4 ..., iSMadeto



oscillate sinusoidally with amplitude 4 mm. The constants used
inthesimulation are listed in Table 1.

Table 1: Simulation physica constants

Ywall Beam chamber half-height 20 mm
Zeenter | POSItion of center of chamber 45.2 mm
Q Horizonta tune ~ 10.5
Ty Revolution period 2.56 us
B, Average 5 in dipole magnets 19m
p Beam momentum 5.3GeV/c
Lo Total pump dot length 408 m
qslot Eff. dot linear charge density | 4.79 nC/m
Rpe Photoemission rate 092m-!

All of the physical constants used in the simulation are based
on measured quantities except 1,., the photoelectron charge
injected per unit time, length, and beam current. No attempt
was made to calculate or directly measure this quantity. It was
treated as a free parameter, and was adjusted so that the maxi-
mum growth rate for the 7 bunch pattern occurred 5 mA as ex-
perimentally observed. It was then held fixed at thisvaluefor all
simulations. No other free parameters were used, and no other
changes of any sort were made to the original numerical model
to bring it in closer agreement with experimental observations.

V. SIMULATION RESULTS
A. Time dependence of trapped charge density

The calculated photoelectron charge density as a function of
time for the 7 bunch pattern is shown in Fig. 1. The horizontal
scaleisinunitsof 6t = 1.4 ns. The abrupt lossof trapped charge
following each bunch passageisclearly seen, asisthe s ow vari-
ation due to the horizontal beam oscillation.

The reason that the instability growth rate falls off rapidly at
higher beam currents is apparent from these plots. The rate at
which photoel ectrons are injected into the beam chamber is pro-
portional to the synchrotron radiation flux, which isin turn pro-
portional to the beam current. When the average photoel ectron
charge density is sufficient to completely screen the pump leak-
age field, no more el ectrons can be trapped. The charge density
reaches an approximately constant level, extinguishing the vari-
ation needed to drive the beam.

Thetrapped photoel ectron density depends strongly onthe de-
tails of the bunch pattern. The effect of a very small gap in the
bunch pattern can be seen in the sudden drop every turn (1830
increments) in Fig. 1b (theinterval between bunches7 and 1is
378 ns as opposed to 364 nsfor al other bunches). The charac-
teristic recovery time of the photoel ectron charge is of the order
of 50 ns, asshowninFig. 2, wherethedataof Fig. 1careplotted
on afiner time scale.

B. Current dependence of growth rate and tune shift

The growth rates ., and tune shifts dw,. for the 7 bunch pat-
ternareshowninFigs. 3and 4. Wea so simulated 9trainsof two
bunches each, with a 28 ns interval between bunches. Because
the recovery time of the photoel ectron charge is longer than the
interval between bunches, the bunches within atrain act coher-
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Figure. 1. Photoelectronlinear chargedensity vs. time. Thehor-
izontal scale isin units of the 1.4 ns ssimulation increment. The
total timeis 10 CESR revolutions. The beam is moving horizon-
tally with frequency f,/2. Beam currentsare: (a) 3; (b) 5; and
(c) 6 mA/bunch.

ently. The current at which the growth rate peaks is half that of
the 7 bunch case.
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Figure. 2. Photoelectron linear charge density vs. timein units
of 1.4 ns (data of Fig. 1c plotted on afiner scale).
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Figure. 3. Growth rate vs. bunch current.

C. Frequency dependence of growth rate and tune shift

To determine the dependence of the growth rate and tune shift
on the coupled-bunch frequency we followed the same proce-
dure for coupled bunch modes with frequencies of f,/2, 3 fo/2,
and 5f,/2, where f; = 390 kHz is the CESR revolution fre-
quency. We used the 7 bunch pattern with 3 mA/bunch. There-
sults are shown in Table 2. The magnitude of both the growth
rate and tune shift fall off rapidly with increasing frequency, in
gualitative agreement with observation.

Table 2: Freguency dependence of «,, and dw,
| Modefrequency | a, (s°!) | dw, /27 (H2) ]

Fo/2 291.1 782
375/2 378 0.7
570/2 22 20

V. CONCLUSIONS

The photoel ectron trapping model successfully describes the
qualitative features of the observed instability. The numerical
model provides estimates of growth rates which are in approx-
imate agreement with observationsin spite of a number of sim-
plifying assumptions. For example, the calculated growth rate
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Figure. 4. Tune shift vs. bunch current.

for the 7 bunch pattern at 4 mA/bunchis 740 s~1, while the ob-
served rateis 520 s~! [1]. The numerical mode reproduces the
observed behavior of the tune shift, which changes sign at the
same current at which thegrowth rate startsto diminish, and pre-
dictsthat the magnitude of the growth rate fallsrapidly with fre-
quency.

It has been observed that them = 1 vertical head-tail modeis
stabilized by the operation of the distributed ion pumps[2]. We
notethat the peak of thefrequency spectrumfor thismode occurs
at approximately 2.4 GHz, with substantial spectral density at the
5.6 GHz cyclotron frequency of the trapped photoel ectrons. The
photoel ectrons may be damping this mode by absorbing energy
from the head-tail mode before being lost by collision with the
chamber.

The author wishes to thank the many members of the CESR
Operations Group, with specia thanksto M. Billing, for stim-
ulating discussions on observations and possible causes of the
anomal ous antidamping effect.
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