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Abstract

We present recent simulation results for the main fea-
tures of the electron cloud in the storage ring of the Spal-
lation Neutron Source (SNS) at Oak Ridge, and updated
results for the Proton Storage Ring (PSR) at Los Alamos.
In particular, a complete refined model for the secondary
emission process including the so called true secondary,
rediffused and backscattered electrons has been included
in the simulation code.

1 INTRODUCTION

The Spallation Neutron Source (SNS) under construc-
tion at the Oak Ridge Nationa Laboratory (ORNL), has
initiated studies on the possible electron-cloud effect,
which may limit the performances of the proton storage
ring. A similar high-intensity instability which has been
observed in the PSR at the Los Alamos National Labora-
tory (LANL) for more than 13 years, is now recognized to
be, although not conclusively proven, an electron-cloud ef-
fect. Since 1987 the PSR has reported a fast instability that
is responsible for proton losses and collective beam mo-
tion above a certain current threshold, and is accompanied
by alarge number of electrons. Thisinstability is now be-
lieved to be due to the collective coupling between an elec-
tron cloud and the proton beam [1, 2]. Such instability isa
particular manifestation of the electron-cloud effect (ECE)
that has been observed or is expected at various other ma-
chines. In this article we present simulation results for the
SNS and for PSR ring obtained with the ECE code that
has been developed at LBNL over the past 6 years, suit-
ably augmented to deal with very long and intense bunches
such as in the case of long proton beams. At the present
stage, we have restricted our studiesto look in detail at the
dynamics of the electron cloud rather than the instability
per se. Thusin al results presented here, the proton beam
is assumed to be a static distribution of given charge and
shape moving on its nomina closed orbit, while the elec-
trons are treated fully dynamically. This approximation is
valid for stable beam operation, and it is probably reason-
ablefor mildinstability. We defer issueslikethe current in-
stability threshold, growth rate and frequency spectrum to
future studies. We compared in [3] our results for the elec-
tron current and energy spectrum of the electrons hitting
the walls of the chamber against measurements obtained in
the PSR by means of dedicated el ectron probes. From such
comparisons we can assess the effects of several important
parameters such as the secondary electron yield (SEY) at
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the walls of the chamber, the proton loss rate and electron
yield, etc. Furthermore, we can infer details of the electron
cloud in the vicinity of the proton beam, such as the neu-
tralization factor, which is important for a self-consistent
treatment of the coupled e-p problem [4].

Table 1. Simulation parameters for the PSR and SNS.

Parameter Symbol PSR SNS
proton beam energy | E, GeV 1.735 19
dipolefield B, T 12 0.78
bunch population N,, x1013 5| 205
ring circumference c,m 90 248
revolution period T,ns 350 945
bunch length b;, ns 254 760
gauss. tr. bunchsize | o,,0,, mm 10, 10

flat tr. bunch size Ty Tyy MM 28,28
beam pipe semi-axes | a, b, cm 55| 10,10
proton loss rate Dioss, X1076 4 0.11
proton-electronyield | Y, 100 100
No. kicks/bunch Ny, 1001 | 5001
No. stepsduring gap | N, 100 250
SEY params:

max sec. yield Omaz 2.0 2.0
energy atyieldmax | E,q, €V 300 300
yield low energy e. | 6(0) 05 05

2 PHYSICAL MODEL

2.1 Sourcesof electrons

In this article we consider what we expect to be the main
two sources of electrons for proton storage rings as the
SNS and the PSR, namely: lost protons hitting the vacuum
chamber walls, and secondary emission from electrons hit-
ting the walls (we are not interested here in simulating the
electron cloud in the vicinity of the stripper foil). Although
our code accommodates other sources of electrons, such
asresidual gasionization, we have turned them off for the
purposes of thisarticle.

2.2 Secondary emission process

We represent the SEY §(F,) and the corresponding
emitted-electron energy spectrum dé/dE (E, =incident
electron energy, E = emitted secondary energy) by a de-
tailed model described elsewhere [5]. Its parameters were
obtained from detailed fits to the measured SEY of stain-
less steel (St. St.) [6]. The main SEY parameters are



the energy E,... @ which §(Ey) is maximum, and the
peak valueitself, §,40 = 0(Emaz) (See Table 1). Further-
more, for the results shown below, we do take into account
the elastic backscattered and rediffused components of the
secondary emitted-electron energy spectrum do/dE. The
backscattered component typically becomes more impor-
tant at low incident electron energies. To account for this
behavior we have used a fit extrapolated data for copper
measured at CERN [7].

The value of §(E)y) at incident electron energies £y <
10eV is an important parameter since it determines the
electron accumulation rate, and also the electron surviva
rate at the end of the gap. This quantity is difficult to
measure experimentally, and remains an uncertainty for the
model. In our simulations we have made the assumption
that 6(0) ~ 0.5. In this case, the simulated electron den-
sity increases by a factor ~ 3 and the peak detector cur-
rent by almost a factor ~ 2.5, relative to the §(0) ~ 0.1
case (refer to previous results for PSR with no rediffused
nor backscattered electrons, see [3]). These are examples
of strong parameter sensitivity that calls for further experi-
mental investigations.

2.3  Smulation Model

The SNS and the PSR rings store a single proton bunch
of length 7, followed by a gap of length 7, with a typical
current intensity profile shownin Figs. 2 and 4. In our sim-
ulation we assume a Gaussian transverse PSR beam with
rms sizes o, = o, = 10mm, , and we use the actualy
measured longitudinal intensity profile. A flat transverse
beam with v, = r, = 28mm is assumed for the SNS.
We simulate the passage of the proton bunch in a field-
free region with a vacuum chamber which we take to be a
cylindrical perfectly-conducting pipe. The number of elec-
trons generated by lost protons hitting the vacuum cham-
ber wall is N, x Y x pjoss per turn for the whole ring,
where Y is the effective electron yield per lost proton, and
Pioss 1S the proton loss rate per turn for the whole ring per
beam proton. We assume the lost- proton time distribu-
tion to be proportional to the instantaneous bunch inten-
sity. The electrons are then simulated by macroparticles.
The secondary electron mechanism adds to these a vari-
able number of macroparticles, generated according to the
SEY model mentioned above. The bunch isdivided up into
dlices, so that the macroparticles experience Ny, kicks dur-
ing the bunch passage. We divide the interbunch gap into
N, intermediate steps. The space charge force is computed
and applied at each dlice in the bunch and each step in the
gap. Theimage forces from both protons and electrons are
taken into account, assuming a perfectly conducting wall.
Typical parameter values are shown in Table 1.

3 RESULTSAND DISCUSSION

The possible amplification mechanism which may take
place in long-beam machines is explained in Fig. 1. An
electron present in the vacuum chamber before the bunch

passage oscillates in the beam well potential, and it is re-
leased at the end of the beam passage. Instead, electrons
generated at the wall by proton losses at the maximum of
the beam pul se are accel erated and decel erated by the beam
potential and hit the opposite wall with a net energy gain,
producing secondary electrons.
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Figure 1. Electron multiplication mechanism in long pro-
ton bunches.

Electrons which survive the gap between two bunch pas-
sages will increase in number. The electrons gradually
increase in number during successive bunch passages un-
til, owing to the space-charge forces, a balance is reached
between emitted and absorbed electrons. The build-up
of the electron cloud in a PSR field-free region and a
dipole section during the passage of the beam is shown in
Fig. 2. The saturation level in the PSR is reached after
few bunch passages, when assuming 9,4 = 2. The esti-
mated average number of electronsin afield freeregionis
~ 4 x 107e~ /em? or 50nC/m. The neutralization factor
or fractional charge neutrdization, ratio e~ /p*, during a
bunch passage is shownin Fig. 3.

The SNS beam pipe chamber will be coated with TiN,
and recent measurements of an as-received SNS sample of
the TiN coated vacuum chamber, has shown §,,,,,. = 2 [8].
Consistent results where obtained at KEK [9]. The build-
up of the electron cloud in the SNS field-free region and a
dipole section during the passage of the beam is shown in
Fig. 4 for 4,,.. = 2. Due to alarge electron multiplica-
tion, we have used a very low initial number of macropar-
ticles per bunch passage. The simulations present a signif
icant fluctuation in the turn-by-turn electron density, and
we are going to refine the code to accomplish for the SNS
case. Simulation results for the SNS [10] show a qualita-
tive agreement, but alower estimated electron density. The
neutralization factor during a bunch passage is shown in
Fig. 5. The tune shift due to electron neutralization of a
factor ~ 1 may be estimated, for example, at 25% beam
intensity, by

dQec =-0.25 f 72 dQsc ~ =2 dQsc =-04 (1)

where dQ,.=0.2 is the space charge tune shift, v = 2.066
isthe usual relativistic factor of the beam, and f is the neu-
tralization factor. Once the secondary electron yield has
decreased to 1.3 and 1.1, we were able to increase signif



icantly the number of macroparticles to account for better
statistics. The build-up of the electron cloud during the first
few bunch passagesis shown in Fig.6.
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Figure 2: Simulated electron density during the first bunch
passages, in a PSR field-free region and a dipole section.
The saturation level isreached after few bunch passages.
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Figure 3: Simulated electron neutralization factor in a
PSR field-free region, the fractional charge neutralization
reaches 50% at the tail of the bunch.

4 CONCLUSION

A complete refined model for the secondary emis
sion including the so-called true secondary, rediffused and
backscattered electrons has been recently included in the
code. We present an update of computer simulation results
for the main features of the electron cloud at the Proton
Storage Ring (PSR) and recent simulation results for the
Spallation Neutron Source (SNS). Preliminary simulations
for the SNS, show that a density of > 150nC//m may be
reached in afield-free region, leading to a significant tune
shift given by electron neutralization. Due to alarge unex-
pected electron multiplication in the case of the SNS, we
have used a low number of macroparticles per bunch pas-
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Figure 4: Simulated electron density during the first bunch
passages, in a SNS field-free region.
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Figure 5: Simulated electron neutralization factor in aSNS
field-free region, the fractional charge neutralization ex-
ceeds 1 at the tail of the bunch.

sage. The code is going to be implemented to accomplish
for the SNS case.
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