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Abstract

We have augmented the code POSINST to include
solenoid fields, and used it to simulate the build up of
electron cloud due to electron multipacting in the PEP-11
positron ring. We find that the distribution of electronsis
strongly affected by the resonances associated with the cy-
clotron period and bunch spacing. In addition, we discover
athreshold beyond which the electron density grows expo-
nentially until it reaches the space chargelimit. Thethresh-
old does not depend on the bunch spacing but does depend
on the positron bunch population.

INTRODUCTION

Itiswell established by many experimental evidences|[1,
2] a KEKB and PEP-II that the instabilities caused by
electron impose a severe limitation upon the luminosity
in ete™ storage rings. Based on the experiments [1] at
KEKB, there exists a current threshold beyond which the
vertical beam size at the interaction point startsto grow like
oy X Ng/Sb, where N, is the bunch population and S, is
the spacing between two sequential bunches. Since N, is
normally set at the limit alowed by the beam-beam inter-
action, this observation implies that .S, cannot be too small
otherwise the vertical blow-up degradesthe luminosity. As
aresult, both B-factories are currently operated S, ~ 2m,
whichislarger than its design value.

Experimentally, the solenoid field raises the threshold
of the blow-up and therefore allows the increase of lumi-
nosity. On the other hand, we know from the simulation
performed by Zimmermann [3] that longitudinal solenoid
field B, confines the electrons near the wall of the vac-
uum chamber and therefore reduces the cloud density near
the positron beam. All this indicates that both S}, and B,
play vita roles in the physics of electron cloud instabil-
ity. In this paper, we will study the dynamics between the
positron beam and electron cloud with different S, and B,
to reveal the physicsindicated from the simulations and ex-
periments.

ELECTRON MOTION

Our work starts with implementing longitudinal solenoid
field in the code POSINST [4]. For simplicity, we as-
sumethat B is a constant and ignore any end effects of the
solenoid. For arelativistic electron, the equation of motion
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can be written
T=—-Tx — =& X7, 1)

where@ = eB /ymecisthe cyclotron frequency of the elec-
tron. The solution of EqQ. (1) isahelical orbit with the axis
of the helix parallel to the magnetic field and the Larmor
radiusr = v, /w. Along thefield, electron movesin acon-
stant speed v. This solution is programmed in the code
to compute the motion of the electrons where the solenoid
field is at presence.

Parameter Description Value
E(Gev) beam energy 31
C(m) circumference 2200

N, bunch population 1.0x10%
B(m) average betafunction 17.0

ez y(Nm-rad)  emittance x,y 24.0,3.0
o,(cm) bunch length 13
Srr(mMm) RF bucket spacing 0.63
Omaz max secondary yield 2.0
Ernas(eV) energy at yield max 300

5(0) yieldlow energy el. 0.5
rp(Cm) beam pipe radius 45

Table 1: Simulation parametersfor the LER at PEP-II

The parametersused in the simulation is tabulated in Ta-
ble 1. S, has to be a multiple of the RF spacing Sgr. N,
corresponds to the value at the peak of atypica fill in the
recent operation. The values of 42, Fmaz, and gy are
chosen for the beam pipe of stainless steel in the straight
sections where we have seen most electronsin the ring.

BUNCH TRAIN

Our simulation focuses on the electrons accumulated
through the secondary emission from the beam pipe in the
straight sections where not many primary electrons should
be generated because of lack of synchrotron radiation. In
the simulation, we generate a large number of electrons
only at the first bunch passage and let electron cloud de-
velops by the secondary emission process until a saturation
density is reached.

The bunch pattern used in the simulation consists of a
short train, long abort gap, and a long train. The density
of electron cloud is clearly building up along the long train
after the gap as shown in Fig. 1. Without solenoid field,
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the average density grows extremely fast along the train but
saturates quickly near twice the neutralization density p. =
N, /7S, dueto the balance between the space chargeand
secondary yield. As the solenoid field increases, both the
growth rate and the saturation level decrease. At B, =
15G, we see avery gradua growth of the density along the
train of 600 bunches. Assuming that the cloud density is
proportional to the vertical beam blow-up, this simulation
may be used to explain the observation of the very slow
blow-up aong the train after the initial installation of the
solenoids at KEKB [1]. As B; reaches 25G, the average
electron density does not grow and is kept below 5% of p..
That is near the density at which the head-tail instability
occurs in the LER [5]. Fortunately, the density near the
beam drops even more since the solenoid field restraints
the electrons near the wall.
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Figure 1. Density of electron cloud as a function of time
when a bunch train passes through a stainless-steel beam
pipe and longitudinal solenoid at different settings. The

bunch spacing S, = 2SgF.

CYCLOTRON RESONANCE

As B, increases further, we find at 40G that the satura-
tion density along the bunch train actually become larger
than the density without solenoid as shownin Fig. 2. How-
ever, with a close inspection of the distribution, we ob-
served that nearly all electrons are confined in the vicin-
ity of the wall. It is clearly seen from the figure that this
phenomenon appears as a resonance.

Indeed, the result can be explained by a resonance asso-
ciated with the cyclotron frequency w and the bunch spac-
ing S,. Given the low-energy nature of the secondary elec-
trons (100 eV), the radius of cyclotron motions is much
smaller than the radius of beam pipe. The time for an elec-
tron coming out of the wall and then bending back by the
magnetic filed and finally hitting the wall is nearly half of
the cyclotron period T, = 27/w. The resonance occurs
when this time coincides with the time interval between
two consecutive bunches, namely

TC/ZZS(,/C. (2)
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Figure 2: Saturation density aongthe bunchtrain asafunc-
tion of solenoid field. The bunch spacing S, = 2SgF.

Since v ~ 1 for typical secondary electrons, this reso-

nance is almost independent of the velocities of electron

and therefore much stronger than the resonance occurred in

drift space. The condition of cyclotron resonance is given
by

Be — Tmc? 3

s BSb . ( )

Given S, = 1.26m, we have B¢ = 40G. That agrees with
the simulation. In addition, we can see from Fig. 2 that
minimum density occursat B, = B¢/2. If the bunch spac-
ing is increased to S, = 3Sgrr,4Srr, B is reduced to
30G, 20G according to Eq. (3). Indeed, that is well con-
firmed by the simulation. Moreover, we find that the char-
acters of dynamics are essentialy the same if we keep the
product of S}, and B, as a constant.

THRESHOLD OF MULTIPACTING

A threshold of multipacting was observed[2] between
700mA to 900mA with 692 bunches spaced 4-RF buck-
ets at PEP-11. The measurement was carried out without or
with the solenoid field of 30G. To understand the threshold
mechanism, we run simulationswith the similar parameters
asin the experiments.

The results of the smulation are shown in Fig 3. It is
clearly seen from the figure that there exists a threshold
beyond which the density of the electron cloud grows until
it reaches the saturation. The threshold is independent of
the bunch spacing S, if one retains S, B; as a constant.
Above threshold, the saturated density is proportional to
the line density of the beam N,,/.S;, indicating it is limited
by the space charge. Since the peak beam current at PEP-I1
isaready operated well abovethe threshold, the simulation
predicts that a two-fold increase of the electrons when the
bunch spacing is shorten from 45 g to 2SgF even if the
solenoid field is doubled.

The threshold in the simulationis about 6.5 x 10'° com-
pared with (4.6 — 6.0) x 10'? in the observation. Without
solenoid, however, the simulation disagrees with the obser-
vation because the absence of the nearby threshold in the
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Figure 3: Saturated density as a function of the bunch pop-
ulation. The circles represent the case of 4-RF spacing and
30G solenoidfield. The crosses represent 2-RF spacing and
60G field.

simulation.
For an electron near the wall, the momentum kick due to
abunchisgiven by [4]

N, 2
Ap~ S22 @
C Ty
and thus the energy received from the bunchiis
2m02N§r§
AE ~ —F (5)
7

where r. is the classic radius of electron. If the electron
reaches the wall before the next bunch arrives (B, > B¢),
multipacting of electrons occurs if

AE > Es—, (6)

where Es_; (typicaly 20-100eV) is the energy above
which the secondary yield ¢ larger than one. This yields
the threshold of bunch population

Es=1
Nt~ 7
P Te 2E0 ’ ( )

where Ey = mc?. Inthis simulation, we have E5_; ~ 30
eV. Using Eq. (7), we obtain N} ~ 8.8 x 10'° compared
with 6.5 x 100 found in the simulation. Besides reducing
the secondary yield, enlarging the radius of beam pipe may
be more effective way to increase the threshold asindicated
in Eq. (7).

MULTI-BUNCH INSTABILITY

As the solenoid field increases, the electrons are gradu-
ally confined within the vicinity of the wall. However, un-
der the condition of cyclotron resonance, there exist even
more electrons than without solenoid. It was not clear if
these electrons could cause any instability sincethey are so
far away from the beam.
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To answer this question, we compute the long-range
wake as a function of the solenoid field and estimate the
growth rate 1/7. The wakes are shown in Fig 4. In this
simulation, we have used a bunch spacing S, = 3SgF.
Clearly from the figure, the peak values of wake are com-
parableat B, = 0 and By = 30G (at the resonance). The
growth time = = 31,9870, 145us a Bs; = 0,20, 30G re-
spectively.
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Figure 4: Long-range wake function due to electron cloud
for bunch spacing S, = 3SgF.

DISCUSSION

Based on the simulation, we find that the cyclotron mo-
tion of electrons plays important role in generating and ac-
cumulating secondary electrons. When the resonance con-
dition is satisfied, we see huge amount electrons near the
wall. Although they are far away from the positron beam,
they till create thelong-range wake strong enough to cause
multi-bunch instability.

In addition, if the solenoid field is strong enough B, >
B¢, we find that there exists a threshold for multipacting
under which there is no accumulated electrons. This dis-
covery may provide us a method to completely eliminate
the electron cloud with larger enough beam pipe and lower
enough secondary yield.
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