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INTRODUCTION

High-energy particle accelerators produce intense charged particle beams, e.g. of electrons or protons, at multi-GeV or
multi-TeV energies, either shooting a single such beam against a fixed target or colliding two beams, in order to
produce new particles and to study the scattering events in the search for the fundamental laws of physics.

In the beam pipe of these accelerators an “electron cloud” can be generated by a variety of processes, e.g. by residual-
gas ionization, by photoemission from synchrotron radiation, and, most importantly, by secondary emission via a
“beam-induced multipactoring” process [1]. The electron accumulation is most pronounced for positively charged
particle beams, consisting e.g. of positrons or protons. The electron cloud causes a number of undesirable effects: It
commonly leads to a degradation of the beam vacuum by several orders of magnitude [1-2], to fast beam “instabilities”
[3-7], to beam size increases, as well as to fast or slow beam losses [3-8]. Since more than 40 years, electron-cloud
effects of various flavors have been observed with particle beams. They have often limited the ultimate accelerator
performance.

The electron cloud is a concern for the new 27-km 14-TeV Large Hadron Collider (LHC), soon to start operation at the
European Organization for Nuclear Research, CERN, whose accelerator complex is shown in Fig. 1. Several electron-
cloud effects are already being observed with LHC-type beam in the lower-energy LHC injectors, especially in the
Super Proton Synchrotron (SPS) and the Proton Synchrotron (PS). At the new machine, the LHC proper, the cloud
electrons can also give rise to a heat load inside the cold superconducting magnets [9-10] which, if exceeding the
limited cooling capacity at cryogenic temperature, could lead to the magnets’ transition into the normal-conducting
state (“quench”). In addition to the direct heat deposition from incoherently moving electrons, the possibility of a
“magnetron effect” has also been conjectured, where electrons would radiate coherently when moving in a strong
magnetic field under the simultaneous influence of a beam-induced electric “wake” field that might become resonant
with the cyclotron frequency.

In particle accelerators, there is another similar, but more violent, class of processes involving secondary electron
emission and electron amplification, namely the multipactoring and breakdown phenomena which limit the accelerating
gradient in normal- or super-conducting radiofrequency (rf) cavities used for beam acceleration and for longitudinal
focusing. These rf-induced processes can lead to a “trip” of the affected rf cavity, normally resulting in immediate beam
loss. Many of the cures initially developed to combat electron multipacting and breakdown in rf cavities, like surface
coating with TiN [11], fine surface grooves [12], solenoidal magnetic fields [13], injection of uncorrelated microwaves
[14], or ~kV dc electric bias fields at the rf couplers [14], have also proven effective against the beam-induced electron
cloud.
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Fig. 1. The CERN accelerator complex including the Large Hadron Collider (LHC).
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ELECTRON CLOUD IN ACCELERATORS

Since the 1960°s effects related to electrons have been observed in accelerators of positively charged beams. The
performance of almost all presently operating high-current positron and proton accelerators is affected by an electron
cloud [6], which is generated by photoemission when synchrotron-radiation photons hit the surface of the beam pipe, by
the ionization of the residual gas, and by an avalanche process involving acceleration of electrons in the field of the
beam together with an average secondary emission yield larger than unity, as is illustrated for nominal LHC conditions
in Fig. 2. Different from the multipactoring in rf cavities, the electron cloud or “beam-induced” multipactoring occurs
without a sharp resonance for a wide range of bunch spacings and bunch intensities. The reason is that the low-energy
secondary electrons have a long survival time, and therefore the exact arrival time of the next bunch is not important.
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Fig. 2. Schematic of electron cloud build up in an LHC arc beam pipe,
due to photoemission and secondary emission [F. Ruggiero]

KEY SURFACE PROPERTIES

Critical surface parameters for the electron-cloud build up, in particular the photo-emission yield [15] and secondary
yield [16-19] under various conditions (e.g. rough surfaces, coatings, after electron bombardment, in magnetic fields, at
cryogenic temperatures, with different angles of incidence), have been measured in laboratory set ups as well as in test
beam lines at CERN and at BINP in Sibiria. An example shown in Fig. 3 indicates that the probability of elastic
electron reflection might approach a value close to 1 for zero incident energy, independently of the maximum secondary
emission yield. Benchmarking of computer simulations against beam measurements at the SPS suggests, however, that
the reflection probability approaches a value of about 0.3, for the SPS warm stainless steel beam pipe [19], possibly in
line with [18].
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Fig. 3. Secondary emission yield 6 for perpendicular incidence measured for a Cu surface at 10 K in various states of
conditioning, and contributions of secondary and reflected electrons after full “scrubbing,” as a function of primary
electron energy [19].



EU contract number RII3-CT-2003-506395 CARE-Conf-08-012-HHH

ELECTRON-CLOUD DIAGNOSTICS AND OBSERVATIONS

Experiments with LHC type beam in the CERN Super Proton Synchrotron (SPS) and Proton Synchrotron (PS), which
serve as LHC injector and pre-injector, respectively, have shown a rapid buildup, over about 40 bunches corresponding
to 1 microsecond, of an electron cloud by beam-induced multipactoring, even without any synchrotron radiation for the
SPS injection beam energy of 26 GeV. At the nominal LHC bunch spacing of 25 ns, the multipacting is observed for
bunch populations above 3x10'° protons per bunch at the start of a run. Simulations confirm that it may be triggered by
a small number of electrons generated by the beam ionization of the residual gas. The intensity threshold increases to
10" protons per bunch after 10 days of ‘scrubbing’ (continuous operation with LHC beam at the maximum possible
intensity and duty cycle permitted by electron-induced pressure rise). In the SPS the two main effects of the electron
cloud are a pressure increase by several orders of magnitude [2] and beam instabilities that can lead to emittance growth
and even beam loss (coupled bunch instability in the horizontal plane and single-bunch instability in the vertical plane)
[21,22]. Degradation of BPM signals or feedback pick-ups due to electron bombardment were also observed; these
could be partially cured by solenoid windings or by processing the data at higher frequencies (the electron-cloud build
up over 100s of ns is a lower frequency phenomenon compared with the 0.5 ns rms bunch length) [23].

Since about 2000, a large number of detectors have been installed in the SPS to benchmark the electron-cloud
simulations and to explore possible countermeasures. Some of these detectors are presented in Fig. 4 [24]. Promising
results were achieved. In particular, vacuum chambers coated with TiZrV getter material [25] showed no sign of
multipactoring, which suggests that the solution adopted for the warm parts of the LHC, about 10% of the
circumference, will work fine. Also a fast surface conditioning by scrubbing was demonstrated in the SPS arcs. After 1
or 2 weeks of scrubbing the electron cloud did no longer limit the SPS operation with LHC beam. In situ measurements
confirmed a considerable reduction of the maximum secondary emission yield, decreasing from about 2.0 to 1.5 over
the same time period. However, measurements with two cold chambers in the SPS have shown a much slower
scrubbing; see, e.g., [26]. This could be due to the fact that the cold sections were too short and influenced by gas influx
from the adjacent warm vacuum chambers. A large number of gas molecules cryosorbed on the cold surface could lead
to an enhanced secondary emission yield. In the laboratory, cold surfaces did show a conditioning similar to that of
warm samples [19].
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Fig. 4. Example electron-cloud diagnostics in the CERN SPS [24].

MICROWAVE TRANSMISSION MEASUREMENTS AND MAGNETRON EFFECT

Microwave transmission measurements represent a novel type of diagnostics which is sensitive to the average electron
density over a long section of an accelerator. The underlying idea is that when electromagnetic waves are transmitted
through a not too dense electron plasma, they experience a phase shift plus, possibly, a small attenuation. The phase
shift expected for propagation through a uniform electron cloud of density p, in free space, after a distance L, is

Ap=-1/207 /@, c)L

where @y denotes the angular microwave rf frequency and o, the plasma frequency, @, = \4mp, I’eC2 , with r¢

representing the classical electron radius and ¢ the speed of light. Assuming a typical electron density of 10" m™, at
microwave frequencies between 2 and 3 GHz the expected phase shift over 1 km is of order -20°. In the ionosphere,
wheree the maximum ion density is comparable to the usual electron cloud density in accelerators, the corresponding
phase shift limits the accuracy of the Global Positioning System (GPS) [27]. Over 500 km of propagation through the
ionosphere, the measured phase delay is or order 1 m, or equivalently 4 degrees per km.
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If the electrons are not in free space but inside a beam pipe with cutoff frequency ., the phase shift becomes [28,29]

Ag :—1/2a);/(,/a)§ —wfc)L.

In the presence of a static magnetic field of strength B perpendicular to the beam pipe and to the propagation direction
of the microwaves, an enhancement proportional to 1/ (1 - (e B/ (a)rf m, ))2 ) is expected near the cyclotron resonance.

The left picture of Fig. 5. shows a microwave transmission measurement in the Low Energy positron Ring of the “PEP-
IT B Factory” at the Stanford Linear Accelerator Center [28]. In this ring, the electron cloud build up is normally
suppressed by a weak solenoid field o about 20 G generated by current-carrying wires wrapped around the beam pipe. If
the solenoids are turned off, an electron cloud develops, which leads to a phase modulation of the transmitted signal that
is evident by the appearance of sidebands, separated from the carrier frequency by multiples of the 136 kHz revolution
frequency. The modulation signal appears since the electron cloud first builds up and then decays to zero in a long
“clearing gap” without bunches, on each revolution period. The electron cloud density can be inferred from the
amplitude of the sideband with respect to the carrier. The right picture shows evidence for a cyclotron resonance in
similar measurements at another accelerator [30].
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Fig. 5. Left: Spectrum analyzer traces showing microwave carrier and beam signals measured in the PEP-II Low
Energy Ring over a distance of 50 m with a carrier at 2.15 GHz. A phase modulation sideband appears when the
solenoid fields of 20 G covering the entire region is turned off, allowing the electron plasma to fill the beam pipe. Only
the upper sideband is shown [28]. Right: Microwave phase modulation amplitude measured over a length of 4 m in the
CESR-TA accelerator with a carrier frequency of 2.015 GHz. The dipole setting at the peak of about 0.307 units
corresponds to a field of 700 T and to a cyclotron resonance near 2 GHz [30].

With short positron bunches passing through a magnetic dipole field, resonances in the cloud build up have been seen
when the bunch spacing equals a multiple of the cyclotron period [31] and reproduced in simulations [32]. During a
bunch passage the electrons are subjected to a strong transverse electric field. In a dipole field, the cyclotron frequency
equals 28 GHz/Tesla multiplied with the field strength. At the LHC, the proton bunch length itself extends over many
cyclotron periods, so that a sharp resonance between the cyclotron motion and the bunch spacing is not probable.
However, another resonance effect is possible. If the geometry of the LHC beam pipe allows for some beam-excited
trapped modes at suitable frequencies (indeed, due to the fabrication process there are minor mechanical undulations in
the beam tube), at a certain value of the magnetic field, during the beam acceleration, one might encounter an accidental
“magnetron effect” where the frequency of the trapped modes matches the cyclotron frequency of cloud electrons. This
would give rise to a (local) coherent emission at the cyclotron frequency, which could occur at any value between 15
GHz and 230 GHz depending on the B field. The 1-mm deep, 1.5-mm wide, and 8-mm long rectangular pumping slots
(500 per meter) in the LHC beam pipe, at 5-20 K temperature, will only shield radiation up to about 15 GHz. At higher
frequencies, any RF radiation can pass onto the cold bore of the magnets. The bunch potential would act as intermittent
anode voltage of this device. The possibility of such magnetron effect in the LHC was first thought of when in early
laboratory measurements using a resonant coaxial structure a substantial decrease of the multipactoring threshold was
observed for an external dipole magnetic field (170 Gauss) such that the electron cyclotron frequency was equal to the
resonant frequency of the coaxial cavity (480 MHz) [33]. The dip visible in Fig. 6 was caused by the resulting cavity
impedance mismatch, related to the refraction index of the electron plasma, leading to a large reflected signal.
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Fig. 6. Multipactoring tests in a warm dipole magnet: deposited power (top, 2.5 W peak) and transmitted signal
(bottom) measured during a 50 s ramp of the dipole field from 100 up to 7800 Gauss. The dip on the left corresponds to
a magnetic field of 170 Gauss, when the cyclotron frequency of the electrons becomes equal to the RF frequency of 480

MHz. AM modulation frequency 20 Hz, DC-bias 100 V, RF forward power 4 W [33].

ELECTRON-CLOUD MITIGATION

The LHC design has adopted a number of countermeasures against the electron cloud. For example, most vacuum
chambers in the warm sections of the LHC are coated by a newly developed getter material, TiZrV [25], which after
activation for 24 h at 180 °C has a low maximum secondary emission yield 3. of about 1.1. Other coatings, e.g. ones
based on carbon composites or rough metal surfaces, are under exploration for the LHC injector upgrade [34]. In the
LHC cold arcs, a sawtooth pattern (steps of 35 micron separated by 500 micron) is impressed on the horizontally
outward side of the beam screen that forms the inner layer of the vacuum chamber [15]. The sawtooth pattern results in
a locally perpendicular impact of synchrotron-radiation photons yielding both a strongly reduced reflectivity and a
lower photoemission yield. The reduced reflectivity is important as, in dipole magnets, photoelectrons emitted at the
outer side of the chamber are confined and do little harm to the beam, while photoelectrons emitted at the top and
bottom of the chamber, via scattered photons, may approach the beam and contribute to multipactoring and heat load.
The LHC beam screen contains pumping slots at its top and bottom. Multipactoring electrons which pass through these
slots along the magnetic field lines would hit the cold bore of the magnets at 2 K, where the available cooling capacity
is much smaller than at the beam-screen temperature of 5-20 K. To prevent this fatal heat load, pumping-slot shields
(‘baffles’) were added on the outer side of the beam screen, so as to intercept such electrons, at the expense of a slightly
reduced pumping speed [35,36].

Heat load on the beam screen and vacuum pressure can be confined to tolerable values, by reducing either the number
of bunches or the bunch charge. For a three times increased bunch spacing of 75 ns, no significant heat load from the
electron cloud is expected. Alternatively, bunch populations below 5x10'° at the nominal bunch spacing of 25 ns may
also yield an acceptable heat load. In addition, low-charge ‘satellite’ bunches, following 5 or 10 ns behind the main
bunches, could be employed as a fall back option to suppress the electron-cloud build up and to reduce the heat load
during commissioning [37].

The surface of the LHC vacuum chamber will be conditioned by operating near the heat-load limit for extended periods
of time (the ‘scrubbing’ effect is described in [16]). At the LHC this ‘scrubbing’ will be more difficult than in the SPS,
since the electron cloud activity will increase during acceleration, due to additional contributions from synchrotron
radiation and the reduced beam sizes. It is expected, that after several weeks or months of operation, the surface
conditioning during commissioning and early operation will reduce the secondary emission yield to a level where
operation with nominal LHC beam parameters becomes possible.

Measurements in the SPS have highlighted the extreme sensitivity of the electron-cloud build up to the chamber surface
and its secondary emission yield. Recently the total electron-cloud flux at the chamber wall for fully activated TiZrV
NEG coating, with a maximum secondary yield Syax~1.1, was found to be 10™ times smaller than that for an otherwise
identical stainless steel chamber, with a measured maximum yield of Spa~2.5 after 2-h air exposure; the flux recorded
for a carbon surface with 8ya~1.4 after a similar 2-h air exposure was 4 times smaller than for the stainless steel
chamber; a clear scrubbing effect was observed for both the carbon and the steel [38].

Other suppression schemes are also being explored in the LHC injectors. Fig. 7 shows the electron-cloud signal from a
pick up in the PS as a function of dipole magnetic field and “strip-line” clearing voltage applied in the region of the
detector, for two different times in the PS acceleration cycle, differing in longitudinal beam profile and bunch length
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[39]. The dependence of the electron-cloud density on the two mitigation parameters is complex, with islands of high
electron density, indicating multipactoring, embedded in large regions with only few electrons.
1000 1000

t=-10 ms, during third 0.1 t=-1 ms, during bunch 014
500 500 [ e
hnl Dunch splitting EGL compression
0.12
100 0.08 100
50 50 0.1
25 0.06 25
E_‘ 0 E_' 0 0.08
o 7] =
S 25 004 = 25 0.06
-50 -50
-100 0.02 100 0.04
-300 -300 0.02
-500 0 -500
1000 1000

Fig. 7. Electron cloud signal at the CERN PS in units of Volt measured for various clearing electrode voltages (-1 kV < UsL
< +1 kV) and magnetic dipole fields (0 G < B < 70 G). Measurements were taken continuously during the last 50 ms before
beam extraction at t =0 ms [39].

SIMULATIONS

Several simulation codes modelling electron-cloud build up and/or the beam instabilities driven by an electron cloud
have been developed since the mid 1990s; a code overview can be found in [40]. The crucial ingredient for the build-up
simulations is the model of the “total” secondary emission yield &, consisting of both true secondaries and reflected
(plus re-diffused) electrons, which is a function of the primary electron energy E, and the angle of incidence
0 (6=() refers to perpendicular impact). For LHC simulations with the codes ECLOUD or Faktor2 we use

5tot (E p° 9) = 5true (E p° 9)+ Ré‘elastic (E p )
with reflection coefficient R~0.3 extracted from beam measurements [13]. The true secondary yield is taken to be [41]
sx\E,/E__(0
bun(E,0)-0,,(0) B EnlO)
s—1+(E, /E,..(0))

where maximum yield dyax and primary energy of maximum yield, Enay, depend on the angle of incidence as [17,18,42]
. 1
620~ 0 0] 3 (1-c050)|

E . (0)~E: x(1+0.7(1-cos8))

with typical measured values for copper of &'max ~ 1.5 and E pa ~ 240 eV after two days of beam scrubbing, as was
inferred from in-situ measurements at the SPS [42]. The elastic contribution is parametrized as

(E)~ JE-JE+E,
lastic ~ \/E+\/?E()

with Ey~150 eV fitting the data well [19]. For reliable predictions, it is important to benchmark the simulation results
from different codes with each other as well as against laboratory measurements or beam observations [20,33,43,44].

0,

e

OPEN QUESTIONS

The simulated heat load strongly depends on the reflection probability of low-energetic electrons when they hit the
chamber wall. This reflectivity has a great influence on the survival of secondary electrons between bunches and, in
particular, during the gaps between bunch trains.

A strong increase in the gas pressure during LHC scrubbing would reduce the beam lifetime and increase the heat load
on the cold bore of the magnets due to scattered proton losses. This source of heat load may complicate the scrubbing
process with respect to the SPS, in addition to a reduced duty cycle and to the new effects of synchrotron radiation and
photoemission encountered in the LHC towards top energy. A related concern is that low energy electrons hitting the
wall, if there are many, could amount to a significant heat load, without contributing to surface conditioning [45]. For
the latter a minimum electron energy of about 30 eV is required [46].
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SUMMARY

Electron-cloud build up can affect the operation of particle accelerators. The electron build up sensitively depends on
the surface properties and in particular on the secondary emission yield. Special diagnostics tools have been developed
which measure the local or global electron density, the spatial distribution, the time structure, the flux of electrons
incident on a surface, the electron energy distribution, the heat deposition from electrons, or the surface conditioning. A
large number of methods have been applied to suppress electron cloud build-up, including various coatings with low
secondary emission yield, fine grooves, ~kV dc clearing voltages, and weak magnetic fields tangential to the surface.
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