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Abstract

The electron cloud causes an increase in the vacuum pres-
sure. It aso induces slow multi-bunch and fast single-
bunch instabilities, and, for the LHC, it significantly in-
creases the heat load on the cryogenics system. This report
describes our computer model of the electron cloud build
up, presents simulation results for SPS and LHC, and in-
vestigates how the electron-cloud density can be reduced
by modified fill patterns.

1 INTRODUCTION

Beam-induced multipacting was observed as a pressurerise
at the CERN ISR in 1977, after installation of an au-
minium test chamber [1]. Based on the ISR experience
there was some concern for the LHC aready in the 1980s
[2]. In 1989, an instability at the KEK photon factory
was attributed to an electron cloud [3, 4]. Observations
at the photon factory included an increased vertical beam
size, coupled oscillation, low threshold current, broad dis-
tributions of sidebands, and the inefficiency of a clearing
gap. In 1996, a series of electron-cloud experiments were
conducted by an IHEP-KEK collaboration at BEPC [5].
Shortly thereafter, in 1997, crash programs were launched
for PEP-II [6, 7] (simulations, TiN coating of Al vacuum
chamber,...) and for the LHC [8, 9, 10, 11, 12]. Since
1998-99, electron-cloud effects were seen with the LHC
test beam in the SPS.

A combination of processes leads to an electron-cloud
build up in the vacuum chamber, as is illustrated by the
schematic in Fig. 1. Each passing bunch generates a num-
ber of primary (photo-)electrons, which are accelerated by
the beam field and upon impact on the vacuum chamber
generate secondary electrons. If the energy of the incident
electrons is sufficiently high, the secondary emission yield
is larger than one, and the number of electrons grows ex-
ponentialy. The electron-cloud build up stops at a density
roughly equal to the neutralization density, where the at-
tractive force from the beam is on average balanced by the
space-charge field of the electron cloud.
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Figure 1: Schematic of electron-cloud build upinthe LHC
beam pipe; courtesy of F. Ruggiero [13].
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Figure 2: Measured photoemission yields for aluminium
vs. photon energy; from [15, 16] and references therein.

Primary electronsare needed in order to initiate the build
up of the electron cloud. In the LHC alarge number of pri-
mary electrons are generated via photoemission from syn-
chrotron radiation. The rate of incident photonsis [14]

N — ) N photons
T 93 7 radian

and the critical photon energy E. ~ 45 €V. Figure 2
demonstrates that at this energy the photoemission yield is
close to maximum.

The photon reflectivity is another important parameter.
If the reflectivity of the vacuum chamber is high, many
photoelectrons are created at the top and bottom of the
chamber. On the other hand, if the reflectivity is low, the
majority of the photoel ectronsimpinges on the horizontally
outward side of the vacuum chamber. In dipole magnets,
these electrons do not approach the beam, and they stay at
fairly low energy.

The electron yield per absorbed photon can be expressed
asY*=Y/(1-R) ~ 0.05withY the photoelectronyield
per incident photon and R the photon reflectivity. Inserting
numbers[17, 18], the primary electron creation rate for the
LHCis

£ 0.025 photons
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Inthe SPS, primary electrons are generated primarily via
ionisation of theresidual gas. Assuming anionization cross
section oo, Of 2 Mbarn, carbon monoxide gas molecules,
and a pressure p of 10 nTorr, we have
dde P electrons
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Table 1. SPS and LHC parameters

parameter symbol LHC SPS
beam energy E 7000 GeV 26 GeV
bunch population NV, 10t 5 x 1010
rms beam sizes Oy 303 um 3.0mm
oy 303 pm 2.3 mm
rms bunch length o 7.7cm 30cm
bunch spacing Lgep 7.48m 7.48m
vacuum chamber hy 18 mm 22.5mm
1/2 height
vacuum chamber he 22 mm 70 mm
1/2 width
max. secondary Omax 1.0-23 <20
emission yield
reflectivity R 2-10% —
photo-electron Y= 0.025- —
yield 0.05
primary yield Do ~103mt 107" m!
per proton

with T the temperature and k 5 Boltzmann’s constant.
Table 1 compares simulation parameters for the SPS and
the LHC. The vertical chamber height is almost the same.

2 MODEL

The smulation recipeisillustrated in Fig. 3. The electrons
are represented by macro-particles. Typially 2000 of these
aregenerated per bunch. Both bunchesand interbunch gaps
are split into slices. For each bunch dlice, photoelectrons
are created and existing electrons are accelerated. When-
ever an electron hits the wall, it may generate secondary
electrons. In the simulation, the incident macro-particleis
re-emitted with a different charge. During the interbunch
gap, the electrons are propagated in the magnetic field. Be-
tween gap dlices, kicks are applied which model the effects
of electron space charge and electron image charges.
Simulation results are;

o the energy of the lost electrons, which trandates into
aheat load;

o the force on a bunch behind a displaced bunch, which
determines the magnitude of the multibunch wakek-
field;

e the electron-cloud density near the beam, which is
proportional to the growth rate of the single-bunchin-
stability.

Figure 4 shows the actual cross section of the vacuum
chamber in the LHC arcs, and the elliptical approximation,
which is sometimes employed.

The photoel ectrons are emitted with an initial azimuthal
and energy distribution as illustrated in Figs. 5 and 6. For
areflectivity R, afraction (1 — R) of the photons are unre-
flected. These unreflected photons are assumed to be lim-
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Figure 3: Schematic of simulation recipe.

Figure 4. Transverse aperture in the LHC arcs. The solid
line describes the actual cross section of the LHC beam
screen. Sometimes we approximate it by the inscribed el-
lipse, e.g., for accurate modeling of image charges.

ited to an outward cone of rms angle 11.25°. Correspond-
ingly, afraction (1 — R) of the photoelectrons are emitted
from this region. The remainder is emitted uniformly dis-
tributed around the chamber. The total azimuthal distribu-
tion is shown in Fig. 5 for two different values of R. The
initial energy distribution of the photoelectrons is chosen
as a Gaussian with apeak at 7 eV and rms spread of 5 eV.
Since the photoelectrons are emitted at the time the gen-
erating bunch passes by, they are immediately accelerated
in the beam field. Figure 6 shows the energy distribution
at the moment of photoemission and the final photoelec-
tron energy distribution at the end of the first bunch pas-
sage. The bunch impartsto an electron at the chamber wall
a maximum momentum of

Ernax = 2moc? (Nyre /b)? ~ 200¢V. @)
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Figure 5: Initia azimutha distribution of photoelectrons
for 10% and 100% photon reflectivity.
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Figure 6: Initial photoelectron energy distribution at the
moment of emission and after the first bunch passage.

The photoel ectron emission angles ¢ and 6 (0 > 7/2) are
distributed randomly.

We have simulated the electron motion for a (1) drift
space, (2) strong dipolefield, (3) weak dipole, (4) solenoid,
(5) quadrupole, (6) arbitrary fields, using a Runge-Kuttain-
tegration, and (7) wire and coaxial chambers used in labo-
ratory multipacting tests.

In astrong (vertical) dipole field, the electron motion is
constrained to the vertical direction. Here, the electron re-
ceives only a net vertical kick from the passing bunches,
while the net horizontal kick is approximately zero, dueto
the large number of cyclotron oscillations performed dur-
ing the bunch passage. For example, using LHC parame-
ters, the number of cyclotron oscillationsis about

eBc 20,
mec? 2m

For the SPS at 26 GeV, it is 12. The electrons spird in
the 8.4-T LHC dipole field with a typical Larmor radius
p = p/(eB) of 6um for 200 eV electron energy, and of
26pm for 4 keV. For the SPS, the Larmor radius can be

~ 120. (5)
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Figure 7. Schematic view of electron motion in a strong
vertical dipole field. In the simulation, only a net vertica
kick is applied.
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Figure 8: Electrons at large amplitudes do not move much
during the bunch passage and simply receive akick. Elec-
trons near the bunch oscillate in the beam potential. The
two situations are called ‘ kick region’ and ‘ autonomousre-
gion’, respectively [19].

a few hundred microns. The electron motion in a strong
dipoleisillustrated by a schematic in Fig. 7. The £ x B
longitudinal drift isignored in the simulation.

During a bunch passage, an electron may either receive
asingle kick or perform many oscillationsin the bunch po-
tential, depending on itsinitial position, asisillustrated in
Fig. 8. For each of the two limiting cases, the maximum
energy transfer can be calculated, with results as shown in
Fig. 9[19].

Whenever an electron is lost to the wall, it may gener-
ate one or more secondary electrons. The average num-
ber of secondaries per incident electron is described by a
universal curve, which is characterized by only two ma-
terial parameters: the maximum secondary emission yield
for perpendicular incidence, d max, and the energy at which
theyield is maximum, €,ax.

Introducing the angle of incidence w.r.t. surface nor-
mal, 6, and the normalized electron energy = = E,/€max,
the analytical expression for the secondary emission yield
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Figure 9: Maximum energy gain vs. initia particle radius
for nominal LHC parameters (S. Berg). Picture taken from
Ref. [19].
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Figure 10: Secondary emission yield vs. primary electron
energy Ep, for dmax = 1.6 and Ep, = 300 eV with and
without elastic reflection.
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Figure 11: Secondary emission yield vs. primary electron
energy E,, for dmax = 1.6 and Epax = 300 €V for two
different angles of incidence.
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Figure 12: Initial energy distribution of secondary elec-
trons.
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Figure 13: Initial angular distribution dN/df of secondary
electrons vs. the polar angle 6 w.r.t. surface normal.

reads[20].

1.35
1— 6—2.37:

Sse(Ep,0) = Smax 1.11 2793 (6)

cosf

An additional yield component represents elastic reflec-
tions of theincident electrons. This can be parametrised as
[21]:

56 (EP) 2A2

2
ot (= 0.) 0 (TS @
withd, = 0.1, 6. 0o = 0.02and A = E, = 5 eV.

Theuniversal curve, Eq. (6), isillustrated in Figs. 10 and
11. The second curve in Figure 10 includes the additional
contribution from elastic reflections, Eq. (7).

Figures 12 and 13 depict the initia energy and angular
distributions of the secondary electrons. The latter corre-
spondsto a cos 6 distribution in spherical coordinates:

dN d*N

a0 dosmeds =Y ®)
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Figure 14: Electric field pattern for a beam centered in
an eliptical chamber with [left] and without [right] image
charges.

When plotted in intervals of 6 this is weighted with the
phase-space factor sin §. Hence the density dN/df is max-
imum at 45°.

Beam fields are calculated using the standard expres-
sion a la Bassetti-Erskine [22] or the simpler formula for
round beams. An elegant expression for the field at large
distances which includes the image charges in an élip-
tical chamber was given by Furman [23]. Denoting by
& = &, + i€, the complex electric field, Furman’s expres-
sion reads[23]

£~ +é§ew{w+
g

Z— 2o — coshn i,

()

. sinhnyg sin nqﬁo} sinhng
2 - .

sinhny, sinhg
where z = x+1iy = g coshq = g cosh (u+1i¢) denotesthe
test position, zg = x + iy = gcoshgy = gcosh(ug +idg)
the position of the source, and both ¢ = /a2 — b2 and
pte = tanh™*(b/a) characterize the vacuum chamber with
semi-axes a and b. In the smulation, the infinite sum is
truncated at order n. = 30.

Figure 14 shows the beam field lines in an ellipti-
cal chamber calculated with and without the beam image
charges. Figures 15 and 16 depicts the horizontal and ver-
tical electric fields for an offset beam as a function of hor-
izontal position, again with and without including the field
from the image charges. All three figures demonstrate that
the image charges can significantly ater the electron mo-
tion.

Image charges of the electron cloud are also taken into
account. The electron charges are assigned to points on a
grid, typicaly consisting of 25x25 points, and the image
forces are evaluated for each of the grid points. An exam-
ple of the electron-cloud self field with and without image
chargesis shownin Fig. 17.

3 RESULTS

In this section, we discuss relevant simulation results such
as. (1) electron-cloud build up for LHC and SPS, (2) trans-
verse distribution of the electron cloud, (3) heat |oad for the
LHC, (4) multi-bunch instability, (5) single-bunch instabil-
ity, and (6) benefits of variousfill patterns.
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Figure 15: Horizontal electric beam field vs. horizontal po-
sition at y = 0 for an dliptical chamber with 22x 10 mm
half apertures and a beam offset of 4.3 mm in both trans-
verse planes.
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Figure 16: Vertical electric beam field vs. horizontal posi-
tion a y = 0 for an dliptical chamber with 22x10 mm
half apertures and a beam offset of 4.3 mm in both trans-
verse planes.

Figure 18 showsthat for the LHC dipole chamber the so-
called critical value d..,;; of the maximum secondary emis-
sionyield lies between 1.1 and 1.3: For the latter value, we
observe an unabated growth of the electron cloud, while
for the former the density of the electron cloud does not
increase at al.

An analytical expression for the critical yield as afunc-
tion of horizontal position = for around aperturein a strong
dipole field was derived by Stupakov [24]. It reads

Sent () = (/" dy h(W (2, 1)) ne(x,y,tsep)>1 ’

—a Yo(z) no(z)
(10)
with a being the beam-pipe radius,
h(€) m 111 €035 (1 — 72367 (11)
Chamonix X
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Figure 17: Horizontal electric space-charge field of elec-
tron cloud vs. horizontal position after the passage of 8
bunches in the LHC. Parameters: dmax = 2.0, Ype = 0.2,
R =0.1, €max = 300 eV.
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Figure 18: Electron charge per meter in an LHC dipole
chamber vs. time (in s) along the bunch train. The two
curvesrefer to . = 1.1 and d,.x = 1.3. Other parame-
ters: emax = 4506V, R =0.1,and Y* = 0.025.

and
2

Y
79 . _oNo AEIII'LX b
(2 g

(12)

describing the energy gain of an electron at position (z, y)
kicked by the beam. Here AE .« denotes the maximum

energy gain of an electron [19],

W (z,y) = min (2Nb27“§me(32

Nyr T

24iVble c

—Amax hl ’
Oz Coo L

AFax = 2mec

(13)

With ¢ ~ 1.06, Apmax = 1/+/27 for a Gaussian, Apax =
1/(2+/3) for arectangular distribution, o, ~ /5,0, and
Te = 24/ Npreo/(TAmax) 1S the so-called transition ra-
dius, beyond which the kick approximation applies.

The function n. describes the electron distribution per

Chamonix X

unit length,

ang(x)

tosyo(z) {A (ii_yf(i;) i
()

which evolvesfrom the initial distribution of the secondary
emission, ng(z). Finaly,

ne(ﬂ?ﬁ% t)

(14)

(15)

and v, is the characteristic velocity of the secondary elec-
trons. For a haf-Maxwellian with energy parameter E,,
we have vs = \/E,/m.. From Eq. (10), and ignoring the
dependence of W (x,y) on the beam-pipe radius a as in
Ref. [25], we roughly expect that the critical yield depends
on the beam pipe aperture a as de,it (0) ~ 2 e~ (@), with
d = 1/(v/2vstsep) and tsep, the time between bunch pas-
sages. The critical yield is minimum, or the heat load max-
imum, at aradius

1

Amax ~ E ~ \/Etsepvs-
Numericaly evaluating Eq. (10) for z = 0 yields the re-
sult displayed in Fig. 19. The value of the radius where the
critical yield is minimum agrees reasonably well with the
estimate in Eq. (16), and it scales as expected with the en-
ergy spread of the secondary electrons and with the bunch
spacing.

For comparison, Fig. 20 presents the simulated critical
yield. At small and moderate apertures, the agreement be-
tween the simulation and the analytical calculation is good.
Both predict the minimum critical yield for a radius of
about 30 mm. However, in the ssimulation, the critical yield
decreases again, for radii exceeding 50 mm. We attribute
this to electrons which survive for more than 1 bunch pas-
sage, whose contribution is not included in the analytical
formula, Eq. (10).

Even for 0max > derit the electron-cloud build up does
not continue forever, but it is ultimately stopped by the re-
pelling self-field of the electron cloud (if not by gapsin the
train). Figure 21 for §,,.« = 2.3 shows the saturation of
the build up after only a few bunches, at adensity of afew
109 per meter.

Figure 22 depicts the early stage of electron-cloud build
up in the SPS, for different values of ¢,,.. Evidently, the
value of the critical yield lies again between 1.1 and 1.3,
i.e,itisthesameasfor the LHC.

The electron-charge evolution over alonger time period
is shown in Fig. 23, for d,uax = 1.9. The assumed cre-
ation rate of primary electrons corresponds to a gas pres-
sure of about 50 nTorr. As for the LHC, the growth satu-
rates for an electron density of afew 10° per meter. This
saturation density is roughly consistent with the observed
pressurerise [26] and with the charge deposition measured
on the damper pick up [27]. A large increase in the cloud

(16)
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critical yield 8,4 vs chamber radius
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Figure 19: Critical yield as a function of chamber radius
a in adipole field, as obtained by numerical evaluation of
Stupakov’sformula, Eq. 10 for x = 0.

critical yield 8,4 vs chamber radius
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Figure 20: Simulated critical yield asafunction of chamber
radius a in an LHC dipole field. The three curves refer to
two different values for the energy spread of the secondary
electrons and two different bunch spacings, as indicated.

density occurs near the center of the 2us-long bunch train,
slowly shifting towards the head of the train as the bunch
population isincreased. Figures 24 and 25 present equiva-
lent picturesfor 0.« = 1.7 and dax = 1.5, respectively.
In the latter case, the final electron-cloud blow up starts
near the end of the bunch train and saturation is no longer
reached. It seemsthat the simulation result for § ., = 1.9,
Fig. 23, most closely resembles the observations.

In the SPS the rate of primary el ectron productionis pro-
portional to the local pressure, which can change by a fac-
tor of 20-50, when the electron cloud is present. Figure 26
compares results for three different pressures— 5, 50 and
500 nTorr. The pressure dependence is rather weak. There
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Figure 21. Electron charge per meter in an LHC dipole
chamber vs. time (in 2) along bunch train for large sec-
ondary emission yield d,,.x = 2.3. The build-up satu-
rates dueto electron-cloud space charge. Other parameters:
€max = 3006V, R =0.1,Y* = 0.05.
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Figure 22: Electron cloud build-up in the SPS for N, =
5 x 10'% and p = 50 nTorr. The curves refer to different
values of the maximum secondary emission yield § .
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Figure 23: Electron-cloud build up in the SPS for four dif-
ferent bunch populations and a constant value of ¢ . =
1.9 and p = 50 nTorr.
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Figure 24. Electron cloud build up inthe SPSfor 4 different
bunch populations, ¢ .., = 1.7, and p = 50 nTorr.
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Figure 25: Electron cloud build-up in the SPS for 4 differ-
ent bunch populations, §.,.x = 1.5, and p = 50 nTorr.

is only a dight shift in the ‘threshold position’ along the
bunch train.

Figures 27 and 28 compare the electron-cloud build up
in the SPS with bunch spacings of 5 ns and 25 ns. For
the lower bunch current, in Fig. 27, the secondary emission
yield is below the critical value. In this case, the electron-
cloud build up is dominated by the primary production of
electrons, which is five times larger for the shorter spac-
ing. By contrast, if at larger bunch currents the maximum
emission yield exceeds the critical value, the build up of
the electron cloud is more regular and much faster for the
25-ns spacing, asisshownin Fig. 28.

The electron cloud is neither concentrated around the
beam nor spread out uniformly across the chamber. In the
dipole magnets and, especialy, if the secondary emission
yield is larger than the critical yield, two vertical stripes
with high electron density surround the beam, asis illus-
trated in Fig. 29 for the LHC and in Fig. 30 for the SPS.
The two stripes represent a regions at which the average
energy gain from the beam is about equal to the energy
€max Of Maximum secondary emission; compare the yield
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Figure 26: Electron-cloud build up in the SPSfor three dif-
ferent rates of primary electron creation, corresponding to
vacuum pressures of 5, 50 and 500 nTorr. Other parame-
ters: Ny = 5 x 1019, €max = 3006V, R = 1, 6max = 1.9.
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Figure 27: Electron-cloud build up in the SPS for a bunch
population of N, = 10'°, comparing bunch spacings of 5
ns and 25 ns. Other parameters. €. = 300 eV, R = 1,
Omax = 1.9, and p = 50 nTorr.

curveinFig. 10.

For the LHC the heat load from the incident electronsis
a concern. The LHC cryogenics system is designed for a
maximum beam-screen heat load of about 1 W/m. Since
the resistive heating by the beam and synchrotron radiation
both amount to about 0.2 W/m, the average heat load due
to the electron cloud must be smaller than 0.6 W/m.

Figure 31 shows the instantaneous heat load aong an
LHC bunch train. The various curves correspond to dif-
ferent values of d,,.. Figure 32 depicts the average heat
load over the bunch train as a function of the maximum
secondary emission yield. The slope of the curve increases
near the critical yield d,3t ~ 1.3.

The simulated LHC heat loads for different conditions
are compiled in Table 2, for initial and final LHC parame-
ters[28, 17, 18], i.e., before and after surface conditioning
due to the electron cloud.
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Figure 28: Electron-cloud build up in the SPS for a bunch
population of N, = 2 x 10'°, comparing bunch spacings of
5 nsand 25 ns. Other parameters. €,.x = 300V, R =1,
dmax = 1.9, and p = 50 nTorr.

T T T
delta_max=1.3, emax=450 eV, Y=0.025, R=0.1

003 -0.02 -0.01 0 0.01 0.02 0.03

Figure 29: Snap shot of transverse electron cloud distribu-
tion in an LHC dipole chamber after 60 bunches with the
design current. Vertical stripes indicate regions with large
secondary emission. Parameters. dp,ax = 1.3, €max = 450
eV, R=0.1,and Y* = 0.025.

Table 2: Simulated heat loadsin LHC

magnet initial final*
arc dipole 5000 mW/m 42 mW/im
D1 dipole* 2020 mW/m 15 mW/m
(2 beams) 7580 mW/m 90 mW/m
triplet quadrupole* 14 mW/m 6 mW/m
(2 beams) 32 mW/m 14 mW/m
drift w. 3 cm radius* 7500 mW/m 460 mW/m
(2 beams) >16000 mW/m 630 mW/m

*with transverse offsets of 4-5 millimeters.
TWith §ipax = 2.3, €max = 300 €V, Y. = 0.05 [17, 28].
With §ipax = 1.1, €max = 450 €V, Y, = 0.025[17, 28].
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Figure 30: Projected horizontal electron charge density af-
ter 60 bunches in an SPS dipole chamber. Vertical peaks
correspond to regions with large secondary emission. Pa-
rameters. dmax = 1.3, €max = 300 €V, R = 1, pressure 50
nTorr, and 500 bins.
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Figure 31: Instantaneous heat load in W/m vs. bunch num-
ber for LHC dipole chamber. Parameters: € ,.x = 450 €V,
R=0.1,andY* = 0.025.
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Figure 32: Heat load in LHC dipole chamber vs. maximum
secondary emission yield d,,.x. Parameters: e,,,x = 450
eV,R=0.1,andY* = 0.025.
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If a bunch is off-set with respect to the other bunches,
it will perturb the electron-cloud distribution, and the next
bunch will receive an additional deflection caused by this
perturbation. Thus, similar to a multibunch wake field, the
electron cloud couples motion of subsequent bunches. The
response of the electron cloud to adisplaced bunchisillus-
trated in Fig. 33.

The simulation computes the effective wake field as fol-
lows. After a stationary cloud is established, one of the
bunchesis displaced transversely by an amount Az or Ay.
Then, we calculate the kick that the disturbed e~ cloud
exerts on the next bunch. This yields an estimate of the
bunch-to-bunch dipole wake field W1 (Lsep):

r? C
1 —exp Gy E,

17)
where r; = (z2 + y2)'/2, C is the ring circumference, 1,
is the simulated length of bending magnet, and @ ; denotes
the charge of the ith macro-electron.

To obtain the growth rate, we assume that the ring is
uniformly filled with M bunches and that the wake of the
electron cloud decays rapidly and only couples subsequent
bunches. Then the complex frequency shift of uth modeis
given by [29]

2y:Q;
Willr) =3 Foatag)

2
(1) _ Nyrype i2m v (2)/M
Qy; Ly — Wy () = 276215 Wiy )€ (0+Qy (2))/
(18)
and the rise time for the fastest growing mode is
4
TYQy (2) (19)

Y
NorpeWhy (2)

If the ring is not uniformly filled and there are clearing
gaps, the growth is not exponential but

o~ (4" o (20
for the nth bunch in atrain. The parameter 7 is exactly the
same as the exponential growth time for the uniform fill,
which was given above.

Figure 34 shows estimates of horizontal and vertical
growth rates in the LHC as a function of the maxium sec-
ondary emission yield ... The instability is slow, with
rise times longer than 1 second. We expect that it is Lan-
dau damped by the natural intra-bunch tune spread.

The electron cloud can also act as a short-range wake
field and driveasingle bunchinstability. Suchtypeof insta-
bility could be responsible for the vertical emittance blow
up that is observed at the KEK B factory [30], and possibly
also for that in the SPS. A schematic of this instability is
depicted in Fig. 35.

An approximate expression for the growth rate is [30,
31]:

1 Nbl/zréﬂrpoi/zamﬂyc
- = 47rncloud 1/2 - (21)
T oy (0 +Uy)3/2
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Figure 33: Projected horizontal electron charge density in
an LHC bending magnet before the 41st bunch in the train
is horizontally displaced by 1 cm [left] and just prior to the
arrival of the 42nd bunch [right] [8]. The horizontal axis
is in units of meters; the vertical coordinate is the charge
(inunits of €) per bin and per grid point. Other parameters:
500 grid points, dppax = 1.7, R=1,Y* = 1.

R=0.1, Y=0.025, &,,=450 eV

1 £ e« horizontal
E = vertical . *

1/7(s™)

Figure 34: Multibunch instability growth rate as afunction
of maximum secondary emission yield § .« for the LHC.
Other parameters. emax = 450 eV, R = 10%, and Y, =
0.025.

It is proportional to the electron-cloud density 7 ¢1oug and
aso depends on a number of beam parameters, such as
the bunch length. As for the fast beam-ion instability the
growth is quasi-exponential, and the amplitude increases

asy ~ exp\/t/T.

Inserting typical parametersfor SPS and LHC, we find

1 2 x 1078 neoua[m ™3] SPS at 26 GeV
— [ ~<{ 6x1071 ngoua[m™3] LHC at 450 GeV
T 1 x 107 ngoua[m=3]  LHC at 7 TeV

Figure 35: Illustration of a single-bunch instability driven
by the electron cloud.
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Figure 36: Double bunch spacing or gapsinthe LHC train.

where n¢ouq denotesthe electron density near the beam.

For example, in the case of the SPS and assuming a den-
sity of nciouq ~ 10 m=3, the growth rateis 7 ~ 500 us.

A similar instability can occur without the electron
cloud, simply due to the ionization electrons created by the
bunch itself [31]. The growth time for this latter instability
is proportional to the vacuum pressure. At 10 nTorr carbon
monoxide pressure, we estimate 7 ~ 50 ms.

The growth rate of the electron-driven single-bunch in-
stabilities may be modified by synchrotron oscillations and
head-tail effects. Therefore, it should be sensitive to the rf
voltage and chromaticity.

Various cures have been proposed to suppress the build
up of the electron cloud. Such cures are important for the
LHC start up, when the secondary emission yield is still
high and an extended period of surface conditioning may
be required. A promising scheme is to increase the bunch
spacing, or to introduce additional gaps in the bunch train,
asisshown schematicaly in Fig. 36.

Let usfirst look at the improvement that can be attained
by doubling the bunch spacing. Asan option weincludethe
possibility of lower-intensity intermediate bunches (at the
nominal 25 ns spacing). The purpose of these intermediate
bunches is to ensure luminosity in all 4 LHC experiments,
including the asymmetrically placed LHC-B.

Figure 37 shows the heat load deposited in an LHC
dipole magnet as afunction of intensity in the intermediate
bunches, for a main-bunch separation of 50 ns and a sec-
ondary emission yield of dimax = 1.9. The left side of the
figure corresponds to the 50-ns double spacing, the right
side to the nominal 25-ns spacing. The figure demonstrates
that intermediate bunches with an intensity ratio up to 20%
can be tolerated.

Figure 38 shows a similar picture for an SPS dipole,
where now the charge of the electron cloud after the pas-
sage of 60 bunchesis plotted as a function of the intensity
in the intermediate bunches. The secondary emission yield
is again dmax = 1.9, which appears to describe well the
present situation in the SPS.

Asan dternativeto doubling the bunch spacing, asecond
possibility to counteract the electron cloud is to add gaps
between shorter bunch train segments. Several promising
fill patterns are easily produced in the SPS, such as fills
with 4 missing bunches between 8-bunch train sections, or
12 missing bunches after 36 bunches.
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Figure 37: Heat load in an LHC dipole for twice the nomi-
nal bunch spacing and intermediate low-current bunches as
afunction of chargeratio Ny o /N, 1, for 2 values of Ny, 1.
€max = 300 eV, photon reflectivity R = 10%, dmax = 1.9,
and Y, = 0.05.
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Figure 38: Electron-cloud chargein the SPS after bunch no.
60 for twice the nominal bunch spacing and intermediate
low-current bunches as afunction of chargeratio Ny, o /Ny, 1
for N1 =5 x 100, 810y = 1.9, and p = 50 nTorr.

Figure 39 shows the reduction of heat load with six 4-
bunch gaps along the nominal 72-bunch LHC train. The
heat | oad reduction obtained by this schemefor variousval-
ues of dyax. iISSUmMmarisedin Table 3.

Also in the SPS fill patterns with additional gaps signi-
ficiantly reduce the density of the electron cloud. Figure
40 shows the electron-cloud build up in the SPS for the
nomina case. This should be compared with Fig. 41, de-
picting the reduced build up obtained with six additional
gaps. Note that the vertical scale in Fig. 41 is 2 orders of
magnitude smaller than in Fig. 40.

In the latter fill pattern 6 x 4 = 24 bunches, or 33% of
the total number, are missing from the 72-bunch train. A
better scheme may consist of a single gap of 12 missing
bunches at the center of the train, since this reduces the
bunch number by only 17%. However, according to Fig.
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Figure 39: Suppression of charge build-up by gaps in the
LHC bunch train; here agap of 4 missing bunchesis added
after every 8 bunches.

Table 3: Heat load reductionin LHC dipole with additional
six gapsinthetrain

dmax  regularfill  six gapsper train
11 41 mW/m 16 mW/m
1.3 222 mW/m 26 mW/m
15 564 mW/m 60 mW/m
2.3 5000 mW/m 890 mW/m

42, for dmax = 1.9 this schemeis much less effective, and
the electron cloud density almost approachesthe valuesfor
the nominal case. Nevertheless, the single gap does have
a positive effect for lower secondary emission yields, asis
illustrated in Fig. 43 for §nax = 1.7.

Each of the last set of pictures presented curves for both
the design intensity of IV, = 10'! protons per bunch and
for N, = 5 x 10'°. Somewhat surprisingly, in al cases
the electron-cloud density is dlightly higher for the smaller
bunch population. This is possibly related to the position
of the vertical stripes with maximum secondary emission
yield.

As a third option, the electron-cloud build up is also
slowed down by low-intensity ‘satellite’ bunches [32].
These are bunches which follow a few ns behind the main
bunches and enhance the electron loss rate in the inter-
bunch gaps[33]. Figure 44 demonstrates that satellites |ag-
ging by 3 ns completely suppress the growth of the SPS
electron cloud for a satellite bunch population of Ny, =
1019, Satellite bunches of this kind can be generated by rf
manipulation [34].

4 SUMMARY AND CONCLUSIONS

The electron cloud effects depend on properties of the vac-
uum chamber, primarily on the maximum secondary emis-
sion yield ..., the energy of maximum secondary emis-
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Ormox= 1.9, £15e=300 eV, YDE:2A5ef7/m, regular fill
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Figure 40: Electron cloud build up in the SPS for bunch
populations of N, = 5 x 10'° and 10" (almost no dif-
ference) and regular fill. Other parameters. §p,.x = 1.9,
Yye = 2.5 x 1077 m~1 (50 nTorr), €mmax = 300 €V, R = 1.

Oren=1.9, €40=300 €V, ¥,,=2.5e—7/m, (4 4 4)x6 fill

e—cloud charge (10’e/meter)

Figure 41: Electron cloud build up in the SPS for bunch
populations of N, = 5 x 10'° and 10! and afill pattern
of 6x (4 bunches, 4 empty buckets, 4 bunches). Other pa-
rameters: dpmax = 1.9, Ype = 2.5 x 107" m~! (50 nTorr),
€max = 3006V, R = 1.

SioN €qax, and, in case of the LHC, also on the reflectivity
R, and the primary photoemission yield Y,,.. Our simula-
tionsindicate that the critical yield of exponential el ectron-
cloud build up is d.,i; =~ 1.3 for both LHC and SPS. The
SPS observations are consistent with our simulations of the
electron cloud build up, if we choose 6 ax = 1.9.

The electron cloud causes a number of undesirable ef-
fects, such as pressure rise, slow multibunch instability,
single-bunch beam break up, and, for the LHC, heat load.
Of these, the heat load in the LHC, and the single-bunch
beam break up are the two most worriesome. The heat |oad
is largest in the field-free region. Simulations suggest that
here aweak solenoid field (of about 50 G) can significantly
improve the situation, and may reduce the heat by several
orders of magnitude. The emittance growth due to single-
bunch beam break up should depend on the rf voltage (via
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Figure 42: Electron cloud build up in the SPS for bunch
populations of N, = 5 x 10'° and 10! and a fill pattern
of 36 bunches, 12 empty buckets, 24 bunches. Other pa-
rameters: dpax = 1.9, Ype = 2.5 x 10-" m~1 (50 nTorr),
emax = 300€V, R = 1.
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Figure 43: Electron cloud build up in the SPS for bunch
populations of N, = 5 x 10'° and 10! and a fill pattern
of 36 bunches, 12 empty buckets, 24 bunches. Other pa-
rameters: dpax = 1.7, Ype = 2.5 x 10-7 m~1 (50 nTorr),
€max = 300eV, R = 1.

bunch length and synchrotron oscillation frequency) and
chromaticity. Such dependencies could be explored in fu-
ture machine experiments.

Finally, additional gaps in the bunch train, doubling the
bunch spacing, or low-intensity satellite bunches will all
suppress the el ectron-cloud build up and aid during surface
conditioning.
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