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Abstract photoemissionyield have beenpublished, but the
dependence oangle ofincidence isnot fully consistent

Synchrotron radiation in electron-positron colliders antbetween different measurements.

synchrotron light sources ejects photoelectrons from the As an example, the values of parameters relevant for

beam chambemwalls. The resultingcloud of slow photoemission in CESR are listed in Table I.

photoelectrons interacts with the beaandmay generate

a transverse couplddunch instability. In some high Table I: Photoemission parameters for CESR

current storageings a photoemissiorffect causes the parameter value
dominant transversastability, with a sub-millisecond beam energy 53 GeV
risetime. Two types of photoemission instabilities/e bending radius 88 m
been observed. IGESR, photoelectronsre trapped by || photon critical energy 3.7 keV
the combination of ajuadrupoleelectrostatic field from Ipe(Ibeantd!) (normal incidence) 0.04 ml
the distributedion pumpsand the field of the bending angle of incidence (approx.) 30 mrad
magnets. This trappedphotoelectron instability” has a || Iped(Ibeandd!) (30 mrad) 004 -02ml
very long range, is nonlinear in beam curresnd is Ipe/(Ibeantd!) (from obs. instability) 0.06 ml
predominantly horizontal. In the Photon Factory an =

BEPC, photoelectrons movinigeely acrosghe chamber o .

interact with the positron beam fwoduce a transverse 1he photoemissiomate Ipeg/(Ipeantdl) is calculated by
instability. This “free photoelectroninstability" occurs integration over the photon spectrum [1,3], assuming an
for bunch-to-bunch intervals smaller than the transit tim&l203 surface orthe aluminum vacuum chamber. The
(a fewtens ofnanoseconds) gfhotoelectrons across the uncertainty in the photoemission rate at 30 mrad incidence
chamber, occurs in thabsence of external fields, isis due tothe uncertainty in thelependence ofield on
approximately linear in bunch currentand is incidenceangle. The photoemissiaate inthe last row
predominantly vertical. Numericaimulations of both of Table I isinferredfrom a comparison of thebserved
effectsreproducethe observedbehavior of the beam, as photoelectron instability growthate in CESR and the
does an analytical calculation of tlrappedphotoelectron results of a computer simulation. This isvery large
instability. Experiments to observe thesstabilities in  photoelectric current!

other storage ringsare underway. There isoth o

theoreticaland observationakvidencethat other types of 1.2 Secondary emission

in_stab!lities due to photoemission may be import.ant.. Wgecondary electrons may be produced by primary electrons
will discuss the consequences othe photoemission

; ! : . which are accelerated biye close passage of positron
instabilities for thedesignandoperation of highcurrent ) \nch. Thesecondaryeulye]ctron yieFI)d (SSY)derE?nds on
storage rings.

the primary electron energgndthe material. Aluminum
chamberswith an AbO3 surface layer have an SEY
1 ELECTRON EMISSION PROCESSES which reaches amaximum of approximately 2.5 at a
The two main sources of electrons in theam primary electron energy of approximate®@0 eV [4,5].
chamber of a high energy electron or positron storage rimgl other acceleratovacuum chamber materials have a
are photoemission and secondary emission. lonization @iuch lower maximum SEY (typically 1.0 to 1.2).
the residual gas is negligible source of electrons in

comparison to these. 2 TRAPPED PHOTOELECTRON INSTABILITY

1.1 Photoemission 2.1 Observations in CESR

n anomaloustransverse coupledunch instability has
een observedfor many years in CESR [6,7,8]. The
absolute value of the growth rate is largest at the
intermediate current&ncounteredduring injection, and
becomes dramatically smaller at higher currents. The
growth rate of the positron beam is veeproducible and

is independent of the residual gas pressure.ifstability
if,onot asreproduciblefor electrons. The instability is
predominantly horizontal. Coupled bunch modes at
positive frequencies are dampedhose at negative
frequencies tend togrow. The absolute value of the
growth rate decreases monotonically with médguency.

Electronsare ejectedrom the beamchamberwalls by
synchrotron radiation photons. The quantum efficiency
the photoemissionprocessdepends onthe reflection
coefficient ofthe chamber surfacehe angle ofincidence
of the photons, the photon energyd the material and
surface conditions of the chamber. Theeflection
coefficient can become large #te shallow angle of
incidencetypical of synchrotron radiation intercepting
beam chamber surfaces. The quantum efficiency tends
increase atow photon energyand for small angles of
incidence, because dhe greater probability that an
electron liberated close to the surfagd penetrate to the
surface. Measurements [&hd scaling laws [2] of the
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If the beam consists of trains of bunclspaced by 28 ns velocities. A value of the photoemissia@ificiency for
or less, the bunches within a train move coherently. the aluminum chamber which nearlyreproduces the
The anomalous instability is present only when theneasured current dependence of the instability growth rate.
distributed ion pumps (DIPs)are powered[8]. It This value is consistent with the extrapolation of the
disappears immediately when the DIPstareedoff. The photoemissionrate measured atDCI [1] to CESR
growth rate is proportional to the number of DIPs parameters shown in Table I.
powered and to the DIP anode voltage [9]. Figurel shows the calculated electararge density
CESR contains DIPs in abbendingmagnets. A 10 ns aftethe passage of a leadifgunch in thepresent
series of slots allows gas to flow from the beetramber CESR pattern of 9 trains of 2 bunches, with bunches in a
to the pump chamber. The slots also allow the D@®ain separated by 2&s. The pumping slotsre to the
electric fieldproduced bythe DIP anode toleak into the left, and the beam is at the origin. Newly emitted
beam chamber, as demonstrated by numerical computatjgmotoelectrons are evident as bands attdpeand bottom
of the potential [10,3]. of the chamber. Photolectrons which have bslewed
Some CESR DIPsave copper shieldwith offset by the space charge of the leading photoelectrons may be
slots, which shield the beam chamber from the fidld. trapped onlow-amplitude trajectories. The passage of
These shielded pumps have no effect on the beam. subsequent bunches eventually ejects thésgpped
The observations are consistent with the hypothesiectrons.
[11] that slow electronsrapped inthe beanchamber are
responsible for the anomalous instability. These
electronsare producecprimarily through photoemission
and ardrappedin the combined dipole magnefield and densit
quadrupoleelectrostatic leakage fieldlom the distributed erf' Y “;l
ion pumps.Repeatedpassages of the beam eject thesd10 /M
photoelectrons. In this way the transverse position of th
beam modulates the trapped charge density, which in tujrg

charge

AN

(A
roduces a time-dependent force on the beam. 1 SR \"'\Q.iii"..
P Photoelectrong in the CESR chamber are confined 0.5 \i’?}‘!"&&%ﬁ}t{i{f{fﬁli
very small orbits in the horizontal plane by tBeg T N "‘i&%ﬁ}f&?& 0.02
field of the dipole magnets. The quadrupole component of0-04 "l""‘::}' S T
the leakage field from the DIP slots confines éhectrons -0.02 2, = p Vertical
vertically, much like a Penning trap.Because of the p‘))/s(';;()’”

horizontal dipole component of the pungakage field, _ "
the trapped electronsundergo anExB drift down the  horizontal position x (m) 0.04

length of the magnet, with a velocity of toeder of 18
m/s, and are lost from the magnets ife@ milliseconds. £ 1 calculated chargelensity in theCESR beam

Electrons are removed by interactions with the beam on.g,mper 10 ns after the passage of a bunch.

time scale of tens of microseconds [3], so electron loss by

drift is negligible. The cyclotron frequency of thrapped The growthrate of the lowestfrequency coupled
electrons is 5.6 GHz, so their cyclotron motion ig nch mode was calculated from the force on the
unimportant at thefrequenqes ofthe coupled bunch' horizontally oscillating beam. The growtfate for the
modes. The vertical motion of the electrons, withy, phynch pattern is shown in Fig.2The error bars on
frequencies of several MHz, dominates the dynamics.  4e simulation points show theffect of the limited
number of macroparticles. The simulation shalaotic
behavior whichleads to alarge scatter irthe calculated
A computer simulation of photoelectron trapping wagjrowth rates

produced tocalculatethe coupledbunch growthrate and .

tune shift in CESR [3]. In this model, thejectories of - 2.3 Analytical model

electron macroparticles moving under the influence of thg, approximate analytical model of photoelectron

electric field of the distributed ion pumps, abunched ping whichpredictsthe scaling of the growthate
beam, and the space charge of the other photoelectr_onsvgﬁa frequency andwvith current has beeproduced[12].
calculated. Only vertical motion of theelectrons is  pe ime-varyingforce onthe beamoccurs because the
allowed because of the strong dipole magnetic field. trength of therepeatedsmall kicks whichremove the
Macroparticle velocities and positions and thg electric fiel apped electrons depends thre beam position. Because
are updated eadime step of 0.5 ns. If thegajectory of 4 6jectrons move in the nonlinear poteniaduced by
the macroparticle has taken it outside thwamber ,o p|p andspace chargethese kicksoccur at nearly
boundaries, it is removed. Secondary emission is modelpéfldom phases of theappedelectronoscillation, and the

by injecting one or more macroparticles, depending on theqiion of the electrons resembles diffusion.  Ywedel
secondary emission efficiency, which is a function of thg, g giffsive motion of theelectrons using a continuous
incident macroparticle energy. During the beam passagg,ker-Planck equation.

smaller time steps are used in which several photoelectron
macropatrticles are injectedith a uniform distribution of

2.2 Computer simulation
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measured

simulation 3 ELECTRON CLOUD (FREE

PHOTOELECTRON) INSTABILITY
In contrast with thetrapped photoelectroninstability
EE observed

1000

in CESR, strong evidence for a free
photoelectroninstability (electron cloudinstability or
"ECI") has beenobserved inthe Photon Factory and
500 He E BEPC. This instability, in contrast with thEESR
eﬂ instability, occurs in the absence ofmagnetic and
electrostatic fields; occurs only for positron beams,
because electron beams repel the photoelectrons; is strong
He # in the vertical directionandincreasesvith beamcurrent.
0 ﬂlj HF dl HF It is short-range in naturéyecausethe photoelectrons
0 1 2 3 4 5
bunch current (mA)

move rapidly to the chamber walls. This free
photoelectron instability is not observed@ESR, vhich
operates with widely spaced bunches.

FIG. 2. Horizontal betatron growth rates it &s. bunch

current in mA for the lowest frequency modegasured in

CESR and calculated bythe simulation program. The A vertical coupledbunch instability hasbeen observed

curves are meant only to guide the eye. with positron beams in the Photon Factory [13]. This
instability has a very low threshold current (15 - 20 mA),

We reduce the problem to a single spatial dimensighows a spectrum of betatrsiebandghat is broad in

by assuming that there is no variation of foeces or the frequency,andpersists when a gap istroducedinto the

diffusion constant in the region dfapped electrons, bunch pattern. The instability is observed withfes as

because the electromase confined to amall bandwithin 37 successive bunches followed by 275 empty buckets.

the regionbetweenthe beamand the DIP slots, as The bands of excitetbetatronsidebandamove to lower

demonstrated bythe numericalsimulation, and further  frequency as the beam current increases, indicating that the

simplify the problem using théact that the vertical instability is notdue toelectromagnetic modes ibeam

oscillation period of the trapped electrons is much shortehamber structures.

than the characteristic time for electronsdiffuse out to When an electron beam is used in Bfe, avertical

the chamberwall. The phasepacedistribution will be instability with a higher current thresholdand a

approximately symmetric with respect to the phase of theompletely different spectrum is observed.This latter

oscillation. instability is consistent with ion trappingand is

The calculated growth rate is shown in Fig. 3 for theuppressed by a gap in the bunch pattern

lowest frequency horizontal mode. These growttate The instability in the PF is consistent with an

curves, plotted as a function of bunch chaaggeewell interaction of the positron beam wifiee photoelectrons.

with observations in CESR [7,9] The samwodel The electron beam isnaffectedbecausedhe photelectron

constantsare used tdit three bunchdatafrom 1985 and are repelled byhe beam. A computer simulation of the

9x2 bunch data from 1995. electron cloud instability [14] (described below) reproduces

the behavior of the observed instability.

growth rate (s™)

3.1 Observations in Photon Factory

1000

500

|growth rate| (s™)

O 3 bunch (meas.)

® 9x2 bunch (meas.)
------- 3 bunch (model)
9x2 bunch (model)

bunch current (mA)

3.2 Observations in BEPC

An instability similar to the one seen in the PF basn
observed aBEPC by an IHEP/KEK collaboration in an
extensive set of measurements [15]. As in ke the
instability is vertical,appearsonly with positron beams,
shows abroad distribution of betatronsidebands, and
persists with a large gap in the bunch pattern. It has a
low current threshold, similar to that in the PF.

The dependence of the instability threshold bedm
spectrum on a large number of parameters was
investigated. It wafound that thesedid depend on the
vertical chromaticity, the bunch spacing, thHseam
energy, the horizontal beam emittancand the RF
frequency (which moves the horizontal closed orbit).

The current threshold was observed to increase from
10 mA to 40 mA with onlyalternate RF buckets filled.

FIG. 3. Horizontal betatron growth rates it &'s. bunch
current in mA for the lowest frequency moadegasured in
CESR (points) and calculated by the photoelecinmalel
(curves).

This is consistent with thesvidence from conputer

simulations, which show that the averagectron density
increaseswith decreasingbunch spacing [3,16]. The
dependence ofthe instability threshold on energy is
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weakerthan thatexpectedor an instability generated by
electromagnetic wake fields. Further analysis ofldnge

body of data is continuing, and more measurements are

planned.

3.3 Computer simulations

a lower SEY, the contribution cfecondaryelectrons to

the electron density may still be important.

In the regimewhere electrortrapping is important
(i.e, long bunch spacing)secondaryemission has a
negligible effect [3,12].

Computer simulations of thelectron cloudinstability 32F
have beenused to reproductihe observed effectfl4] and

to design beam chambers for new storage rings [16].
These simulationgrack electron macroparticlesder the
influence of the fields ofthe beamand electron space
charge, and include photoemission and secondary emissioi1
models. The effective "wake" due to the electron cloud isLO
determined bydisplacing a single bunch from thaesign

orbit and calculating theforce on subsequent bunches.
This wake potential may then be Fourigransformed to
determine the effective impedance.

4 LESSONS FROM THE SIMULATIONS

4.1 Role of bunch pattern

The transit time of the electrons across the behamber
sets a timescale for theelectron cloudinstability. The
electrons pass across ttlieamber inapproximately 10 to
100 ns. Thefree photoelectron instability onlyccurs
when the bunch spacing is smaller than this time interval.
In contrast, therappedphotoelectroninstability seen in
CESR isseen everwith a single bunch in thetorage 32}
ring, becausehe electronsre trappedor many turns of

the beam.

In the electron cloud instability, the cloud is
established in approximately 100 ns, and disappears after a
similar time in theabsence obeam. The instability is
thus expected to bensensitive to a gap in thbunch 16
pattern, as is observed in the PF and BEPC.

For very closelyspacedbunches, thepresence of a
trapping potential is unimportant, as tlchamberwill
contain a high electron densityith or without such a
potential. Fig. 4a shows thealculatedelectroncharge
density in the CESRhamber inthe presence ofhe DIP
leakage field, as a function of bunch spacamg charge,
and Fig. 4b shows thecalculated chargelensity in the
absence of the DIP leakage field

4.2 Bunch length

In the dipole magnets, cyclotron motion of tilectrons
may be excited by successive bunch passages Ll&he
horizontal momentaare possible after repeated beam
passages. This effect is suppressed if the bunch passe§I® 4. (a) Calculated electron charge density inGESR
a time that is longer than one cyclotron periodhis chamber inthe presence othe DIP leakage field, as a

bunch length cqndition is satisfied faexisting and ,nction of bunch spacing (ns) and bunch chargéqm.
planned storage rings. Contoursare 1nC/m, with black representing zero. (b)
Calculated charge density in the absence of the DIP field.

4.3 Secondary emission

If the secondaryemission yield is sufficientlyhigh, an
avalanche of secondary electrons can od¢dé]. The
electron density themcreasesuntil it is limited by itS |, the rappedelectroninstability, theelectron “lifetime”

own space chargeThis density is much higher that theis of the order of 1Qs. Thetrapped electron density

density in the absence Qf runaway st_acondary emiSSion’."’}HQreasesmtil limited by its ownspace charge.Space
may produce a much higher instability growth rate.  Withparge is always important in this instability [3,11,12].

4.4 Space charge
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In contrast, theelectron lifetime in the electron
cloud instability is of the order of 100 ns. In thlesence
of a secondargmissionrunawaycondition, spacecharge
is relatively unimportant [16].

5 CONTROL OF THE INSTABILITIES
The photoelectron instabilities may be controlled by
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Eliminating any trapping potential. In newly designedrhe work at CESR halseen supported by the National

storage rings the DIPs have been isolated from tt&cience Foundation.

beam chamber by lengthening the pumping slots.

CESR, the DIP voltage has been reduced from 7.3 kV

to 1.9 kV. The photoelectron trappirigstability
growth rate is found to beproportional to the DIP
voltage [9].

Using anantechamber t@bsorb sychrotromadiation
far from the beam.

Suppressingsecondary emission with low SEY
materials (such as Cu or stainless steel) or coatin
(such as TiN, used in PEP-II).

Increasing the bunch spacing. This may be

impracticaldue to other design constraints, but is a[e]

very effectiveway to suppress the electrarioud
instability.

Damping the instability with bearfeedback. This
has beerdone inCESR and is plannedfor all of the
new high current storage rings.

6 CONCLUSIONS

The photoelectron instabilities may be tld®minant
transverseinstabilities in high current electron and
positron storage rings. Thealculated and measured

growth rates, of the order of 1 msare highand close to
the maximum that may beontrolled with presenbeam
feedback systemsGood observations have beemade in
CESR, the Photon FactorgndBEPC, butobservations
in other machines, particularly ones witHifferent
chambergeometries, would be vemyseful. Thebasic
mechanismsre understoodput more work isnecessary
to gain adetailedunderstanding. Computer simulations
have successfullyreproduced the features of the
instability, but these are time consuming, and a means
simply estimating thethresholdand growth rate of the
electron cloudinstability is lacking at present. The
growth rate is fast, but the instabilitiean be controlled
with a combination othambergeometry, materials, and
beam feedback.
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