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I. INTRODUCTION

It is well established by many experimental evi-
dences [1, 2] at KEKB and PEP-II that the instabili-
ties caused by electron impose a severe limitation upon
the luminosity in eTe™ storage rings. Based on the ex-
periments [1] at KEKB, there exists a current threshold
beyond which the vertical beam size at the interaction
point starts to grow like oy o< Ng/Sb, where N, is the
bunch population and S} is the spacing between two se-
quential bunches. Since N, is normally set at the limit
allowed by the beam-beam interaction, this observation
implies that S, cannot be too small otherwise the verti-
cal blow-up degrades the luminosity. As a result, both
B-factories are currently operated S, ~ 2 m, which is
larger 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 vacuum
chamber and therefore reduces the cloud density near the
positron beam. All this indicates that both S, and Bj
play vital 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 .Sy
and By to reveal the physics indicated from the simu-
lations and experiments in the PEP-II low energy ring
(LER).
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II. PHYSICAL MODEL
A. Sources of Electrons

The main sources of electrons in the PEP-II are given
by: residual gas ionization, photoemission from syn-
chrotron radiation and secondary emission from electrons
hitting the walls. In the present simulations we initially
generate a certain large number of electrons uniformly
(in azimuth) at the chamber wall and let the electron
cloud develops by the secondary emission process until
an equilibrium (saturation) density is reached. This ap-
proach is valid in the limit that small number of elec-
trons are generated at each bunch passage compared to
the equilibrium level.

B. Secondary Emission Process

The secondary electron yield (SEY) 6(Ep) and the cor-
responding emitted-electron energy spectrum dd/dE (Ey
=incident electron energy, E = emitted secondary en-
ergy) are represented by a detailed model described else-
where [4]. The parameters have been obtained from de-
tailed fits to the measured SEY of various materials [5].
The main SEY parameters are the energy F,.x at which
d(Ep) is maximum and the peak value dmax = §(Fmax),
see Table I and Fig 1. To be consistent with our previ-
ous simulations we have used a value for d,ax ~2.0 and
E12x=300 eV. Furthermore, for the results shown below,
we do take into account the elastic backscattered and
rediffused components of the secondary emitted-electron
energy spectrum dd/dE at Ey ~ 0. The backscattered
component typically becomes more important at low in-
cident electron energies. To account for this behavior we
have used a fit extrapolated data for copper measured at



CERN [6] and assumed a §(0) ~ 0.5 corresponding to a
50% reflectivity for electrons impinging the wall with an
energy close to 0 eV.
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FIG. 1: (Color) The SEY for stainless steel for a SLAC stan-
dard 304 rolled sheet, chemically etched and passivated but
not conditioned. Shown in figure the fit to the SEY exper-
imental data and the contributions from the three physical
effects of the secondary emission process namely the true sec-
ondary, elastic backscattered and rediffused components.

C. Simulation Model

For the purpose of these present studies we simulate
the passage of a train consisting of PEP-II bunches with
a bunch population of 1x 10" and having a 4 or 2 bucket
spacing, corresponding to 8.4 and 4.2 nsec. The stain-
less steel vacuum chamber is assumed to be a cylindrical
perfectly-conducting round pipe with a 45 mm radius.

Typically, the electrons are simulated by macro-
particles, each one representing a defined number of elec-
trons and carrying a fixed charge as described in [7]. The
secondary electron emission mechanism adds to these a
variable number of macro-particles, generated according
to the SEY model mentioned above. The bunch is di-
vided up into Ny slices (51) and the inter-bunch gap
into Ny (250) intermediate steps. The image and space
charge forces are computed and applied at each slice in
the bunch and each step in the gap. Typical beam and
vacuum chamber parameters are listed in Table 1.

For simplicity, we assume that the bunch travels at the
speed of light and since the beam electric field is effec-
tively two-dimensional, it is convenient to use complex
notation to represent it [7, 8].

D. Electron Motion

Our work starts with implementing longitudinal
solenoid field in the code POSINST [7]. For simplicity,

we assume that B is a constant and ignore any end effects

of the solenoid. For a relativistic electron, the equation
of motion can be written

T=—Tx —=&x7T (1)

where & = eB /yme is the cyclotron frequency of the
electron. The solution of Eq. (1) is a helical orbit with
the axis of the helix parallel to the magnetic field and the
Larmor radius r = v /w. Along the field, electron moves
in a constant speed v). This solution is programmed in
the code to compute the motion of the electrons where
the solenoid field is at presence.

TABLE I: Simulation parameters for the PEP-II LER

Parameter Description LER
E(Gev) beam energy 3.1
C(m) circumference 2200

N, bunch population 1.0x 10"
B(m) average beta function 17.0
€x,y(nm-rad) emittance x,y 24.0, 3.0
o (cm) bunch length 1.3
Srr(m) RF bucket spacing 0.63
Omax max secondary yield 2.0
Eraz(eV) energy at yield max 300

5(0) yield low energy el. 0.5
rp(cm) beam pipe radius 4.5

The parameters used in the simulation is tabulated in
Table 1. Sy has to be a multiple of the RF spacing Sgp.
N, corresponds to the value at the peak of a typical fill
in the recent operation.

III. SIMULATION RESULTS
A. 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 radi-
ation.

The bunch pattern used in the simulation consists of a
short train, long abort gap, and a long train. The den-
sity of electron cloud is clearly building up along the long
train after the gap as shown in Fig. 2. Without solenoid
field, the average density grows extremely fast along the
train but saturates quickly near twice the neutralization
density p. = Np/ Wrng due to the balance between the
space charge and secondary yield. As the solenoid field
increases, both the growth rate and the equilibrium level
decrease. At B; = 15 G, we see a very gradual growth



of the density along the train of 600 bunches. Assum-
ing 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 along the train
after the initial installation of the solenoids at KEKB [1].
As B, reaches 25 G, 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 [9].
Fortunately, the density near the beam drops even more

since the solenoid field restraints the electrons near the
wall.
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FIG. 2: 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
Sb =25 RF-

B. Cyclotron Resonance

As Bg; increases further, we find at 40 G that the equi-
librium density along the bunch train actually become
larger than the density without solenoid as shown in
Fig. 3 for a bunch spacing S, = 2Sgr and in Fig. 4
for a bunch spacing S, = 3Sgr. However, we observed
that most of the electrons are confined in the vicinity of
the wall as shown in Fig. 5. It is clearly seen from Figs
3and 4 that this phenomenon appears as a multipacting
resonance. Indeed, the result can be explained by a
resonance of multipacting associated with the cyclotron
frequency w and the bunch spacing S,. Given the low-
energy nature of the secondary electrons (100 eV), the
radius of cyclotron motions is much smaller than the ra-
dius of beam pipe. The time of flight of an electron being
emitted at the wall, bending back by the magnetic field
and finally hitting the wall is nearly half of the cyclotron
period T, = 27 /w. The resonance occurs when the time
of flight coincides with the time interval between two con-
secutive bunches, namely
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FIG. 3: Equilibrium electron-cloud density along the bunch

train as a function of solenoid field. The bunch spacing S, =
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FIG. 4: Equilibrium electron-cloud density along the bunch
train as a function of solenoid field. The bunch spacing S, =
3SkF.

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 [10]. The condition of cyclotron resonance
is given by
Be mmc?

R 3)

Given S, = 1.26 m, we have B¢ = 40 G. That agrees with
the simulation. In addition, we can see from Fig. 3 that
a minimum density occurs at B; = BS/2. If the bunch
spacing is increased to Sy = 3Sgrr,4Srr, B¢ is reduced
to 30 G, 20 G according to Eq. (3), as shown in Fig. 4
for the case S, = 3Sgrr. Indeed, that is well confirmed
by simulations and by a different approach using Vlasov
equation in [11]. Moreover, we find that the characters of
dynamics are essentially the same if we keep the product




of Sy and By as a constant.
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FIG. 5: Snapshot of the x-y phase space for a solenoid field
of 30 Gauss, 4 RF bucket bunch spacing configuration.

IV. ELECTRON-CLOUD INTENSITY
THRESHOLD

A threshold for the electron-cloud was observed [2] be-
tween 700 mA to 900 mA with 692 bunches spaced 4-RF
buckets at PEP-II. The measurement was carried out
without or with the solenoid field of 30 G. To under-
stand the threshold mechanism, we run simulations with
the similar parameters as in the experiments. The re-
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FIG. 6: Saturated density as a function of the bunch popu-
lation. The circles represent the case of 4-RF spacing and 30
G solenoid field. The crosses represent 2-RF spacing and 60
G field.
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FIG. 7: Details of the secondary electron yield model used for
the simulations. The secondary yield exceed 1 for a primary
electron energy of 25 eV. Note that the value of the secondary
electron yield close to a primary energy 0 eV incident electron
energy is §(0) ~0.6.
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FIG. 8: Average collision energy during the whole simula-
tion run for different bunch population. The average energy
reaches 25 eV needed to exceed a unitary secondary yield
when the bunch population is ~ 6.5 x 10'°, explaining the
intensity threshold shown in Fig. 6.

sults of the simulation are shown in Fig 6. It is clearly
seen from the figure that there exists a threshold be-
yond which the density of the electron cloud grows until
it reaches equilibrium. The threshold is independent of
the bunch spacing S if one retains Sy Bs as a constant.
Above threshold, the saturated density is proportional to
the line density of the beam N, /S, indicating it is lim-
ited by the space charge. Since the peak beam current at
PEP-II is already operated well above the threshold, the
simulation predicts that a two-fold increase of the elec-
trons when the bunch spacing is shorten from 4Spgr to



2SrF even if the solenoid field is doubled.

The threshold in the simulation is about 6.5 x 1019
compared with (4.6 —6.0) x 10'° in the observation. One
should take into account that the effective peak of the
secondary electron yield at the vacuum chamber surface
may be smaller than 2 as assumed in the present simula-
tion.

A possible explanation of the intensity threshold is
given by considering the details of the secondary elec-
tron yield as shown in Fig 7. The SEY exceeds unity in
our model for a 25 eV primary electron energy. Then,
inspecting Fig 8, which shows that the average collision
energy of the electrons reaches 25 eV for a bunch popula-
tion of ~6.5x10'°, one may explain the intensity thresh-
old as observed in Fig. 6.

Without solenoid, however, the simulation disagrees
with the observation because the absence of the nearby
threshold in the simulation.

For an electron near the wall, the momentum kick due
to a bunch is given by [7]

2
N, 2
C Ty

Ap ~ (4)

and thus the energy received from the bunch is

2mc2 N2r2

ple
5
2 (5)

AFE ~

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

AE > Es— (6)

where Es—; (typically 20-100 eV) is the energy above
which the secondary yield § exceeds unity. This yields
the threshold of bunch population

th . b | Es—1

Np o Te 2E0 (7>
where Ey = mc?. In this simulation, we have Es—1 ~ 30
eV. Using Eq. (7), we obtain N;h ~ 8.8 x 10'° compared
with 6.5 x 10'° found in the simulation. Besides reducing
the secondary yield, enlarging the radius of beam pipe
may be more effective way to increase the threshold as
indicated in Eq. (7).

We compute the average electron density in the vac-
uum beam pipe compared with the electron density
within an ellipse centered on the beam axis, with and
without solenoid field as shown in Fig 9. The area of
the beam-ellipse is 20 o, x 20 0y = 14 mm x 4.6 mm.
In particular, for a for a bunch spacing of S = 3 Sgp,
the electron density near the beam reaches 7 x10%*¢/cm?
when the solenoid field is set at 30 Gauss.

V. MULTI-BUNCH INSTABILITY

A. Calculation of the Vertical Dipole Wake Field
Induced by the Electron-cloud

For the calculation of the wake function we follow [12]
as reported in [7]. After the electron-cloud have reached
an equilibrium density a single perturbing bunch is dis-
placed from the central orbit by an amount Ay. In these
simulations, we displace the 40th bunch vertically by
Ay=5 mm. The electron cloud is perturbed dynami-
cally causing a dipole wake which affects the subsequent
bunches. Let the Ap, be the momentum kick experienced
by the subsequent bunches as they traverse a section of
length L. Assuming that there are N sections in the ring,
the dipole wake field is computed as

_NLFy ___cN Apy
qaQAy (eNp)? Ay

where F, = Ap, /At is the force acting on the subse-
quent bunch during the traversal of the section, Ap, is
the actual momentum kick computed in the simulation
and At = L/c. By extracting the dipole wake function
we compute the multi-bunch oscillation frequency in the
first order approximation given in [12]. Considering the
ring filled with M equally-spaced bunches, we compute
the coherent dipole frequency €2, corresponding to the
dipole oscillation mode p by

W, (z) = (8)

nw
Z W(kSB)eQWik(u+u5)/1\l (9)
k=0

ce? N,
47TEZ/5

Qu—w;gz

where wg = wprg is the betatron angular frequency, vg
is the horizontal or vertical tune, the collective mode os-
cillation number is given by p = 0,1,2...M — 1, E is
the beam energy, and the overall summation is extended
to the wake computed for the first subsequent bunches,
here nw=10. Since the amplitude of the oscillation for
each mode p is proportional to exp(—iQ,t), the mode is
unstable when Im€,, is negative and damped when posi-
tive. Simulation results show that the wake is short range
and is significant for few trailing bunches following the
perturbing bunch. Thus with good approximation, the
instability growth rate 7, s given by the first k=1 term
as

_1 _ ce®N,
o = —
0 47TE1/5

W(sg)| (10)

the growth rate as a function of the solenoid field are
shown in Fig. 11 and in Table II. we make here the
approximation of a constant electron density along the
circumference C of the ring. Finally noting that the k=0
mode is real and independent of the mode number p, it
is interpreted as the overall coherent tune shift with the
analytical expression given by
e?CN,

Avg = ——— . 11
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FIG. 9: Average electron density in the vacuum beam pipe compared with the electron density within an ellipse centered on
the beam axis, with and without solenoid field. The area of the beam-ellipse is 20 o, x 20 oy = 14mm x 4.6 mm. The electron
density near the beam reaches 7 x10%e/em® when the solenoid field is set at 30 Gauss.

B. Effect of the Solenoid Field on the Wake Field

As the solenoid field increases, the electrons are grad-
ually confined within the vicinity of the wall. However,
under the condition of a cyclotron resonance, there ex-
ist even more electrons than without solenoid. Since the
electrons are confined far away from the beam axis, it is
not clear if these electrons could cause any instability.
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FIG. 10: Long-range wake function due to electron cloud for
a bunch spacing S, = 3 SrF.

To answer this question, we compute the long-range
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FIG. 11: Multi-bunch instability growth rate as a function of
the the solenoid field. The multipacting resonance condition
at 30 Gauss is shown in figure for a bunch spacing S, = 3 Srr.

wake as a function of the solenoid field and estimate the
growth rate 1/7. The wakes are shown in Fig 10. For
these following simulations, we have assumed a bunch
spacing Sy = 3Sgrpr. Clearly from Fig 10, the peak values
of the wake are comparable at Bs = 0 and Bs = 30 G (at
the resonance). The growth time are 7 = 31,9870, 145us
at Bs = 0,20,30 G respectively. The growth rates and
the vertical tune shifts as a function of the solenoid field
are shown in Fig. 11 and Fig. 12 respectively. Growth
rates and the tune shifts are also shown in Table II.



As the solenoid field increases, one may notice that the
computed long-range wake function and the vertical tune
shift are changing sign, from positive to negative.

Without solenoid field the tune shift generated by the
electrons is positive because the electron-cloud has a fo-
cusing effect on the positron beam. As the solenoid field
increases the electrons are confined near the wall result-
ing in a change of sign of the tune shift similarly to a
conventional impedance. A neutral behavior at 20 Gauss
is expected in the by 3RF bucket spacing.

TABLE II: Multi-bunch instability (MBI) simulations. Elec-
tron cloud induced vertical tune shift Avg and instability
growth time as a function of the solenoid field for a bunch
spacing Sy = 3SRrF.

Gauss |Avg 10 (psec)| 75" (1/sec)
no field|0.037 31 31900
10 0.004 357 2800
20 -0.000392 9.8 x10? 101
30 -0.028389 145 6885
40 -0.0369218 288 3467
50 -0.00227659 754 1325
100 |1e-06 2 x10° 0.5
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FIG. 12: Vertical tune shift induced by the electron-cloud for
a bunch spacing S, = 3 SrF.

VI. DISCUSSION

Based on the simulation, we find that the cyclotron
motion of electrons plays important role in generating
and accumulating secondary electrons. When the res-
onance condition is satisfied, we see huge amount elec-
trons near the wall. Although they are far away from
the positron beam, they still create the long-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 the
electron-cloud under which there is no accumulated elec-
trons. This discovery may provide us a method to com-
pletely eliminate the electron cloud with larger enough
beam pipe and lower enough secondary yield.
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