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Abstract

Inside a radiofrequency cavity, the electric field accelerates electrons (produced by field
emission, photo-emission, residual gas ionization, etc) towards the system’s chamber wall.
Depending on the wall’s surface properties and on the electron impacting energy, these
primary electrons produce secondary electrons when they hit the chamber wall, which in
turn are accelerated if the electric field is at the correct phase. This bouncing back and
forth between surfaces is called the electron multipacting, or multipactoring, effect. It was
first described by Farnsworth in the 1930’s [1]. The name is derived from the term “multiple
electron impacts”. If the number of emitted electrons per impinging electron, given by the
Secondary Electron Yield (SEY) of the wall surface, is greater than unity, the electron density
inside the vacuum chamber increases exponentially creating a so-called electron cloud. This
usually ends in catastrophic drop in system performance. Depending on the multipacting
scenario, the exponential growth is finally limited by the available power and/or space-charge
effects.

Inside an accelerator’s vacuum chamber, or beam pipe, the radiofrequency electric field
is provided by the beam, and the effect is often referred to as Beam Induced Multipacting
(BIM). In this case, the electron cloud is defined as an accumulation of electrons inside the
beam pipe which, if sufficiently strong, can affect the machine performance by increasing
the vacuum pressure, producing beam instabilities, causing beam loss and/or interference in
beam diagnostics [2]. The proton storage ring of the Budker Institute of Nuclear Physics
(BINP, Novosibirsk) in 1965 [3] and the Ion Storage Ring at CERN in 1972 [4] are perhaps the
first machines to suffer from electron clouds. In the 1990’s, electron clouds were observed in
many accelerators with positively charged particles (the PSR at LANL, the PF at KEK, the
PEP-II at SLAC, the SPS at CERN, etc), often acting as a fundamental limit to machine
performance resulting from the aforementioned effects. These limitations led accelerator
scientists to develop complex computer simulation codes that model the circumstances in
which the build up of an electron cloud occurs [5]. The phenomenon is quite sensitive to a
host of accelerator parameters including beam bunch intensity, beam bunch spacing, beam
dimensions, chamber geometry, and properties of the chamber surface material. If a given
threshold is crossed, an electron cloud quickly develops or disappears. The least well known
property is the SEY dependence on electron energy, especially for low energy electrons [6]. It
plays a crucial role because it determines the number of surviving electrons when the electric
field is absent, a condition that occurs regularly during the gap between the passage of two
consecutive beam bunches.

In 2001, after one year of operation, the first attempts to fill the Relativistic Heavy
Ion Collider (RHIC) at BNL with intense ion beams resulted in intolerable pressure rises
inside the vacuum chamber. These unexpected pressure rises limited machine performance
to such an extent that design intensities for RHIC ion beams could not be reached [7]. Since
RHIC was not equipped with specialized instrumentation for electron cloud detection, any
conclusions about their role in these pressure rises were drawn indirectly from beam analysis



and from the results of computer simulation codes [8]. Therefore, a first priority of this thesis
research was to install electron detectors around the RHIC ring, and thus obtain reliable
diagnostics for the phenomenon. With these diagnostics, one can further study different
mechanisms that might be used to mitigate the multipacting effect. These electron detectors
will also provide experimental data from a real machine that can be used to benchmark the
results of computer simulation codes.

In a novel approach, this thesis also shows how electron cloud evolution can be modeled by
means of simple non-linear maps of the form p,, 11 = f(pm), where p,, denotes the electron
density inside the vacuum chamber after the passage of beam bunch m. This approach
leads to an improved intuitive understanding of the evolution of electron clouds as well as
a reduction in simulation computational time by seven orders of magnitude. To first order,
the function f(p,,) is expressed by pmi1 = apm, where a is the bunch to bunch electron
multiplication gain, and a = 1 sets the threshold for the build up or mitigation of an electron
cloud. An analytical expression for a involving the different parameters therefore provides
the region in parameter space where RHIC can be reliably operated avoiding the harmful
effects of the electron cloud.

vi
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Chapter 1

Introduction

1.1 The Relativistic Heavy Ion Collider, RHIC

RHIC is a 3.833 km circumference collider consisting of two superconducting rings that
intersect at six interaction regions. The two rings are referred to as “blue” and “yellow”. The
beam circulates in the clockwise direction in the blue ring and counterclockwise in the yellow
ring. RHIC started its Physics operation in 2000, and it is capable of accelerating a variety
of species from protons to fully stripped gold or copper ions. The maximum beam energy is
100 GeV /u for gold and 250 GeV for protons [7]. A sketch of the BNL accelerator complex,
showing the RHIC injectors, low energy beam-lines, and location of the interaction regions
is shown in Fig. 1.1.

RHIC serves five experiments, STAR, PHENIX, BRAHMS, PHOBOS, and PP2PP. The
Solenoidal Tracker at RHIC (STAR) is one of the two large detectors at RHIC and is located
in the Interaction Point at 6 o’clock, IP6 - see Fig. 1.1. It is specialized in tracking the
thousands of particles produced by each ion collision, and its goal is to obtain a fundamental
understanding of the structure of interactions between hadrons [9]. The Pioneering High
Energy Nuclear Interaction eXperiment (PHENIX) detector is the other large detector,
located in IP8. It is designed specifically to measure direct probes of the collisions such
as leptons and photons [10]. The PHOBOS experiment is one of two “small” detectors and
is located in the IP10 position of RHIC. It is designed to examine and analyze a very large
number of unselected collisions with the premise that rare events will be readily identified [11].
The Broad Range HAdron Magnetic Spectrometer (BRAHMS) is the other small detector at
RHIC located at IP2. It provides precise measurements of charged hadrons over a large range
of rapidity a transverse momentum [12]. The PP2PP experiment shares the IP2 interaction
region with BRAHMS. Its goal is to study proton-proton elastic scattering and therefore
participates only in proton runs [13].

The first physics run was during the year 2000 with gold beams. Subsequent runs have
taken advantage of the flexibility of RHIC by colliding gold, deuteron, proton, and copper
beams, even combining two different species in each ring. For instance, Run-3 used deuteron
beams in the blue ring with gold in the yellow ring. This is summarized in Table 1.1.

One figure of merit for a collider is the Luminosity. Suppose a round bunch of N, particles
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Figure 1.1: Sketch of the hadron accelerator complex at Brookhaven National Laboratory. The
path of a Gold ion from its creation until its injection into RHIC is shown.
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Figure 1.2: Integrated luminosity evolution for the different runs using gold ions in both RHIC
rings. Courtesy of W. Fischer.



1.2. Linear beam dynamics )

Table 1.1: Summary of RHIC parameters during the physics runs to date. By request of the
experiments, during Runs 4 and 5 and for a short period (=~ 10 days), the beams were accelerated
only up to 31.2 GeV /u. The shown integrated luminosity was delivered to one of the high-luminosity
experiments, PHENIX.

. integrated
year specie(s) energy [GeV /u] luminosity
Run 1 2000 gold 65 7.3 ub~!
2001 gold 100 93 bt
Run 215001 /2002 proton 100 0.35 pb~!
Run 3 2002/2003 | deuteron - gold 100 24.2 nb~!
2003 proton 100 2.0 pb~!
=1
Run 4 2003/2004 gold 100 1370 ,ulo_1
2004 proton 100 3.0 pb
Run 5 2004,/2005 copper 100 15 nb~!
" 2005 proton 191.5 12.6 pb~!

collides head-on with a bunch of identical intensity moving in the opposite direction. The
luminosity, L is defined by [14]

Ny

T 470}

L=n , (1.1)
where n is the number of colliding bunches per beam, 7, is the revolution period, and o, is the
transverse rms radius of the bunch of particles. Often a more informative way to characterize
the collider performance is luminosity integrated over time, expressed in units of inverse
barns*. Table 1.1 lists the integrated luminosity during each run to date. Different species
have different achievable bunch intensities and sizes. Therefore, the integrated luminosity for
gold-gold collisions (Run-2 and Run-4) is expressed in units of [ub~!], while it is expressed in
units of [pb~!] for proton-proton collisions. A “historical” evolution of this magnitude during
the different runs colliding gold ions is depicted in Fig. 1.2.

1.2 Linear beam dynamics

A detailed introduction to accelerator physics can be found in References [14-16], whence
the treatment in this work is based. The motion of a particle of charge ¢ in an accelerator
is determined by the relativistic extensions to Newton’s laws and the Lorentz force,
d_’ — —
L WE+vxB), (1.2)
dt
where ¢ is the particle velocity, E is the electric field (used mainly for particle acceleration
and longitudinal confinement), and B is the magnetic field (used mainly to steer and focus

*1 b=1 barn=10"2%cm?
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s=

Figure 1.3: Frenet-Serret coordinate system along the design orbit.

the particle motion). The relativistic particle momentum, p'is expressed as

p=~mfe, (1.3)

where m is the rest mass, c is the speed of light, and ﬁ and ~ are the relativistic velocity
and beam Lorentz factor, respectively, defined as

v/c
1 (1.4)

VI-52

To describe the particle’s motion, it is useful to define a reference system as shown in
Fig. 1.3 based on the design orbit in an ideal circular accelerator of radius p. The position of
a particle may be parameterized in terms of an angle ¢, so that the arc length to a different
point would be then As = pAt. The local cartesian coordinate system described in Fig. 1.3
moving along with the beam particle is convenient for parameterization of the motion of a
particle traveling on some trajectory slightly different from the design orbit. In this local
system, the z—axis points in the direction of motion, the y—axis points up, and the r—axis
points radially outward from the center of the circle.

The local radius of the design orbit is determined by the vertical dipole field, B and the
particle momentum according to

= Xy
Il

_ P
qgB’

where ¢ is the particle charge. This relation is used to define the magnetic rigidity as
Bp = p/q, or the ratio of momentum to charge. It is written as a single symbol, (Bp), and
for a particle with charge ¢ = Z|e| and atomic mass A, it is conventionally calculated using
the relation

P (1.5)

Bp [Tm|=333p [GeV/c|A/Z, (1.6)

in units of [T m] when p is expressed in [GeV/c|.
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1.2.1 Magnetic fields and transverse particle motion

The magnetic fields in an accelerator can be expanded in terms of field multipoles. To first
order, these fields are:

B
B, = &y = —DBy
Oz . (1.7)
By: —BQ+—y$: —BQ+BliL’ s
ox

where By and B; are the dipole and quadrupole coefficients of the field. With these fields
(assuming no longitudinal or horizontal magnetic fields are present), the transverse equations
of motion for a reference particle along the accelerator circumference become

1 B
P oK) e =0, with K(s)= — — 519
p(s) Bp (18)
B .
y// + Ky(s) y=0, with Ky(s) _ é(/f) ’

where 2/ = dx/ds (see Fig. 1.3). The focusing functions K, ,(s) stress the analogy with a
simple harmonic oscillator, in which the “spring constant” K is now a function of the position
s. The general equation of motion is then expressed as

u 4+ Ky (s)u =0, (1.9)

where u stands for either  or y in Egs. 1.8. The function K, is at least periodic in the
accelerator circumference, L. Equation 1.9 is known as the Hill’s equation, extensively
studied during the 19" century. A solution of this equation reads

u(s) = A/ Bu(s)sin(w,(s) + o) , (1.10)
where A, is just a constant depending on the initial conditions, and v (s) is the phase
advance. The function (,(s) modulates the oscillation’s amplitude and it is called beta
function, § function, or the envelope function. It should not be confused with the relativistic
speed f =wv/cin Eq. 1.4.

Inserting Eq. 1.10 into Hill’s equation (Eq. 1.9) leads to the definition of another im-
portant parameter in accelerator physics, the betatron tune, ) defined as the number of
oscillations per revolution around the accelerator;

(L) 1 [oFE ds
Qu=—_ _5/30 AOR (1.11)

Equation 1.11 suggests that the [ function can be interpreted as the local wavelength of the
oscillation. Depending on the literature, the tune of the accelerator is denoted by v or Q.
Other important parameters related to the 3 function are:

= P9
2

gy Ltals)? (1.12)

T

tOften, accelerators are designed with higher periodicity to ease design and operation
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which are collectively known as the Courant-Snyder, or T'wiss parameters. Again, note that
v(s) is not the relativistic v in Eq. 1.4. The importance of these parameters lies on the fact
that at any location around the ring s, a trajectory in the phase space (u,u') has an area
bounded by a curve

J = y(s)u? + 2a(s)un’ + B(s)u? (1.13)

where J is the single particle action, a constant of motion. It is also called the Courant-Snyder
invariant. It is useful to characterize the beam by a particle that has an action that encloses
a given fraction of the beam. For example, for a gaussian distributed beam this is the area
in phase space containing the 34% of the beam particles. This is called the unnormalized
rms emittance, €.,s. A widely used convention is

€ = OT€rms (1.14)

known as the 95% emittance of the beam. That is, 95% of the beam particles in a gaussian
beam have an action smaller than €. The rms transverse beam size is given by*

01(8) = VemsB(8) - (1.15)

Note that the variables (u,u’) are not canonically conjugate, as opposed to (u,p,) (particle
position and momentum). The relation between p, and u’ is
r_ Pu _ Pu

p WwOme’

u (1.16)

where the subscript r has been introduced in v, and 3, to denote their relativistic meaning.
The factor G7 increases when the beam is accelerated, causing a decrease in v’ and hence
reducing €. The normalized emittance,

€n = 77‘67"6 5 (117)

is invariant under acceleration, and eases the comparison of emittances at different energies.
In terms of the normalized emittance, the rms beam size is given by

B €nl
op = ,/67%% . (1.18)

1.2.2 Electric fields and longitudinal particle motion

So far only the influence of the magnetic field in Eq. 1.2 has been considered. In the
following, a brief review of the physics involved in the acceleration process and longitu-
dinal capture/stability is presented by means of the electric fields. The active accelerating
elements are the radio frequency (rf) cavities, characterized by the frequency w,s of the

iDispersive terms and/or energy spread have been neglected in this analysis for convenience, and thus
are not included in Eq. 1.15. For a more thorough analysis, see Refs. [14-16].
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longitudinal electric field oscillations and the peak voltage V. As for the transverse motion
in Section 1.2.1, a more detailed description can be found in [14-16], on which the treatment
in this section is based. Next and unless otherwise stated, the symbols # and = used in
the following refer to the relativistic velocity and Lorentz factor (Eq. 1.4), not to the Twiss
parameters.

Motion of the synchronous particle

The fractional deviation of the particle’s path length divided by the fractional deviation of
the momentum is called the momentum compaction factor,

_dLJL  pdL

= = 1.1

where L is the circumference of the design orbit. The angular frequency of a particle
circulating in a synchrotron is:

2 27w0c
= = 1.20
w== T (1.20)
where 7 is the revolution period. Differentiation of Eq. 1.20 yields
d dL d 1\d
_7:___5:<ap__)_p_ (1.21)
T L P 2/ p
The expression within parentheses is usually written as
1 1
n=— — —, 1.22
W (122)

and it is called the slip factor. Notice that at a particular energy v = 1/, /0y, = 4, the slip
factor n is zero. This is called the transition energy, whence the subscript t. Equation 1.22
yields a relation between the fraction revolution period deviation with the fractional mo-

mentum deviation given by

d d
—— (1.23)

T p

Consider an rf cavity producing a wave of frequency w,¢, and assume that it is an integer
multiple of a particle’s angular revolution frequency wq, such that

wr = hwy (1.24)

for some integer h, which is called the harmonic number. The subscript 0 in Eq. 1.24 has
been added to denote the synchronous particle, that is, a particle that crosses the rf cavity
gap on every turn when the rf phase is 1, and the voltage across the gap is V sin,. The
energy gained by the synchronous particle per revolution is

AFE; = qVsiny, . (1.25)
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However, not all the particles are synchronized with the rf field. So, it is useful to define
the physical quantities of a particle relative to the synchronous one. Defining the relative
phase difference ¢ = 1) — 1, and the difference in energy as AE = F — E, the equations of
motion for a particle with respect to the synchronous particle are:

d r
40 _ T\
¢ BE, (1.26)
dAFE V(sin ¢ — sin ;)
—— =eV(sing — sin ¢y) .
dt
For small phase oscillations, when sin ¢ &~ ¢, the two Eqgs. 1.26 are merged in one,
L0 4 2rQuy6 =0 (1.27)
BTG T s = U, .
dt?
where (), is the synchrotron tune,
NweTqV Cos @
=4/— . 1.2
QS \/ 47'['262E8 ( 8)

Buckets and bunches

The phase oscillations described in Eq. 1.26 are represented in Fig. 1.4. The unsynchronized
generic particle B (which arrives at the rf station with a phase difference ¢, left) receives a kick
larger than the synchronous particle. At the next rf station, the particle will arrive before the
synchronous particle and it will receive a lower energy kick. This translates into a rotation
around the synchronous particle on the longitudinal phase space plot (Figure 1.4, right). For
a given set of rf parameters (voltage and harmonic number), unsynchronized particles within
a certain area in phase space will undergo stable motion about the synchronous particle. The
phase space trajectory of the particle that encloses the maximum area for stable motion is
called the separatriz (Fig. 1.4, right), which defines the rf bucket. Because of this longitudinal
stability, particles inside the bucket rotate around the synchronous particle and constitute a
bunch.

These buckets exist as soon as the rf voltage is applied to the cavities. The number of
buckets is given by wyt/ws = h, the harmonic number (Eq. 1.24). In principle, one can fill as
many of these buckets with bunches as one wishes. However, Table 1.3 shows that RHIC has
an harmonic number of 360 with a bucket length of 35.6 ns. Since the injection kickers have a
rise time of 90 ns [7], and bunches are transferred one-by-one, injection is only possible every
third bucket. This means that the maximum number of bunches (filled buckets) allowed is
120. The second limitation is due to the abort kickers, which need a gap of ~ 1 us (about 30
buckets) in order to rise to full current. These two constraints limit the maximum number
of bunches injected in RHIC to 110, with a minimum spacing between bunches of 107 ns.



1.3. Consequences of a pressure rise 11

Vv A AE A
rf Voltage d.ffphase o
e uierence, T separatrix
o) T
o" R B e
. * — s >
.. x"rf t ¢
. " waveform |
synchronous particle bunch

synchronous particle

Figure 1.4: Bunch, bucket, separatrix. This is a non-accelerating bucket ¢, = 0.

1.3 Consequences of a pressure rise

One of the major concerns in this work is high pressure inside the RHIC vacuum chamber.
When the pressure exceeds the 107°, the ion pumps do not work any more and all the
pumping speed can be lost. Below this limit, other detrimental consequences exist.

1.3.1 Beam lifetime

A beam with initial intensity I circulating for a time t inside an accelerator decays expo-
nentially like

[ = [y "owtbet (1.29)

where [ is the initial beam intensity, o is the total cross section for all beam-gas interac-
tions, and n is the gas molecule density. The gas density is related to the pressure through
n = P/kT, where k is the Boltzman’s constant and 7 is the system temperature. The beam
intensity lifetime is given by
kT
T feog P

When there are many processes of comparable significance, the cross sections are added:

(1.30)

Otot = 01+ 02+ -+, (1.31)
and the total lifetime is then obtained adding the inverse of the individual lifetimes,
]./7':1/7'1—|—1/7'2—|—"' (132)

The possible processes affecting the beam lifetime in an accelerator include inelastic inter-
actions (bremsstrahlung, electron capture/loss, nuclear reactions) or elastic ones (coulomb
scattering) [17]. Based on the relative cross sections, the ones affecting RHIC the most are
the elastic single Coulomb scattering processes [18]. The cross sections depend on the beam
ion species and rest gas composition. They are calculated in a “billiard ball” model:

ox =mr?, with 7= 7“0(142/3 + APy (1.33)
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where 7y = 1.2 x 107 m is the Fermi radius, and A, and A; are the atomic masses for the
beam and the target rest gas molecule, respectively.

Table 1.2 lists the cross section values and beam lifetime assuming a different gas compo-
sition for the cold and warm regions. For the warm sections, the gas composition is assumed
to be a 90% H,, 5% CO, and 5% CH,. For the cold regions, it is assumed to be 100% of
Helium. Since the lifetime scales as (P) ™!, it is easy to see that for an average warm pressure
(P) =5 x 1077 Torr, the beam gold lifetime decreases to & 0.6 hours.

Table 1.2: Relevant parameters for the lifetime calculations.
T(K) | length (m) | (P) (Torr) | oy (barns) | 7(hours)
warm | 300 760 5x 10710 4.7 600
cold 4 3100 1071 2.7 242

1.3.2 Experimental backgrounds

Unwanted background noise in the experimental detectors due to beam-residual gas interac-
tions puts the most stringent requirements on RHIC vacuum [19]. Assuming an interaction
region of length [, the number of interactions per unit of time, or rate R, produced by a
beam with intensity [ is:

_ kﬁTo—NU/e | (1.34)
where e is the absolute value of an electron charge. The beam-beam rates are R, = o33L,
where L is the luminosity and o} is the beam-beam cross section. Calculating oy, with
Eq. 1.33, for a typical luminosity value of 10>’cm~2s~!, and a typical pressure of 5 x 10719
Torr, and assuming an interaction length [ = 20 m, the ratio R/R;;, ~ 1 (both in the kHz
range). Thus, although the calculated beam lifetime is about 600 h for an average pressure
of 5 x 1071 Torr in the warm regions, it is desired to reduce that value by more than one
order of magnitude in the interaction regions. These requirements can be relaxed if the
experimental detectors are appropriately shielded, or if larger beam-gas background rates
are tolerable.

R

1.3.3 Emittance growth

Finally, elastic Coulomb scattering causes the transverse emittance of the beam to grow.
The growth rate for gold beams at v = 100 is [18]

- = 10~* mm mrad/hour (1.35)

for both warm and cold sections (using the average pressures in Table 1.2). This value is
insignificant compared with the growth due to intrabeam scattering, which is measured in
to be about 0.1 mm mrad/hour [20].
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Table 1.3: Major RHIC design parameters for gold ions, and protons. After a tune scan, betatron
tunes of (28.72, 28.73) were used after Run 4 for protons only.

Gold | Protons | Copper
parameter symbol unit value value value
mass number A - 197 1 63
atomic number A - 79 1 29
number of ions/bunch N, 10° 1 100 4.5
number of bunches/ring - - variable, from 28 to 110
circumference C m 3833.85

injection 10.8 28.3 12.6
energy per beam (oo E GeV/u | 100 | 100 & 190 | 100
transition energy Vi GeV/u 22.89
. . ..., Injection 81.1 81.1 81.1
magnetic rigidity oo B Tm esgs | 3305 | 7246
horizontal Qy 28.19
betatron tune vertical Qy i 28.18
. . injection . 10
G function at crossing store 16 m 1
h . b injection b 360 360 360
ATTHOTIE TUHDEL gt ore ) 2520 | 360 2520
injection 0.3 0.3 0.3
rf voltage store V MV 6 3 6
injection 28.15 28.15 28.15
it frequency oo ot MHz 1 g8 | 9815 198
injection 120 95 145
synchrotron freq. store Qs Hz 333 383 970
injection 0.5 0.5 0.7
bunch area <tore So5% eV s/u L1 12 10
normalized emittance €n mm mrad | 107 207 107
energy spread AE/E - <1073







Chapter 2

Electron cloud effect in accelerators

Electric fields present a vacuum chamber may accelerate electrons (produced by field emis-
sion, photo-emission, residual gas ionization, etc) towards the wall chamber surface. If the
bombarding electrons acquire enough energy, they produce secondary electrons when they
hit the chamber wall, which in turn are accelerated by the electric field normal to the surface.
These electrons may bombard again another surface and emit secondary electrons. If the ap-
propriate combination of surface properties and electric fields are fulfilled, this bouncing back
and forth between surfaces develops an electron multiplication, or multipacting effect, which
creates a cloud of electrons inside the vacuum chamber. The electron cloud in accelerators
is defined as an accumulation of electrons inside the beam pipe which, if sufficiently strong,
can affect the machine performance by increasing the vacuum pressure, producing emittance
growth, causing beam loss, cryogenic heat load or interference of the beam diagnostics [2].

2.1 Introduction

In the field free regions of accelerators, the electric field producing the multipacting is
provided by the beam*, so that the two components influencing the electron accumulation
are the beam and the chamber surface characteristics. Among this, the most relevant is
the Secondary Electron Yield (SEY, or d) of the chamber material and its dependence on
the impinging electron energy. An example of this dependence is shown in Fig. 2.1. For a
given electron, more than one secondary electron are produced if the electron energy is larger
than F4y and smaller than F5. Motivated by the predicted detrimental consequences on the
future LHC collider at CERN, the electron cloud has been studied using RF test benches in
laboratory set-ups [21,22]|. However, the conditions in an accelerator are different. Next, the
electron cloud characterization depending on the accelerator beam parameters is shown. The
electron cloud is mainly classified into two different regimes: single-bunch and multi-bunch
regime.

*For the regions with electric or magnetic elements (such as RF cavities, bending magnets, et cetera), the
field becomes a combination of beam and the external field for each case.
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Figure 2.1: Typical behaviour of the secondary electron yield as a function of the impinging
electron energy. The behaviour changes for different materials, with different 0 ,.x, 1, E2, etc.

2.2 Single-bunch regime

The single-bunch regime occurs if the length of the (positively charged) bunch is long enough
to sustain multiple passes of electrons. It is also called trailing edge multipacting. Electrons
are attracted by the beam potential, and their motion is characterized by the electron bounce-
frequency [23],

We = C\/2TTe Ny (2.1)

where 7, is the classical electron radius, and ), is the volume density of the beam. After
the passage of the bunch density peak, electrons are released and accelerated by the part of
the beam of decreasing density (trailing edge of the beam density distribution, see Fig. 2.2).
The number of electrons inside the chamber grows dramatically upon such trailing edge
multipacting, as observed at the PSR and expected in the SNS ring [24]. The build-up is
typically not sensitive to the bunch spacing, and it critically depends on the length of the
bunch and the variations in its longitudinal density, which determine the energy gain and the
multipacting duration. Upon acceleration by the beam, the electron energy is typically below
the keV level. Associated with the electron cloud build up, pressure rises, and single-bunch,
transverse instabilities are observed [25].
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Figure 2.2: Single-bunch multipacting schema at the PSR. Courtesy of J. Wei [25].

2.3 Multi-bunch regime

In this case, the electron accumulation occurs under the passage of successive positively
charged bunches [2,4,26]. The primary electrons can be created by photoelectrons (pro-
duced from synchrotron radiation), ionization of residual gas, and when stray particles hit
the chamber walls. These primary electrons gain energy due to the interaction with the
passing bunch, or under successive bunch passages. A multipacting effect can develop if two
conditions are fulfilled:

e the energy gain is such that it can generate more than one secondary electron after
impinging the chamber wall. In Fig. 2.1, this is at an energy larger than FE;, and
smaller than F.

e the surv