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A Trapped Photoelectron Instability in Electron and Positron Storage Rings
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(Received 1 May 1997)

An anomalous growth of the horizontal coupled bunch modes of the bunched beam is observe
the Cornell Electron Storage Ring. In contrast with instabilities caused by electromagnetic wake fie
the growth rate is a highly nonlinear function of the bunch charge. We show that this effect is d
to photoelectrons produced by synchrotron radiation which are trapped in the beam chamber by
bending magnet field and a quadrupole electrostatic field. We have developed a numerical simul
and an analytical model of this process. [S0031-9007(97)04354-8]
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In storage rings, electromagnetic wake fields produc
by the passage of the beam through the vacuum cham
couple the motion of different bunches. In general, th
perturbed oscillation frequencies have an imaginary pa
so that some of the coupled bunch modes have a posit
growth rate, which is proportional to the beam current.

In contrast to this linear model of beam instability, a
anomalous transverse coupled bunch instability (“anom
lous antidamping”), in which the growth rate is a nonlin
ear function of beam current, is observed in the Corne
Electron Storage Ring (CESR) [1]. The absolute valu
of the growth rate is largest at the intermediate curren
encountered during injection, and becomes dramatica
smaller at higher currents. The instability is predom
nantly horizontal. Coupled bunch modes at positive fr
quencies are damped; those at negative frequencies t
to grow. The absolute value of the growth rate decreas
monotonically with mode frequency. If the beam consis
of trains of bunches spaced by 28 ns or less, the bunc
within a train move coherently. The growth rate is simila
for positrons and electrons except for minor difference
which may be due to Landau damping from ion captu
by the electron beam [2]. Measurements shown here w
performed with positrons so that the growth rate is ind
pendent of residual gas pressure. Beams in collision a
stable because of the Landau damping provided by t
nonlinear beam-beam force.

The anomalous instability is present only when the di
tributed ion pumps (DIPs) are powered [3]. It disappea
immediately when the DIPs are turned off. The growt
rate is proportional to the number of DIPs powered an
to the DIP anode voltage [4]. CESR contains DIPs in a
bending magnets. Pumping slots allow the electrosta
field from the DIP anode to leak into the beam chambe
The calculated potential [5,6] is shown in Fig. 1. Som
CESR DIPs have additional shields which suppress t
leakage field. These pumps have no effect on the beam

We hypothesize [7] that slow electrons trapped in th
beam chamber are responsible for the anomalous insta
ity. These electrons are produced through photoemiss
by synchrotron radiation striking the beam chamber wa
0031-9007y97y79(17)y3186(4)$10.00
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and are trapped in the combined dipole magnetic field a
quadrupole electrostatic leakage field from the distribut
ion pumps. Repeated passages of the beam eject th
In this way the position of the beam modulates the trapp
charge density, which in turn exerts a time-dependent fo
on the beam. Photoelectrons are confined horizontally
the 0.2 T dipole magnet field. The leakage field from th
DIP slots confines the electrons vertically, much like a Pe
ning trap. The horizontal component of the DIP leaka
field causes anE 3 B drift down the length of the magnet
with a velocity of the order of103 mys. Electrons are re-
moved by interactions with the beam on a time scale of te
of microseconds [6], so electron loss by drift is negligibl
The cyclotron motion of the electrons at 5.6 GHz is unim
portant at the frequencies of the coupled bunch mod
The vertical motion of the electrons, with frequencies
several MHz, dominates the dynamics.

A numerical model was produced to calculate th
coupled bunch growth rate [6]. In this model, electro
macroparticles move under the influence of the elect
field of the DIPs, bunched beam, and their own spa
charge. Velocities, positions, and fields are updated e
time step of 0.5 ns. Secondary emission is modeled

FIG. 1. Electrostatic potential in the CESR beam chamber d
to the distributed ion pump.
© 1997 The American Physical Society
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injecting one or more macroparticles, depending on th
secondary emission yield at the incident electron energ
During the beam passage, smaller time steps are used
which several photoelectron macroparticles are inject
with a uniform velocity distribution. We have used a
value of the photocurrent per unit beam current per un
length for the aluminum chamber which nearly reproduce
the measured current dependence of the instability grow
rate. This value is consistent with an extrapolation of th
photoemission rate measured at DCI [8] to CESR param
ters. The reflectivity of the vacuum chamber is unknown
but for any reflectivity between 0 and 1 the illumination o
the top and bottom walls of the vacuum chamber is near
uniform [6]. Photoelectrons emitted by the vertical sid
wall of the chamber are immediately reabsorbed due
their cyclotron motion and have no effect. The simula
tion physical parameters are summarized in Table I.

Figure 2 shows the calculated electron charge dens
10 ns after the passage of a leading bunch of3.60 3

1010e1 in a pattern of nine trains of two bunches sepa
rated by 28 ns. The pumping slots are to the left. Th
total charge emitted from the top and bottom walls i
0.161 nCym. New photoelectrons are evident as bands
the top and bottom of the chamber. Photoelectrons whi
have been slowed by the space charge of the leading pho
electrons may be trapped on low-amplitude trajectorie
The passage of subsequent bunches eventually ejects th
trapped electrons. A negligible fraction of electrons is du
to secondary emission. An avalanche may be created wh
electrons close to a bunch are accelerated to an energy
which the secondary emission yield exceeds unity [9]. I
CESR, most electrons have left the vicinity of the beam b
the next train passage, and no avalanche occurs.

The growth rate of the lowest frequency coupled bunc
mode was calculated from the force on the horizontal
oscillating beam and is shown for the9 3 2 bunch pattern
in Fig. 3. Error bars on the simulation points show
the effect of the limited number of macroparticles. Th
simulation shows chaotic behavior which leads to a larg
scatter in the calculated growth rates. Chaotic dynami
may be expected because the system has three dynam
variables (beam oscillation amplitude, phase, and electr
density) and a nonlinearity (electron density vs oscillatio
amplitude). The observed instability appears to be chao

TABLE I. Simulation parameters for CESR.

Constant Value Units

Photocurrent/beam current/length 20.028 m21

Maximum photoelectron velocity 8 3 105 mys
Maximum secondary emission yield (SEY) 2.5
Primary electron energy for maximum SEY 390 eV
Horizontal tune 10.5
Beam energy 5.3 GeV
Storage ring circumference 768 m
Total length of DIPs 408 m
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as well. The beam oscillation is self-limiting, but it
amplitude fluctuates rapidly and unpredictably.

We have also produced an approximate analyti
model of photoelectron trapping which predicts the sc
ing of the growth rate with frequency and with curren
The time-varying force on the beam occurs because
strength of the repeated small kicks which remove t
trapped electrons depends on the beam position. Beca
the electrons move in a nonlinear potential, these kic
occur at nearly random oscillation phases, and the e
tron motion resembles diffusion. We model this diffusio
with a Fokker-Planck equation for the phase-space cha
densityW s y, Ùy, td:
≠W
≠t

1 Ùy
≠W
≠y

1
1
m

fFexts yd 2 eEscs ydg
≠W
≠ Ùy

­

≠2

≠ Ùy2 fDstdW g 1 Ss y, Ùyd , (1)

where y is the vertical coordinate,Fexts yd is the force
on the electrons from the DIP field,Escs yd is the space
charge electric field,Dstd is the diffusion coefficient, and
Ss y, Ùyd represents the rate at which new photoelectr
phase-space charge density is added. We have red
the problem to a single spatial dimension by assum
that there is no variation of the forces or the diffusio
constant in the region of trapped electrons, because
electrons are confined to a small band within the reg
between the beam and the DIP slots, as demonstrate
the simulation.

The diffusion coefficient depends on an effective d
tancerstd from the beam to the band of photoelectron
For small oscillations of the beam with frequencyV,

Dstd ­
fD Ùystdg2

4Dt
ø D0s1 2 deiVtd , (2)

where DÙy is the kick provided by the beam passage
intervals ofDt, D0 ø sr2

e q2
bMc2yr2

0 e2T0d, r0 is the mean
distance from the beam to the trapped electrons,d is
the amplitude of the horizontal motion of the beam
units of r0, re is the classical electron radius,qb is the

FIG. 2. Calculated charge density in the beam chamber 10
after the passage of a bunch.
3187
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FIG. 3. Horizontal betatron growth rates for the lowest fre
quency mode, measured in CESR and calculated by
simulation program. The curves are meant only to gui
the eye.

bunch charge,M is the number of bunches, andT0 is the
revolution period.

The vertical oscillation period of the trapped electron
is much shorter than the characteristic time for electro
to diffuse out to the chamber wall, so the phase spa
distribution is approximately symmetric with respect t
the phase of the oscillation:

Ws y, Ùy, td ­ W sY , td , (3)

Y2 ­ y2 1

µ
Ùy
v

∂2

, (4)

wherev is the electron oscillation frequency:

v2 ­ 2
1
m

≠

≠y
fFexts yd 2 eEscs ydg . (5)

In terms of the new variableY , the Fokker-Planck
equation (1) becomes

≠W
≠t

­
Dstd

2v2std
≠2W
≠Y 2

1 SsY d . (6)

We must solve this equation for an appropriate choice
SsYd with the boundary conditionW sY $ ywall, td ­ 0
representing absorbing chamber walls. We can find
solution in two pieces:

W sY , td ­ W0sY d 1 wsY , td , (7)

where W0sY d is the static solution forDstd ­ D0, and
wsY , td is a time-dependent perturbation. ForSsY d ~

W0sY d we have the static solution

W0sY d ­
2 Ùspev

2
0

s1 2 2ypdp2D0
cos

√
pY

2ywall

!
, (8)

where Ùspe is the average photocurrent density. Substitu
ing Eq. (7) and the solution (8) forW0 into Eq. (6) we
obtain the equation forwsY , td, which, for small oscilla-
3188
-
the
de

s
ns
ce
o

of

the

t-

tions of the beam, has the solution

wsY , 0d ­ s1 2 2ypd21 cos

√
pY

2ywall

!

3

"
1

v
2
ext

sAqb 2 Bd

√
1 1

B
Aqb

!

1 4i
VT0

´Mqb
y2

wall

#
21

d , (9)

where we have defined constantsA ­ s2pcreyr0ed2y
s8´d, B ­ s8preywallc2yed, v2

ext ­ 2s1ymddFextydx,
and´ ­ s ÙspeT0dysMqbd.

The linear charge density from the trapped charge in
band of horizontal widthl generates a force on the beam
particles from which the impedance can be calculated:

Z'
1 sVd ø 2i

2Lly2
wall

pIr2
0 e0

3

"
1

v
2
ext

sAqb 2 Bd

√
1 1

B
Aqb

!

1 4i
VT0

´Mqb
y2

wall

#21

. (10)

Here L is the portion of the ring circumference contain
ing DIPs. This is not an impedance in the usual sen
because it is current dependent. Note that its real part d
creases monotonically with frequency.

We evaluate the growth rate by a summation of th
impedance over the distribution of beam frequencie
[10]. Several constants can be only roughly estimate
particularly the area photoemission efficiency´. The
chamber reflectivity, which is unknown, is included in
´. The constantsr0, l, andvext are estimated from the
chamber geometry. Each of these has been chosen
fit the experimental observations. Model constants a
summarized in Table II.

The calculated growth rate is shown in Fig. 4. Th
same model constants are used to fit three bunch d
from 1985 [1] and9 3 2 bunch data from 1995 [4]. For
trains of bunches spaced much more closely than o
photoelectron oscillation period2pyv, as in CESR, the
effect of the bunch passages within a train is coheren
so the total train charge is substituted forqb to evaluate

TABLE II. Constants for the CESR photoelectron model.

Constant Symbol Value Units

Area photoemission efficiency ´ 21.3 m21

Effective beam-charge distance r0 35 mm
Width of trapped charge band l 10 mm
Chamber half-height ywall 25 mm
Total length of DIPs L 408 m
External field constant vext 1.2 3 108 s21

Horizontal betatron frequency vb 2.582 3 107 s21
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FIG. 4. Horizontal betatron growth rates for the lowest fre
quency mode, measured in CESR (points) and calculated
the photoelectron model (curves).

the growth rate. The problem has been linearized, so t
solution is not chaotic.

An instability caused by the interaction offree elec-
trons with a positively charged beam (“electron clou
instability”) has been studied theoretically [9,11] an
may have been observed in the Photon Factory [1
and the Beijing Electron-Positron Collider (BEPC) [13]
Unlike the trapped electron instability, this instability
does not require an external trapping field (e.g., com
bined quadrupole electric and dipole magnetic fields,
a nonuniform magnetic field). It may occur in the pres
ence or absence of a dipole magnetic field. Unlike th
trapped electron instability, the free electron instability oc
curs only for positively charged beams, because electro
are repelled from a negative beam. The effective wa
from the free electron cloud persists only during the tra
sit time of slow electrons across the chamber. In contra
the wake from the trapped photoelectrons is very lon
range, because the charge density relaxes back to its e
librium value several microseconds after being chang
by a bunch passage. For the trapped electron wake,
absolute value of the growth rate decreases monotonica
with coupled bunch mode frequency. This is not true o
the shorter-range free electron wake.

The trapped photoelectron instability occurs for elec
tron or positron beams in the presence of an external tra
ping field when the transit time for slow electrons acros
the chamber (less than 100 ns for 1 eV electrons) is le
than the bunch spacing. Our simulation shows that t
electron density in the chamber is determined by the tra
ping field for bunch spacing greater than 100 ns, but
independent of the trapping field for bunch spacing le
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than 10 ns. For these closely spaced bunches, the den
is dominated by electrons in their first transit across t
chamber, and the instability is of the free electron clou
type. The trapping field has a significant effect in a tra
sition region between 10 and 100 ns.

The trapped photoelectron instability is the domina
transverse instability in CESR, and stable operation
the storage ring requires active feedback. Severale1e2

colliders and second-generation synchrotron light sourc
have similar vacuum chamber geometries and the trapp
photoelectron impedance should be observable in th
as well. We have reduced the instability growth rate
CESR to 18% of its original value by reducing the DIP
anode voltage to 25% of the original voltage.
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