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Low energy electrons in accelerators are known to interact with the circulating beam,
giving rise to the formation of a so-called e™ cloud. Such e~ cloud may induce detrimen-
tal effects on the accelerated beam quality and stability. Those effects have been observed
in most accelerators of positively charged particles. A longstanding effort has been so
far devoted to understand in detail the physical origin of such e~ cloud, its build-up
and its interaction with the circulating beam. We will first describe the origin and the
basic features causing e~ cloud formation in accelerators, then we review some of the
theoretical work produced to simulate and analyze such phenomenon. In selected cases,
theoretical expectations and experimental observations will be compared, to address the
importance of benchmarking codes versus observations to reach the required predictive
capability. To this scope, codes need realistic input parameters which correctly describe
material and surface properties at the basis of such e~ cloud formation and build-up.
The experimental efforts, performed worldwide in many surface and material science
laboratories, to measure such essential parameters will then be presented and critically
reviewed. Finally, we will describe some of the e™ cloud mitigation strategies adopted
so far and draw some conclusions.
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1. Introduction

The electron cloud phenomenon is a ubiquitous effect in accelerators of positive
particles. First observations of related effects date back to nearly 50 years ago™
and since then many different phenomena observed in many accelerators have been
related to the formation of an electron cloud. The phenomenology of the e~ cloud
formation together with the introduction of most relevant basic concepts, quantities
and tools is analyzed in Fig. 1, in which we slightly modify the artistic view of the
e~ cloud phenomenon for the case of a Large Hadron Collider (LHC) arc proposed
by Francesco Ruggiero, head of the e~ cloud crash program launched at CERN in
1997.

The LHC arc dipoles have been described elsewhere®® and are shown in Fig. 2.
The interior of the dipole, see Fig. 2(b), is a complex and highly technological
realization. Briefly, it consists of a cold bore held at 1.9 K hosting inside a so-called
“beam screen,” detailed in Fig. 2(c), held at temperature between 5 and 20K,
whose scope is essentially to protect the cold bore from unwanted heat deposition
as caused by image currents, Synchrotron Radiation (SR), etc. The relevant LHC
beam and chamber parameters are reported in Table 1. As soon as the first proton
bunch appears in the dipole, see Fig. 1, being curved by the magnetic dipole field,
it will emit SR. Those photons will travel tangentially to the beam orbit and hit
the accelerator walls (around the orbital plane) with a very small grazing angle of
incidence of about 1.5°. At this point they will be either reflected or absorbed by
the wall. Some of the absorbed photons will produce photoelectrons, according to
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Fig. 1. Artistic view of the e~ cloud process at LHC (adapted from the original representation
by F. Ruggero and in his memory).

Fig. 2. (a) LHC tunnel; (b) inside of an LHC dipole; (c) Beam screen of an LHC dipole.”

the wall surface Photoelectron Yield (PY), i.e. the number of electrons produced
per incident photon. The PY, of course, will depend on many parameters, like the
actual photon energy, the angle of incidence, the surface roughness, ete. as discussed
in Sec. 4. Here it is enough to just mention that the photoelectrons typically have
very low energy, and once emitted travel very slowly in the accelerator beam pipe.

Such photoelectrons will then interact with the positive proton beam. It has
to be noticed that photoelectrons are not the only possible seed to initiate the
e~ cloud process. Electron cloud effects has been observed to occur also in CERN
Proton Synchrotron (PS) and Super Proton Synchrotron (SPS),'1'12 where the SR,
produced by the protons accelerated at 450 GeV, has too low energy to generate
photoelectrons. Any electron, coming from residual gas ionization is actually enough
to initiate the process. Once electrons are emitted from the accelerator walls, they
will see the beam and be, therefore, accelerated by Coulomb attraction. Some of
them will be trapped by the beam but their limited velocity and their direction

1430023-3
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Table 1. Typical LHC beam and chamber parameters for 50 and 25 ns bunch spacings.m

Parameter Units 50 ns 25 ns
Beam particle energy GeV 450-7000
Bunch length m 0.1124-0.075
Transverse normalized emittances (e, = €) pm rad 3.5-3.75
Number of bunches per train — 36 72
Bunch gap at the end of each train — 4 8
Number of trains in a batch — 4 4
No. of particles per bunch Ny 10t 1.15
Bending field B T 0.54-8.39
Vacuum screen half height mm 18
Vacuum screen half width mm 22
Maximum SEY 0% — 2.2-1.1
Energy for max. SEY Emax eV 230

(being mainly normal to the beam and the walls) will then let them reach the
accelerator wall again, once the beam is passed, as shown in Fig. 1. During such
interaction with the beam, they do gain energy, once impinging against the oppo-
site wall, they will generate a number of secondary electrons, whose intensity and
energy distribution will depend on the beam pipe geometry, beam structure and on
the Secondary Electron Yield (SEY) of the accelerator’s material. SEY measures
the number of electrons produced per incident electron at a given energy and, obvi-
ously, the higher it is the higher will be the number of electrons multiplied at each
bunch passage. This is a resonant phenomenon, since the next bunches will not
only create new photoelectrons but also accelerate towards the walls the electrons
already present in the vacuum system. At some stage, then, the e~ cloud present
will have such a high density to influence the actual beam quality at each passage,
inducing detrimental effects, up to its complete degradation and loss. Other detri-
mental effects may also accompany the build-up of the ¢~ cloud, such as vacuum
pressure rise, extra heat loads to the walls, etc. All those phenomena are known
as e~ cloud effects, and are here called ECE. The electron multiplication, called
multipactoring, can be carefully studied by simulations, which are an essential tool
to address the e~ cloud problem. A number of sophisticated computer simulation
codes have been developed to study ECE, and their predictions have been compared
with experimental observations.

The basic concepts, quantities and tools related to the electron cloud formation
introduced here will be discussed in more details, using the LHC dipole as an
example, in Sec. 2. Then, in Sec. 3 some observed and/or simulated beam effects
and instabilities related to e~ cloud, are discussed and emphasis is given to the
effectiveness of the comparison between benchmarking simulations and observations
to refine codes in order to obtain the required confidence in prediction capabilities.
During the process towards the understanding of the e~ cloud phenomenon, it
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has been more and more evident that an essential role is played by some relevant
surface properties of the accelerator walls, calling for a huge experimental effort
to study such essential issues in dedicated laboratory experiments. An attempt to
summarize some of those results, will be given in Sec. 4. Finally, we will discuss,
in Sec. 5, some active and proposed mitigation strategies. Open questions, further
work and conclusions will be then presented in Sec. 6.

2. Electron Cloud Build-Up

The electron cloud phenomenology described in the introduction shows how this
phenomenon is a consequence of a number of effects and is strongly dependent on
the beam and on the actual accelerator material properties. In the following, we
describe, in more details, each single step in the electron cloud build-up.

2.1. Primary electrons

Primary electrons are generated during a bunch passage, both on the wall, as
photoelectrons from SR (mainly for positron or electron beams) and as secondary
electrons generated by beam loss (especially for ion beams) and, inside the beam
volume, by the ionization of the residual gas. The number of electrons created per
unit length by SR or by beam loss during one bunch passage can become compar-
able to the average line density of beam particles, in which case these processes
alone can give rise to appreciable ECE.

SR emission can be estimated starting from machine parameters (as described
in many books'®%) and the energetics of such emitted spectrum is typically repre-
sented by the so-called “critical energy”®14 E, which is the photon energy dividing
the total emitted energy in two equal regions. The minimum photon energy needed
to create a photoelectron from an irradiated surface strongly depends on the mate-
rial work function (W), that is typically 3-5 eV. For electron (positron) machines
such E, can be as high as few KeV, showing how such accelerators produce a high
number of photons that produce photoelectrons. Even in proton machines like LHC,
it can be easily calculated that, at the nominal energy of 7 TeV, protons curved by
a 8.4 Tesla dipole field, emit SR with a critical energy E. of about 44 ¢V.1%16 In
Fig. 3, the photon flux produced in an LHC dipole is plotted for different energies
of the beam and clearly shows that for energies above ~2 TeV, the emitted photons
are energetic enough to produce electrons. When such a white light (WL) distribu-
tion hits the wall of the beam chamber, it results in the production of photoelectrons
at a rate that can be estimated as follows:

WNey  py ™ L py 527 (1)

ds ds 2.3 p
where the number of SR photons emitted in a dipole per unit length and per
beam particle is dN.,/ds ~ 5av/(2v/3p), v denotes the Lorentz factor, « the fine-
structure constant and p the curvature radius of the particle trajectory. In general,
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Fig. 3. (Color online) Synchrotron radiation spectra of an LHC dipole evaluated at different
beam energies (green: 450 GeV; red: 3.5 TeV; blue: 7 TeV), using parameters in Table 1 and
assuming a nominal beam current® [ = 584 mA.

PY depends on the photon energy and angle of incidence and is a characteristic
of the beam chamber material, as will be discussed in Sec. 4. Here, for simpli-
city, PY is a single parameter representing the total photon yield of the given SR
spectrum. The azimuthal distribution of the photo-emitted electrons depends not
only on the beam parameters but also on the shape and reflective properties of the
chamber wall. The produced SR, with a given beam divergence, will illuminate the
accelerator walls at a grazing incidence angle. Most of the photon beam will be scat-
tered/reflected away, some will create photoelectrons, mostly in the presence of the
dipole magnetic field perpendicular to the orbit plane but also outside the dipoles,
in field-free regions. The electrons photo-emitted in the orbit plane, being affected
by the magnetic field, are constrained to move along the field lines with very small
cyclotron radius, thus they will not be able to cross the vacuum chamber and par-
ticipate to the e™ cloud formation by gaining energy from the beam. On the other
hand, the reflected photon beam will soon illuminate top and bottom walls, emit-
ting photoelectrons perpendicular to the orbit plane (hence parallel to the magnetic
field). Such photoelectrons will then spiral along the field lines, efficiently partici-
pating in secondary electron production and, eventually, in multipacting as all the
photoelectrons created in field-free region. This simple reasoning shows how im-
portant it is to experimentally determine the photon reflectivity (R) of accelerator
walls and its PY.16 24
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If SR is not energetic enough to create photoelectrons, as in case of LHC at
injection energy, residual gas ionization by beam particles becomes a possible source
of primary electrons. The number of electrons produced per unit length by a bunch

of N, particles can be expressed as:

dNe, ion

P
T =N, ﬁaion 5 (2)

where P is the pressure, T' the temperature, R is the gas constant and oj,, is the
ionization cross-section. Typical values, valid for singly charged particles at ultra-
relativistic energies, of the cross-section of for CO and N3 gases are 1-2 Mbarn,
and about 0.2 Mbarn for H; and other residual gases.?S Considering LHC parame-
ters one obtains from Eq. (2) that the production of primary electrons by ionization
plays an essential role only at beam energies for which the photoelectron production
is negligible (i.e. below ~2 TeV).

Lost protons or ions impacting on the wall with a very grazing angle generate
a large number of electrons. The SEY for ion impacting the surface with an angle
of incidence @ with respect to the surface normal, is approximately given by’

Y, ~ A(dE)e cos 1(0), (3)

dx
where (dE/dx). is the electronic stopping power of the material (expressed in
MeV mg~! em~2) and A is a phenomenological parameter, varying between 5 and
20 MeV mg~! ¢cm? assuming protons as projectiles. This mechanism is particularly
important for heavy ions beam because of their high SEY?” and in collimation
regions in view of the high number of beam losses occurring there.

2.2. Energy gain

Electrons taking part in the e~ cloud build-up are nonrelativistic electrons (v, < c)
accelerated in the field of highly relativistic positive bunch (3 = v/c & 1) moving in
the longitudinal direction, z, of the beam pipe. The electric field of the relativistic
bunch is Lorentz contracted to a cone with an angle of order 1/« in the direction
perpendicular to the beam’s motion. Thus, as a first approximation, the influence
of the longitudinal kick produced by the beam can be neglected because its effect
is small together with all the bunch related magnetic effects. First, consider the
case in which a Gaussian bunch is approximated by a uniformly charged cylinder

of radius o, and constant linear density
Ny
V2o, ’

where Nj is the number of charged particles in the bunch and o, the bunch length.
Assuming a perfectly conducting cylindrical beam pipe, the electric field generated

Ay = (4)

1430023-7
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Fig. 4. Electron-bunch interaction regimes in a cylindrical beam pipe.®

by the bunch is purely radial and assume the form:

oL (z — ﬁ(:t) " <
7 or r < a,,
. dmego? V2o, -
E(r,z — fct) = (5)

N T (z — Bet
V2ro,

where II(x) is the rectangular window function. It is possible to distinguish two
regimes as a function of the initial electron position.?® The “kick” regime corre-
sponds to the electrons outside the beam core that are nearly stationary during a
bunch passage. The “autonomous” regime corresponds to electrons that get trapped
within the beam core. The critical radius r¢ separating these two regimes is defined
as the radial distance for which the time for the bunch to pass is equal to a quarter

of the oscillation period. It can be calculated as

[ [2
To = 2 Nb'reaz ; » (6)

where r. is the classical radius of the electron. A schematic view of the electron-
bunch interaction is presented in Fig. 4. The energy gained by the electrons in the

kick regime is readily obtained from Eq. (5) as:

D ) forr > o,,
"
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Nyre \ 2
AEBgia = 2m.c” (Z;T) . (7)

For an electron created at time ¢y after the head of the bunch passed by, the
momentum gain has to be scaled by a factor (At — to)/Aty, where Aty is the time
it takes for the bunch to pass. Electrons trapped inside the beam core performs

1430023-8
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harmonic oscillations of frequency:

we = [ 2ol (8)
lofede 8

The energy gained by such electrons depends on the exact period of the oscillation,
the time that the particle is subjected to the force, and its energy at the start of
the oscillation. For an electron initially at rest at a distance equal to the transverse
size of the bunch, the energy gain is:
1 1 Te Nb
AEbunch = imewgag = Emf_cg - (9)

Oz

More realistic scenarios have been considered in Ref. 28 and take into account that:

e the electrons are not stationary, but move during the bunch passage.
e the bunch charge spatial distribution is longitudinally and transversely non-

uniform.

The obtained estimations of the energy gain as a function of the initial radial posi-
tion of the particle for nominal LHC parameters and various bunch shapes are shown
in Fig. 5. As a final example, we show in Fig. 6, the electron energy distribution (red
curve) gained after a single bunch passage, for an LHC dipole, as obtained with the
code ECLOUD.?? Calculations assume an initial photoelectrons energy distribution
(blue curve in Fig. 6) modeled as a truncated Gaussian centered at 7 eV, with a
standard deviation of 5 eV, based on experimental findings'® discussed in Sec. 4.
The electrons in the chamber gain energy but maintain a significant density at very

low energies.

2.3. Electron multipacting

The primary mechanism causing a build-up of electrons is beam induced multi-
pacting. Here electrons accelerated by the electric field of the passing bunches hit
the vacuum chamber wall with such an energy to produce, on average, more than
one secondary electron per incident one. The number of secondary electrons depends
on the SEY of the chamber material, which is a function of the primary electron
energy, its angle of incidence, and the chamber surface composition and history. SEY
measures the capability of a solid surface to produce secondary electrons, once it
is irradiated by electrons of different primary energy, and is commonly denoted by
§(E).%° §(E) can be actually measured in laboratory experiments and some of such
results will be discussed in Sec. 4. The typical behavior of the SEY as a function of
the energy of the impinging electron is reported in Fig. 7, where Fy .y is the value
of the energy at which the SEY assumes its maximum values d,,.x, and Eq and £
are the extrema of the energy interval in which §(F) > 1. In simulation codes, the
SEY curve is simplified to a curve depending on few input parameters like dyax,
Eiax and dp. Such parametrization may mask some of the effects that could be

1430023-9



June 25, 2014 12:1 WSPC/139-1IMPA S0217751X14300233

Int. J. Mod. Phys. A 2014.29. Downloaded from www.worldscientific.com
by UNIVERSITY OF FLORIDA on 07/03/14. For personal use only.

R. Cimino & T. Demma

r (em)

Fig. 5. Energy gain as a function of initial particle radius for the nominal LHC parameters. The
solid line is for a rectangular bunch, the dashed line is for a Gaussian bunch, and the dot-dashed
line is for a parabolic-like bunch. The thin dashed line shows what the maximum energy gain is
expected to be in the autonomous approximation, whereas the thin dot-dashed line is the energy
gain expected in the kick approximation (from Ref. 28).
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Fig. 6. (Color online) Photoelectron energy distribution at the moment of emission (blue) and
after the first bunch passage (red) as computed by the code ECLOUD for an LHC dipole using
parameters collected in Table 1.
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Fig. 7. Typical behavior of the secondary electron yield as a function of the impinging electron
energy. The behavior changes for different materials, with different dmax, Emax, E1, E2, do, etc.

predicted in simulations due to subtle variation of the actual SEY shape, as seen
to occur in experimental runs (see Sec. 4).

For bunched beam, induced multipacting could be interpreted as a resonance
phenomenon. In particular, a multiplication of the secondary electrons takes place
if the electrons produced and accelerated during the passage of a bunch cross the
beam chamber and hit its walls with impact energy between E7 and Es, producing
secondaries in coincidence of the passage of the following bunch. In absence of an
external magnetic field, for a round chamber of radius b and short bunches of N
particles, spaced by s, and assuming that the primary electrons are produced on
the wall (e.g. through photoemission) with low energy E < AFEyay, this resonance

condition takes the simple form:3!

Nb?‘esb = bz . (10)

If this condition is fulfilled, at every bunch passage not only new primary electrons
will be created and accelerated in order to produce secondaries but also all the
secondaries produced by previous bunches will be accelerated by the beam lead-
ing to an exponential growth of the electron density. However both simulation and
experimental observation show that condition (10) is too stringent. In reality, the
secondary electrons are produced with an energy distribution that is peaked at
very low energy (see Sec. 4.3) and they could travel in the vacuum chamber for a
long time after a bunch passage. Therefore, most of the secondary electrons may
not yet be lost when the next bunch arrives and these electrons will be accelerated
during its passage, producing a new generation of secondaries. On the other hand,
for bunch spacing shorter than that suggested in (10), electrons can interact with
several passing bunches, and, also in this case hit the wall with an energy between
F; and Es inducing the multipacting process. However, the electron multiplica-
tion is not unlimited. At a certain level of the cloud density, the number of new

1430023-11
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LI-iC beam silgnall

Fig. 8. Pickup signal of the cloud build-up of two SPS batches composed of 72 bunches, spaced
by 550 ns (left panel) and by 5.25 us (right panel). From Ref. 35, thanks to M. Jimenez.

electrons produced through the primary or secondary emission process will be equal
to the number of electrons that are absorbed by the beam chamber leading to a
quasi-stationary equilibrium. The level of density at which this quasi-stationary
equilibrium is reached strongly depends on the beam and chamber parameters and
if the multipacting process occurs. In general, if multipacting occurs the e~ cloud
density grows exponentially until the equilibrium is reached under the influence of

the space charge field of the cloud itself. Several models®?~34

have been developed
in order to find simple analytical expressions for the multipacting threshold and
the equilibrium density. These models, invoking several approximations and ad hoc
assumptions, are very useful to have a deeper comprehension of the dependence
of the e~ cloud dynamics on the relevant parameters in some particular cases but
they are not (still) capable to give general and reliable predictions such as numerical

simulations can do.

2.4. Cloud decay and electron survival

The electron density decays in the gap between bunch trains. Experimental obser-

. . =4
vations shows that such decay is much slower then expected?®36

and a sort of
memory effect seems to occur. This behavior is shown in Fig. 8 where the pickup
signal of the cloud build-up of two SPS batches, composed of 72 bunches, spaced
by 550 ns shows that the cloud signal is much more ready to start during the
passage of the second batch. Several effects are suspected to contribute to the long
memory and lifetime of the electron cloud: nonuniform fields, such as quadrupoles
or sextupoles, may act as magnetic bottles and trap electrons for an indefinite time
period;*™3#* if the SEY in the limit of zero electron energy &y approaches 1, as is
suggested by some measurements,3 low energetic electrons could survive nearly
forever, bouncing back and forth between the chamber walls; ions due to ionization
of the residual gas or debunched (coasting) beam may focus the e~ cloud even in

the absence of the beam.%2

1430023-12



June 25, 2014 12:1 WSPC/139-1IMPA S0217751X14300233

Int. J. Mod. Phys. A 2014.29. Downloaded from www.worldscientific.com
by UNIVERSITY OF FLORIDA on 07/03/14. For personal use only.

Electron cloud in accelerators

2.5. Simulations

The simulation or the ¢~ cloud build-up is performed following the steps described
in the previous sections. Typically build-up codes make the approximation that the
beam is a prescribed function of space and time while the electrons of the cloud are
grouped in Macro Particles (MP). With this assumption, it is possible to study the
evolution of the ¢~ cloud but not its effect on the beam. The steps performed in a

build-up simulation can be summarized as follows:

e At each time step, a certain number of primary MP’s are generated accordingly
to the mechanism of primary production (e.g. ionization of residual gases and/or
photoemission).

e The total electric field acting on each MP is computed as the sum of the field
generated by the beam and the space charge field of the ¢~ cloud itself. Typi-
cally these fields are computed by the Particle In Cell (PIC) algorithm.*® When
possible, in particular for the beam contribution to the total field, analytical
expressions are used to speed up the computations.

e The equations of motion taking into account the computed electric field and the
external magnetic fields (if present) are integrated and the positions and momenta
of the MP’s are updated accordingly.

e At each time step, the MP’s hitting the wall are identified and a secondary
emission process is applied in order to generate the emitted electrons.

Based on these steps several build-up codes have been developed.??*"*1"47 Histo-
rically, the first modern electron cloud simulation code was developed in 1995 by
Ohmi,*® first e~ cloud simulations for PEP-II were presented by Furman and
Lambertson in 1996,*! and the first eclectron cloud simulation for the LHC by
Zimmermann in 1997.4% Today the most used electron cloud build-up codes are
POSINST, 42 ECLOUD,?%4* CLOUDLAND?"#® and PyECLOUD.* Each one
of this codes implements different algorithms, based on theoretical or empirical
models, for the production of primary and secondary electrons, different routines
for tracking MP’s and compute the space charge field. A comprehensive online
repository containing code descriptions and contact persons has been developed
by the CARE program.*® As an example of application of these codes, we used
the code ECLOUD to simulate the electron cloud formation in an LHC dipole,
using the parameters listed in Table 1 assuming an energy of 7 TeV, a bunch
spacing of 25 ns and uniform distribution of the photons reflected in the beam
chamber. The typical time evolution of the electron cloud line density is shown
in Fig. 9, for a filling pattern consisting of a train of 72 bunches followed by
gaps of 28 empty (zero-charge) bunches. The two plots corresponds t0 dypax = 2
(left panel) and dyax = 1 (right panel). In the case of dyax = 2, multipacting takes
place and, except for superimposed oscillations, the density grows exponentially
in time as more and more bunches pass by, until an equilibrium is reached. The
subsequent decay corresponds to the successive passage of the empty bunch train.
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Fig. 9. Evolution of the electron density computed with ECLOUD. The case shown corresponds
to a filling pattern featuring 72 charged bunches, with bunch charge of N = 1.0 x 10'! pro-
tons, followed by 28 empty (zero-charge) bunches. The assumed bunch spacing is 7.48 m, and the
maximum value of the SEY is dmax = 2.0 (left) and dmax = 1.0 (right).

In the case dyax = 1, mulitpacting is not observed, the photoelectrons emitted by
the wall surface are quickly reabsorbed by the beam chamber leading to a much
lower saturation level. In bending magnets, the EC distribution develops charac-
teristic geometrical patterns. For a magnetic field B = 8 T and typical EC energies
< 100 eV, the electrons move in spiral trajectories about the field lines with radius

5 pm. Thus, in practice, the electrons are free to move only in the vertical direc-
tion and the vertical kick imparted by the beam on a given electron depends on the
horizontal coordinate. Hence it can happen that at a particular horizontal location
inside the beam chamber, the electrons hit the wall with energy close to Epax,
leading to characteristic high density vertical stripes symmetrically located around
the center of the chamber.? A snapshot of the spatial distribution of the electron
cloud computed “just before” the passage of bunch 72 is shown in Fig. 10 where the
stripes structure of the electron cloud is evident. Similar calculations can generate
the spatial distribution in different magnetic field configuration. Figure 11 shows an
example of such distributions in the case of a field free region, a solenoidal field and
a quadrupole field using the SuperB machine parameters.®! In free field regions,
the electron are attracted towards the bunch and the cloud distribution is pinched.
In a longitudinal solenoidal field, electrons are forced onto circular orbit remain-
ing confined near the wall. In a quadrupole, the electron distribution exhibits a
characteristic fourfold stripes pattern. Similarly, build-up codes can simulate the
energy distribution of the cloud electrons hitting the wall. As an example, we show
in Fig. 12, the accumulated normalized energy distribution curve (EDC) of elec-
trons hitting the LHC dipole inner chamber is shown for the nominal 25 ns bunch
filling pattern using parameters listed in Table 1. The black curve is obtained for
Omax = 2, while the red one for d,,,« = 1. In both cases, the number of electrons with
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Fig. 10. Snapshot of the normalized electron cloud density at saturation for an LHC dipole.

Fig. 11. Snapshots of the normalized electron cloud density at saturation for a drift, solenoid,
and quadrupole using the SuperB machine parameters.?!
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Fig. 12. (Color online) Accumulated energy distribution of the electrons hitting the wall after
the passage of a nominal 25 ns bunch filling pattern as computed with the code ECLOUD for an
LHC dipole using parameters listed in Table 1. The two curves correspond to dmax = 2 (black)
and dmax = 1 (red).
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low energy (in Fig. 12 E < 20 V) is an order of magnitude higher than the high
energy ones. In the case of dnax = 2 for which multipacting occurs, a peak of the
energy distribution around Eyax = 230 eV is observed while in the dy,a.x = 1 case,
the 20 eV separation line divides the plot into two nearly equally populated regions.

As we have seen, the electron cloud evolution strongly depends on a wide range of
parameters that are not all well-known a priori. The main parameters that are not
well known are those related to various surface properties like photon reflectivity;
photoemission yield or quantum efficiency (PY), photoemission spectrum, and SEY
and spectrum. Hence comparing and benchmarking electron cloud build-up simu-
lation codes is a key ingredient to better understand the phenomena. Typically
results of simulations performed over a range of one or more input parameters are
compared with measurements. By iterating this process, e~ cloud related param-
eters that are not well known can be extrapolated. One of the first examples of
the application of this procedure was used in Ref. 52 to extract dpax and §y com-
paring the ECLOUD simulation results obtained for a set of such parameters with
measurements of electron flux at the wall with a strip detector in the SPS. In this
way, the parameters giving the best fit to the observation were assumed to be the
best estimate of the otherwise unknown parameters. Since then, similar procedures
have been used to compare simulation predictions with a variety of observables
including: signals from Retarding Field Analyzers,” Beam Position Monitors,”*
pressure,” heat load,?® microwave dispersion measurements,®” etc. As an example,
Fig. 13 shows measured and simulated signals, where the simulated signal, obtained
with dpax = 1.6 and 4(0) = 0.5, was low pass filtered with a corner frequency of
200 MHz. The impressive resemblance between the two curves suggests that the
assumed electron cloud model correctly describes the phenomenon.

2.6. The map approach

The analysis performed so far was based on very heavy computer simulations tak-
ing into account photoelectron production, secondary electron emission, electron
dynamics, and space charge effects providing a very detailed description of the
electron cloud evolution. In Ref. 58, it has been shown that, for the typical param-
eters of the Relativistic Heavy Ion Collider (RHIC), the evolution of the linear
electron cloud density can be followed from bunch-to-bunch introducing a “cubic

map” of the form:
Pm+1 = QpPm + ﬁp.wzn + ﬂl’p-‘?n B (11)

where p,, is the average electron cloud density after mth passage of bunch. The
coefficients «, 3, v are parameters extrapolated from simulations, and depends
on beam and beam pipe parameters. The linear term describes the growth and
its coefficient & has to be larger than unity in case of electron multipacting; the
quadratic term describes the parabolic decay due to saturation effects, therefore 3
has to be negative to give concavity to the curve p,,41 versus p,,; the cubic term
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Fig. 13. e~ cloud build-up simulation (left) and measurement (right) for a 25 ns beam with
1.33 x 10! ppb and 4 ns long. From Ref. 12, thanks to G. ladarola and G. Rumolo.
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Fig. 14. (Color online) Left: evolution of the electron density (green line) computed with
ECLOUD. The case shown corresponds to a filling pattern of 72 charged bunches, with bunch
charge N = 1.0 x 10! protons, followed by 28 empty (zero-charge) bunches. The assumed bunch
spacing is 7.48 m, and dmax = 1.5. The black markers identify the average electron density between
two consecutive bunches. Right: Average e™ cloud density map pn, 41 versus pp,. Circle markers:
ECLOUD simulations (dmax = 1.5). The dashed red line represents saturation (pm41 = pm)-
Markers ahove the saturation line describe the e~ cloud build-up (cyan: N = 1.6 x 10'!; green:
N = 0.8 x 10%1). Markers below the saturation line describe the e~ cloud decay. The cyan and
green lines are the corresponding cubic fits. Transitions between filled and empty bunch trains are
shown as square markers. From Ref. 59.

corresponds to perturbations. Such a map approach has been proved, by numerical
simulations, reliable also for LHC dipoles.®® The working principle of the map
approach is shown in Fig. 14. In the left panel, one can see that the bunch-to-
bunch evolution contains enough information about the build-up and the decay
time, although the details of the electron density oscillation between two bunches
are lost. The right panel of Fig. 14 shows the average e~ cloud density between two
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Fig. 15. (Color online) Average e” cloud density evolution for three different bunch-train filling
patterns, for N = 1.2 x 10! and 6max = 1.7. Left: 24f — 12e — 36f; mid: 3 x (12f — 12e);
right: 6 x (6f — 6e). In both cases, successive bunch trains are separated by gaps whose length
corresponds to 28 (empty) bunches. Black markers: ECLOUD results. Blue and red markers:
map results corresponding to initial electron densities pg = 10%[e™/m] and pg = 107[e™ /m],
respectively (adapted from Ref. 59).

bunches using results from ECLOUD, the lines are cubic fits of these points. The
dynamics of electron cloud is explained as follows. Starting with a small initial linear
electron density, after some bunch passages, the density takes off and reaches the
corresponding saturation line (py,,+1 = pm, red line). In this situation, all the points
are in the same spot. Neglecting the point corresponding to the e~ cloud density
after the first empty bunch, the longitudinal electron density follows a similar decay
independently of the initial value of the saturated line electron density. Thus the
electron density for a given set of parameters is described by two cubic maps, one for
the build-up and one for the decay. Cubic fits can be used also for the description
of the transition points.”® The key property of the map is that, for all practical
purposes, its coefficients do not depend on the bunch filling pattern, and thus they
can be deduced from only one time-consuming simulation. As an illustration of
this important property, the agreement between ECLOUD and map predictions is
clearly shown in Fig. 15 (displaying the time evolution, p,, versus m). The reduction
in the computing time is several orders of magnitude. Furthermore, in Ref. 60, it has
been proved that the map formalism can be applied to the bunch-by-bunch electron
flux at the wall and in Ref. 61, this method has been applied to the optimization
of the LHC bunch filling pattern to maximize the electron flux while taking the e~
cloud electron density below a prescribed value.

Even though the behavior of the map coefficients, once extrapolated from
simulations, gives an accurate description of the bunch-by-bunch e~ cloud evo-
lution, their dependence on beam and beam pipe parameters is not completely
understood. An analytical expression of the linear coeflicient « has been given in
Ref. 63 for a field free region and in Ref. 64, for a dipole. Work is in progress to

find an analytical expression also for the higher order terms in the maps.%®

3. Effects on the Beam

Once an electron cloud is formed, it interacts with the beam. Depending on the e~
cloud density, the interaction could result in many detrimental effects on the beam
such as: coherent tune shift, coupled bunch instability and single bunch instability.
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Those effects will then induce emittance growth, decrease of ben lifetime, and will
ultimately lead to beam loss. In this section, we briefly review both the analytical
and numerical model for the description of the beam-cloud interaction.

3.1. Coherent tune shift

Let us assume an initial electron density, prior to the bunch passage, p. constant
along the ring. Such electron distribution generates an electric field acting on the
positive charged beam as a supplemental focusing force. Therefore the betatron
tune of the beam is shifted by:6¢

_Tdg
AQ~ P 0p.C, (12)

where 3 is the average beta function, €' is the ring circumference, v is the beam
Lorentz factor, and rq is the classical beam particle radius. As seen in the pre-
vious section, the density p. varies in time together with the induced tune shift.
Bunch-by-bunch tune shift increasing along the bunch trains is characteristic of
the presence of an ¢~ cloud and has been measured in all the machines affected
by ECE. This measurement can be used as a benchmark for simulation codes. In
particular, in Cesr-TA a large variety of coherent tune shift data have been taken,
covering a wide range of beam and machine conditions. We present in Fig. 16,
a comparison between measured and simulated tune shifts. The contribution to
the bunch-by-bunch tune shifts from drift and dipole beamline elements have been

Vertical Coherent tune shift vs. bunch number

0.6 i

b

0.2 .53 Ifﬂ;;:

0.0 =
0 10 20 30 40

Bunch number

Fig. 16. (Color online) Measured vertical tune shift (black points) versus bunch number, for
a train of 10 positron bunches, with 0.75 mA /bunch at 5.3 GeV spaced by 14 ns, followed by
witness bunches at various spacings. Red points are computed (using POSINST) based on direct
radiation and an ad hoc assumption about the scattered photons. Blue points, which are in better
agreement with the data, are computed using results from Synrad3D as input to POSINST. From
Ref. 68, thanks to G. Dugan.
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computed from the electric field gradients of the charge distributions predicted by
the electron cloud simulation codes. The ring-wide average tune shifts were then
calculated by taking a S-weighted average of the field gradients per beamline ele-
ment, and compared with measurements. Quite a good agreement®” has been found
between the measurements and the computed tune shifts, using both the build-up
codes POSINST and ECLOUD. This agreement, which is found for the same set
of simulation parameters applied across a wide variety of machine conditions, both
constrains many of the model parameters and gives confidence that the models do
in fact predict accurately the correct build-up of the electron cloud measured in
Cesr-TA.

3.2. Coupled bunch instability

In multibunch operation, the presence of the Electron Cloud can correlate the
motion of the bunches with each other. When the beam passes through the cloud,
bunches interact with it. If one bunch is displaced with respect to the center of
symmetry of the cloud then an asymmetry is induced on the electron distribution.
This asymmetry could last long enough to kick the following bunches. Hence even
small betatron oscillations of one bunch couple to the motion of other bunches via
the electron cloud, resulting in a coupled bunch instability. Multibunch instabilities
driven by an electron cloud were observed with positron beams at the KEK Photon
Factory,® at BEPC,™ at KEKB," at PEPIT*! and at DA®NE™ as well as with
proton beams at the CERN SPS." A simplified analytical model of the multibunch
instability was developed in Ref. 48.

Ignoring the internal structure of the bunches and assuming N, equi-spaced
Gaussian bunches, the beam-electron cloud system is described by the following

equations:”!
d?x AN, Ty s
dg; + K(s)x, = TZF(XP — X, )ép(s — s.), (13)
- e=1
N
d?x, e dx. z
—5 = m—t o x B —2Np'rgcle
p:

db(x.)

O,

X (%o — %p)0p(t — tp(8e)) — rec? (14)

where x and s denote the transverse and longitudinal positions, subscripts p and e
denote positron and electron, respectively, r. is the classical electron radius, m. is
the electron mass, ¢ is the speed of light, e is the electron charge, dp is the Dirac delta
function, F is the Coulomb force in two-dimensional space given by the Bassetti—
Erskine formula,™ and ¢ is the electric potential due to electrons satisfying the
Poisson equation. Ordinary instability theory is based on the wake formalism.” If
linearity and superposition are satisfied, the vertical force experienced by a bunch
at z can be expressed by the convolution of the wake field W(z) and the dipole
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moments of the preceding bunches in the train (z; < z;):

Np're = - s
Fy= =223 W (= 2)us(2) (15)
/ J>i
the same relation with y substituted by z holds for the horizontal direction. The
coherent multibunch oscillation frequency can be computed from the wake function

W (z) using standard first-order formulas:71:75
N,
, Npre 3 x= ' ‘
(Qun — ws)Lfc = % S W (—lsy) exp (mz‘ n ;”ﬂ , (16)
v =1

where N, represents the range of the wake function. The imaginary part of {1,,,L /¢
gives the growth rate of the mth mode for H equi-spaced bunches characterized by
bunch oscillations:

Ym(zj) = aexp(—iQmt + 2mimj/H) . (17)
At a position s along the ring the variation of the momentum y' = dy/ds of the ith
bunch due to the interaction with the perturbed cloud is:™

N TN
A%’a.i = L= Z Wz = 2)yp.; - (18)

J>i

This last relation can be used to extrapolate the wake W(z) from simulation
codes: 21417 the evolution of the cloud is followed as long as a saturation level is
reached, then a bunch is displaced by a certain amount in the transverse plane and
the momentum kicks received by the following bunches are registered. Finally the
system of equations (18) is solved to obtain W(z). Simulations of the multibunch
wakefields based on Eq. (18) were reported first by Ohmi in Ref. 48 and further
refined in Ref. 41. Direct simulations of the instability, based on a self-consistent
numerical integration of the two coupled equations (22) and (23), were presented
in Ref. 71. Figure 17 shows the measured (top-left) and simulated (top-right) hori-
zontal mode spectrum for KEKB together with two snapshot of the beam electron
motion. The good agreement between simulation and measurements is quite clear
and it was possible to conclude that the instability is due to the coherent mutual
oscillation of the beam and the cloud itself. For this reason, the coupled bunch
instability strongly depends on the spatial distribution of the electron cloud. As an
example in DA®NE, a strong horizontal instability has been observed.”™ The most
unstable mode observed is always the slowest one, characterized by an oscillation
frequency f = (1 — ;) fo, where v, is the fractional part of the horizontal tune and
fo is the revolution frequency. This mode also corresponds to the most unstable
mode induced by a resistive wall wake field and is often referred as the m = —1
mode. DA®NE is a very compact ring where magnets occupy almost all its circum-
ference. Simulations”™ suggest that the electrons in hending magnets and damping
wiggler are dominant in the instability mechanism, also in view of the very high
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Fig. 17. (Color online) Top: Measured (left) and simulated (right) horizontal mode spectrum
in KEKB. Bottom: Two snapshots of the simulated beam and e~ cloud motion. The white point
indicates the beam passing through the chamber. Readapted from Ref. 76, thanks to K. Ohmi.

SEY of the Al arc beam chambers: electrons in bending magnets form stripes with
a density that depends on the SEY, the stripes and the bunch train experience
a coherent motion inducing the slowest unstable mode. This behavior is shown in
Fig. 18 where the results of a tracking simulation are reported.

3.3. Single bunch instability

A beam going through an electron cloud focuses the electrons, so that the central
density of electrons changes along the bunch. These pinched electrons induce non-
linear fields that can couple the motion of the head and tail of the bunch. As long
as the bunch is perfectly centered on the pipe axis, the pinch also happens symmet-
rically and no coherent kick is generated along the bunch. If the head of the bunch
is slightly displaced, an asymmetric pinch will take place, resulting into a net kick
felt by the bunch tail. After several turns (passages through the electron cloud), the
perturbation in the head motion transfers to the bunch tail, and its amplitude may
grow and lead to an unstable coherent motion of the whole bunch. Depending on the
cloud density,® the instability could appear as a beam breakup with a rise time much
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Fig. 18. (Color online) Two snapshots of the simulated beam and e~ cloud motion. The white
point indicates the beam passing through the chamber. From Ref. 77, thanks to K. Ohmi.

shorter than the synchrotron period (7 <« T), as a transverse mode coupling insta-
bility with a rise time comparable to the synchrotron period (7 =~ 1), or as a con-
ventional head—tail instability, which typically has a slower growth rate (7 > T%). In
addition, the electron nonlinear fields induce a tune spread which may lead to reso-
nance crossing resonance excitation and cause an incoherent emittance growth,” 80
this mechanism can explain some beam observations at KEKB, SPS and LHC.

Reference 81 considered a two-particle model to explain a vertical beam-size
blow up seen at KEKB by an electron-cloud driven head—tail instability. The derived
formula for the instability threshold, in terms of critical electron density, is fairly
accurate for short bunches (such as for KEKB or LHC). A fruitful approach to
describe the electron cloud single bunch instability has been presented in Ref. 82,
where the correspondence between the electron cloud wake and a conventional wake
based on a damped broadband resonator model is established. In this approach, the
wake function is expressed as:

R, 1 WRZ . WRZ
Viz)~ —c—= —————¢ ——— s — .
W= - 1/(4Q3) EXp( QCQR)““( c ) (19)

where Qr, Ry and w, represent the quality factor, the shunt impedance and the

frequency of the resonator. The resonator frequency is assumed to be roughly equal
to the linear oscillation frequency of the electrons

( 2N1’Jre: )1/2
WRAN Wy =¢c| ——m—————— .
¢ ay(or + 0,)V21

The advantage of this approach is that the classical theory of wake functions can be

(20)

used to calculate the thresholds and growth rate of the different kinds of instability.
In particular in Ref. 83 a very useful formula, valid in the limit of a coasting beam
approximation, is given:

215w o s [ €

. 21
KQV3r.8L 2

Pe,th =
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where K is a factor that takes into account the pinching of the electron cloud
during the bunch passage. Although analytical models for the beam—electron inter-
action furnish scaling laws that can be used as independent benchmarks, computer
simulations are indispensable for reliable predictions and understanding of the e~
cloud induced instability. Ordinary instability codes in use today model the inter-
action of an electron cloud with a single bunch on successive turns. The cloud is
assumed to be generated by the preceding bunches and build-up simulation codes
are used to obtain its transverse distribution. At every bunch passage through the
cloud, the electron distribution is refreshed to its initial state. Typically, the beam-
cloud interaction implemented in the simulation tools can be described as follow:
both the beam and the electrons in the cloud are modeled as MP; the electrons
are concentrated at one or several locations along the ring with an initial trans-
verse distribution; the bunch is subdivided in slices which interacts with the cloud
in sequence; beam particle are transported to the next interaction point along the
ring by the use of appropriate transportation maps. The mutual interaction between
beam and cloud MPs is described by the following equations:

dgwp re Oe(Tp)

d32 + K(?)Tp = ?Wﬁp(q — Se) N (22)
d*z, e dz. Id(xe)

© = © x B —roc? 2 5p(t - t(se), 2:
qE e @ < BT gy, op(tt(s) (23)

where subscripts p and e identify beam particles and electrons respectively, B is an
external magnetic field and both beam and electrons potentials ¢, ) . are solved
using the PIC algorithm.?? Based on this scheme, several instability codes, like
PEHTS,?* HEADTAIL,? MICROMAP? or CMAD?®" have been developed during
the years in different laboratories to describe single bunch induced effects. Moreover,
fully self-consistent codes such as like WARP-POSINST®® or VORPAL,® which are
able to compute the cloud generation over a bunch train around the ring as well as
the resulting bunch instabilities, have been developed and are beginning to provide
useful results. These codes have been benchmarked among each other and their
predictions compared with experimental results. As an example,” results obtained
with the codes HEADTAIL, CMAD, and WARP-POSINST have been compared
using parameters corresponding to an LHC type proton beam in the SPS. This
comparison is reported here in Fig. 19 showing the emittance evolution for different
electron densities. It may be noticed that the results from CMAD deviate slightly
for an electron density of 10'3¢~/m?, but overall there is a reasonable agreement

between the three programs.

4. Surface Parameters

As we have previously seen, accelerator walls surface properties, like SEY, photon
reflectivity, and PY do play a major role in governing electron cloud formation in
accelerators. Of course, when certifying a material to be used as part of an accele-
rator, one has to choose it to meet a great number of properties (UHV compatibility,
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Fig. 19. Comparison of results from three simulation programs for a continuous focusing case for
an LHC type beam in the SPS. From Ref. 90, thanks to M. Pivi.

magnetic permeability, mechanical properties, electrical conductivity, etc.). Those
material properties will not be discussed here and can be found in reviews of accele-
rator vacuum and technology.®’ ®* Here, we will concentrate on those material
and surface properties which are essential ingredients in determining the e~ cloud

formation.

4.1. The secondary electron yield: Introduction

SEY is an essential ingredient not only in connection to electron cloud issues but also
since it influences material performance in many other field of research, like plasma
physics,®t 96 space applications,®” 1% etc. Some of the results here presented are
then taken from efforts done by a different community than accelerator scientists
and will be of interest to a wider audience. Still, here we will concentrate mainly on
materials connected to accelerator environment. For a more general discussion of
SEY results on materials of interest in other research field, we will refer to existing
literature.

In a simple approach, secondary electron-emission processes can be analyzed
by a three-step process: penetration and absorption (or reflection) of the primary
electrons (first step); transmission of the secondary electrons through the mate-
rial (second step); and their final escape over the vacuum barrier (third step).
The detailed analysis of each step has been discussed at length in many papers
and reviews'%" 198 and it is beyond the scope of our review. Briefly, the first two
steps are governed by the universal mean free path curve reported in Fig. 20. If,
in general, very low energy electrons like most of the secondaries have a significant
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Fig. 20. The “universal” curve (mediated over a wide range of materials) of the energy depen-
dence of the escape depth of electrons in metallic (M) and insulating (I) solids for electron-electron
(Ae—e), and electron-phonon (A._pp) scattering. 1017103

ability to travel within the solid, impinging electron of energy between about 10 eV
up to 1000 eV, travel, in the solid, only up to 10 A (few monolayers) as it can be seen
in Fig. 20. This very short mean free path for such impinging electrons contribute
in determining the surface sensitivity of SEY. A primary electron with a reason-
ably high energy will not travel long before interacting with the solid and genera-
ting many internal secondary electrons. Secondary electron transmission strongly
depends on the electronic properties of the material in which electrons travel and
determines not only the SEY surface sensitivity but also its magnitude. In metals,
any traveling electron loses its energy by interacting with conduction electrons,
lattice vibrations, and defects. The intrinsic mechanisms through which secondary
electrons lose their energy is so efficient that a sea of very low energy secondary
electrons is quickly created. Once these electrons reach the vacuum barrier, only
a small fraction of them have enough energy to escape into vacuum (third step).
On the other hand, the wide band-gap present in insulators, prevents low energy
secondary electrons from losing energy through electron—electron collisions. If the
electron energy is below approximately twice the band-gap, the electron-phonon
scattering ()\e,ph) is the dominating process, as schematically shown in Fig. 20.
This results not only in a larger mean free path for SEY electrons (lower surface
sensitivity) but also in a large SEY value, since the electrons reaching the vacuum
barrier are more energetic than in metals and can overcome the vacuum barrier. To
be noticed here that grain boundaries, defects and impurities present in technical
materials can severely affect mean free path values, modifying electron—electron
(Ae—e), and electron—phonon scattering (Aepn). Any modification of the surface
and near surface region affecting such scattering centers may indeed have a direct
impact on the SEY.
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Fig. 21. Energy Distribution Curve (EDC) of the electrons produced by a 112 eV primary en-
ergy electron beam impinging on a Cu technical surface.?? The cutoff at zero energy is mainly
determined by the surface work function value.

The third step (escape of an internal electron into vacuum) is also essential
to determine the actual SEY value. The kinetic energy of an internal secondary
electron must be at least as big as W, so that an electron reaching the surface
can escape. Actually, it also depends on the angle at which the electrons reach the
surface. In fact, there is a limiting angle Oy, above which an electron having slightly
more than enough energy to overcome the vacuum barrier, is anyway internally
reflected by the surface.!%” The escape process introduces an additional dependence
of the SEY on the outermost layer of the material under analysis since those layers
can determine and influence the actual surface work function. It is well known that:
(i) metal work function can vary due to different crystal surface orientation and
reconstruction'? (i) sub-monolayer gas adsorption on metals can significantly vary
their work function!'! (iii) metals with different surface roughness have different
work functions.'?

Any subtle change in W then corresponds to a significant variation in the num-
ber of electrons capable to escape from surface. This enhances the SEY sensitivity to
surface conditions'!® and it can be better understood from Fig. 21, where a typical
EDC of the electrons emitted from a Cu technical surface hit by a 112 eV primary
energy electron beam is shown. At the same energy of the impinging electrons, there
is the peak of the reflected electrons, here called Rq(FE) not to be confused with
R which refers only to photon reflectivity, then a diffuse background representing
electrons which suffered few energy losses and a high intensity of very low electrons,
which are the so-called “true secondaries.” As it can be clearly seen from Fig. 21,
the number of very low energy electrons is increasing with a very high gradient up
to a cutoff due to the material work function W. In simple terms, electrons that,
outside the solid, have energy close to zero, inside the solid have the same energy
+W. From Fig. 21, it is indeed clear that any subtle change in W, will allow (or
stop) a very high number of electrons to be emitted from the solid, significantly
influencing the measured SEY. To be noticed that, the width of the cutoff, shown
in Fig. 21 is essentially connected to experimental aspects like the finite analyzer
resolution and does not have any particular physical meaning.
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Insulating materials are typically of little interest in this context, so no details
will be given here, however it is important to keep in mind that surface contami-
nant layers, always present on real surfaces, may indeed have insulating properties,
influencing not only the actual surface work function and the energy loss mecha-
nisms governing the electron mean free path but also in general, most of the surface
properties of a technical surface.

Before entering in the detailed analysis of SEY results, we think it is very useful
to describe in some detail the experimental apparatus used to perform SEY mea-
surements in dedicated laboratory. This is also due to the fact that some of the
reported spread in literature results (specially for the SEY at very low energy) can

be indeed ascribed to systematic errors.

4.2. Experimental for SEY studies

SEY (§(E)), is defined as the ratio of the number of electrons leaving the sample
surface (Ioui(F)) to the number of incident electrons (I,(F)) per unit area. Iy (F)
is the number of electrons emitted from the surface but also the balance between the
current flowing from the sample I,(E) minus the current impinging on the sample,
I,(E), so that:

§(E) = Iow(E)/Tp(E) = (Ip(E) — I(E)/In(E) = 1 = L(E) /[ I,(E) .~ (24)

To measure SEY we have different experimental schemes: one can separately
measure the impinging electron current generated by the electron source I,,(E) by
means of a “Faraday cup,” and then measure the sample current I,(E) as done,
for example, in Refs. 18, 19, 39, 114-117; one can simultaneously measure I,(E)
and Iy (F), collected either from a cage around the gun and placed in front of the
sample as shown in Fig. 22 and done, for example in Refs. 15, 118-124 or using
an hemispherical collector all around the system.!941257130° A1l methods have been
used and, with some care, produce very similar results.

To avoid modifications due to electron bombardment, as discussed in Sec. 5.5,
it is preferred to work with low currents in the experimental determination of SEY
which imply the usage low noise cables and stable nano-Amperometers. Also, most
of the experiments are performed at normal incidence.

When dealing with electrons, especially at very low energy (ideally ~ 0 eV),
it is essential to limit spurious effects caused by residual electromagnetic fields,
which will alter the electron trajectories as a function of their energy. Some of the
setup used to measured SEY do not take any particular caution to control such
spurious effect and indeed, the presence, for instance, of the earth magnetic field,
and, in some cases, the stray field of ion pumps mounted on the vacuum system, do
affect SEY accuracy, especially at very low energy. Other setups use either Helmotz
coils™®! to zero (up to some nT) magnetic field at the sample position, or g-metal
chambers, constructed by using a nickel-iron alloy (75% Ni, 15% Fe, plus Cu and
Mo), having a very high magnetic permeability. This reduce to less than 0.3 pT any
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Fig. 22. SEY experimental apparatus in use at CERN.15 1187124 Readapted from N. Hilleret.

magnetic field within the vacuum system. Those remedies allow experimentalists to
confidently measure SEY up to a low impinging electron energy of about few eV.
One more technical consideration derives from the fact that no electron source gives
reliable flux at very low energy, and that space charge effects tends to spread up
very low electron beams (with energy lower than ~10-20 ¢V).'?¥ For this reason,
the gun should be placed as close as possible to the sample in order to minimize
the beam path, and the ~ 0 eV energy electron beam landing on the sample is best
obtained by slowing down the impinging electron energy by the retarding negative
(few tens of volts) bias voltage. This allow to work using the e~ gun operating at
energies always higher than ~20-50 eV, that is, in a region where they are stable
and produce a well collimated beam. Ideally, the beam should just see the retarding
voltage symmetrically acting from the sample, and extreme care should be taken
since any asymmetric electrostatic component could deviate the impinging beam
(as a function of its energy) and give rise to spurious effects specially at very low
landing energies. One further common requirement for the experimental apparata
measuring SEY is the capability of operating in Ultra High Vacuum, UHV (base
pressure < 2x10~19 mbar), not only because UHV is necessary to operate electron
guns and because these pressures are representative of those of any accelerator
complex (which is what we want to simulate) but also in order not to modify the
analyzed surface by spuriously adsorbed gas contaminants. In fact, as it has already
been discussed in the previous section, SEY is intrinsically a highly surface sensitive
technique and the surface composition plays an essential role in determining it. To
keep the base pressure as low as possible, UHV systems needs to be equipped
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with adequate pumping and be baked-out at about 100-150°C. State of the art
SEY experimental systems are normally equipped with a fast entry lock to insert
samples into the baked system in UHV conditions, without spoiling its vacuum.
Sample fast entry-lock allows not only pumping and bake-out time to be saved, but
also avoid undesired sample thermal treatments, which would occur during sample-
system bake out, most probably modifying the SEY values. Different e~ guns are
then used to perform the experiments. If some setups use home made e~ guns,
with marginal capability of beam focusing, a number of products fulfilling most of
the SEY experiments requirements are available from the market. Well focused, or
collimated low to medium current electron guns, typically needed for Low Energy
Electron Diffraction (LEED), Electron Energy Loss Spectroscopy (EELS), etc. have
been developed in the surface science community. Such high performance guns are
routinely used for SEY experiments delivering typical e~ currents ranging between
tens of pA down to a fraction of nA, 10-5000 eV primary energy, and in a small
(less than a 0.3 mm?) and stable (both in current and position) beam spot on the
sample. Since the sample is biased, the gun should operate at energies higher than
the bias (normally ranging from 20 to 70 eV) and with a typical sample to gun
distance of less than 30 mm, to minimize beam perturbations due to any residual
electromagnetic field. Most of the experiments tend to use as small as possible
impinging electron current (few nA or less), compatible with current meters noise.
This is done to limit the known SEY variations during data acquisition. Such effect,
called “scrubbing” 1'%132 has been recently thoroughly studied and its chemical
origin has been identified.!!4® This will be discussed in Sec. 5.5, being one of the
most powerful mitigation mechanism adopted so far.

Omnce the e-gun produces the desired beam, one needs to measure precisely its
intensity and shape as a function of ¢~ energy and a “Faraday cup” is typically
used. In most setups, the Faraday cups are home made instruments designed to
measure all the current entering in a hole (or slot). In Fig. 23, we show the Faraday
cup used in Refs. 18, 19, 39, 114-117.

This home made Faraday cup, consists of three gold coated insulated plates
closely spaced (about 1 mm); the first one has slots and it is grounded, the second
one, has also slots and can be placed at a bias voltage or grounded as well and
the third one is the collector plate biased at a positive voltage of about 75 eV.
The second plate is designed to send bhack to the collector those electrons which
are emitted at energies higher than the bias voltage. This electron detector can be
inserted and removed from the e~ beam path, by a motorized linear mechanism
with a precision better than 10 pm. When the beam enters one of the slots, the
measured current can be used to derive the beam profile (at least in the direction
perpendicular to the slot) as a function of the beam position within the slot and
the background outside the main electron spot. This is a very important tool to
optimize the e~ gun operating parameters for SEY experiments, since the desired
beam should have a known diameter (preferentially small) and a very low halo not
to have electrons impinging on the sample and not counted by the Faraday cup. The
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Fig. 23. (Color online) Image of the Faraday cup used to measure I,(E) in different experi-
ments, 18 19:39, 114,115 Ty the picture, we can also see differently wide slots (1,2, 3 mm) which can
be driven into the beam to measure beam profile and background. A blue spot on the right side
of the 1 mm slot is the actual electron beam (at 500 eV) hitting a fluorescent powder previously
deposited on that external part of the Faraday cup. The inset shows an x scan of the Faraday cup
through the 1 mm slot.

inset shows the current measured from the Faraday collector (IFMaday = I,) during
an z-position scan allowing the beam to pass through the 1 mm slot. The computer
controlled motorized z-scan allowed us to set the electron gun parameters to have
a well focussed beam (£ 0.2 mm in diameter) with a marginal intensity outside
the main spot, and a flat intensity across the slot. Such electron beam spot can
be visually observed looking at the blue spot close to the 1 mm slot in Fig. 23.
This spot is the image of a well focussed 500 eV electron beam hitting a fluorescent
powder previously deposited on the external part of the Faraday cup. The use
of such powders are extremely helpful to visually determine the beam spot size,
but works only for electron beam of energy above few hundreds of eV. For the
determination of the spot profile of lower energy beams, the Faraday ax-scan is then
essential,

To measure [,(F), some experimentalists use to directly apply a positive bias
to the sample. This method of measuring the impinging electron current introduces
a systematic error (function of the energy of the beam and of the positive bias
value used) since one loses (and does noncount) all the electrons escaping from the
sample used as a e collector, with energy higher than the bias. An example of this
is shown in Fig. 24 where we compare I,(F) as measured with the Faraday cup
shown in Fig. 23 or by applying a positive bias of 75 eV on the Cu sample.
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Fig. 24. (Color online) Comparison between I,(E) as measured with a Faraday cup (red curve)
and by applying a positive bias of 75 eV on the sample (blue curve).

The data shows that, for the bias used, the experimental error on the esti-
mated current increase with energy, it is nearly 10% at 500 eV, and then increase
constantly. Measuring [,(E) without using an ad hec Faraday cup would affect
the measured SEY by a systematic error that can invalidate the accuracy of such
experiments.

Figure 25 shows a typical SEY curve measured from the as received poly-
crystalline Cu surface representative for the one used in the LHC beam screen shown
in Fig. 2. For the purpose of identifying significant parameters to compare different
SEY curves, one can single out: (a) a low energy region (0 eV < E, < 20 eV);
(b) the energy value at which the 4(F) reaches its maximum: dy,ax(Fiax ). If most

"as received" Cu
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Fig. 25. Typical SEY curve measured from an “as received” polycrystalline Cu surface represen-
tative for the one used in the LHC beam screen (data from Ref. 39).
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of the following discussion will deal with the dpax(Emax) of each surface, we stress
here that for e~ cloud related studies, dmax(Emax) is indeed a relevant parameter,
but it is the full dependence of SEY on the impinging primary energy which does
play an essential role in determining e~ cloud related effects in accelerators.

4.3. Secondary electron yield of technical surfaces

As it has been clearly shown previously, e~ cloud in accelerators strongly depend on
SEY value from accelerator walls. Such walls are normally metals (Al, Cu, Stainless
Steel (St St)) or metal coated (with TiN, TiZrV, a-C, etc.) surfaces which are all
technical surfaces, whose SEY can be only marginally related to the SEY of the
corresponding clean metal. This is because the discussed strong surface dependence
of SEY implies that the, although thin, surface contamination layer, when present,
may affect the SEY value much more than the metallic material underneath. For
this reason we concentrate only on selected technical materials leaving the analysis
of SEY from clean metal surfaces to other dedicated reviews.!?4-10%:133 We will also
compare each technical surface with its atomically clean counterpart. This will put
into evidence the role played by surface contaminants in determining the actual
surface SEY.

Many SEY studies have been performed in the accelerator community since
SEY has been recognized to be one of the most important surface parameter for
e~ cloud related studies, '3 139

Most of such studies do also analyze SEY stability and its modification during
operation and e~ cloud build-up. Here, we will briefly report results on such “as
received” surfaces leaving the detailed analysis of how they modify their SEY upon
electron bombardment when analyzing the surface behaviors upon “scrubbing” in
Sec. 5 when discussing mitigation strategies.

We report in Fig. 26 the SEY curves from “as received” technical surfaces as
measured in Ref. 118. Apart from the striking high value of the Al technical sample,
mainly due to the insulating Aluminum-Oxide surface layer,'1%17 we see that Cu,
Ti and St St show very similar SEY curves and that only TiN shows an “as received”
SEY lower value, at least in the presented data set.!'® Other works on “as received”
TiN?? technical surfaces actually show a SEY very similar to the one of Cu and St
St, showing that more than by the different substrates, the SEY value of an “as
received” surface seems to be determined by the existence of a very similar contami-
nant layer, common to most surfaces (but Aluminum, which tends to oxidize in air
much more promptly than the other surfaces here presented). In Table 2, we report
some of the d,,., values reported in recent studies on the most common materials
in use for accelerator vacuum chambers. Selected references, when available, are
given in the fourth column. For completeness, when data were missing, as for some
sputtered clean surfaces, data have been collected on purpose for this review. The
similarity of most of the data and the spread in the reported values, most probably
due to subtle differences in bulk but also in contaminant compositions, roughness,
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Typical SEY curves measured from various “as received” technical surfaces of use in
accelerators. From Ref. 118, thanks to V. Baglin.

Table 2. SEY of technical samples used in accelerators and of their atomically clean surfaces.
Material Omax Emax (eV) References

Cu “as received” 1.9-2.2 150-220 39, 118, 121

Cu “ArTt sputtered” 1.4 350 115

Al “as received” 3.3-3.8 200-300 116-118

Al “ArT sputtered” 1.0 250 118

St St “as received” 2225 200-300 118, 133, 141

St St “Ar™ sputtered” 1.4 280 133 and this review

TiN “as received” 2.3-25 200-300 22 and this review

TiN “Art sputtered” 1.3 320 133 and this review

TiZrV “as received” 2.0-2.2 200-300 22,119

TiZrV “activated” 1.0-1.2 200-300 22,119, 123, 142, 143

a-C “as received” 0.95-1.8 200-300 124, 141, 143

Clean HOPG 0.95-1.05 280-350 114, 124, 141

etc. seems to indicate that a database containing SEY values of such materials is
not particularly useful, and no attempt will be made here in this direction. This
is confirmed by looking at the d,,.x values reported in Table 2, once the technical
surface under study has been atomically cleaned by “in vacuum Ar™ Sputtering” as
done for Cu, Al, TiN and St St, or thermally cleaned as done for TiZrV and Highly
Ordered Pyrolytic Graphite (HOPG). In most cases, the atomic cleanliness of the
analyzed surfaces has been confirmed by XPS analysis. The polycrystalline clean
surface diax does then depend on the chemical composition of the bulk (and clean
surface) material, but has little or no relation to the corresponding “as received”
values confirming how dominant is the contamination to determine a common “as

received” dpmax value.
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Fig. 27. SEY of adsorbed CO on “as received” Cu at 4.7 K as a function of primary energy for
different coverages. From Ref. 140 thanks to M. Taborelli.

A very interesting result is shown in Fig. 27, where we report SEY as measured
on a copper surface held at 4.7 K as a function of increasing CO coverage. !4’
Already a single CO ML physisorbed on the Cu cold surface significantly modifies
its SEY and additional CO deposition results in a completely different SEY value
of about 1.2. This result is not only very important to confirm the extreme surface
sensitivity of SEY but suggests that, when discussing SEY of cold surfaces (like
for the LHC dipoles) great care must be taken in considering any eventual surface

modification induced by gas physisorption.

4.4. Low energy SEY

The behavior of SEY at very low impinging electron energy need to be discussed
separately since, although of paramount importance in many applications, is still
under debate. Such energy region of the SEY spectrum plays a major role in deter-
mining the performances of many scientific systems and devices. In recent years, a
series of publications!®1%3Y on a detailed study of SEY from Cu technical surfaces
presented new observation reporting, for the first time, the tendency of SEY not
only to reach 1 as E, approaches 0 eV, but also to stay significantly above 0 for
quite an extended energy region, having a minimum SEY of about 0.5-0.7 at £,
as high as 10-20 eV. Such a typical behavior can be seen in Fig. 25. This low
energy behavior was clearly stated to be relative to the actual technical Cu surface
studied and a strong warning was given agalinst the extrapolation of such results as
being a general property of SEY. More recently, Kaganovich and others, ' put this
observation into question suggesting instead that the measured SEY is somehow due
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Fig. 28. Simulated SEY in three cases: (a) without plasmon, (b) with volume plasmons but
without surface plasmon, (¢) with volume and surface plasmons; compared with the experimental
SEY of Bronshtein and Fraiman.'4® The inset represents the backscattered electron emission yield
(BEEY) simulated in the three cases. From Ref. 109, thanks to J. Roupie.

to experimental artifacts, since the SEY value at zero impinging energy is and must
be zero or close to zero and the SEY curve should nearly monotonically decrease
to this value. The authors corroborate such statement with experimental findings
taken from the literature.!25:145 149 Also, some theoretical computations predict a
very low SEY at low Ej, tending to zero at zero impinging energy. Figure 28 shows a
very good agreement between simulated SEY and experimental data from Ref. 145
for the case of atomically clean Al

In those simulations, the effect of surface-barrier potential which causes the
reflection of incident electrons was also taken into account. The reflected electron
coefficient Rg remains low even at 1 eV (Re &~ 0.04), as seen in the inset of Fig. 28,
in perfect agreement with experimental results published a few decades ago by Heil
and Hollweg.!4®

On the other end, a recent work by Cazaux,*®® while discussing, with a different
approach, some theoretical and instrumental issues concerning electrons impinging
on a solid surface with £, < 10 eV, produce simulations which are consistent with
an increasing R (up to R = 1 for E, /= 0 V) and with a significantly nonzero
SEY for E, below 10-20 eV. An example of such simulations is shown in Fig. 29.
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Fig. 29. Comparison between the experimental results!®19:3% (symbols) and the calculations in
Ref. 150 (lines). From Ref. 150, thanks to J. Cazaux.

The simulations performed by Cazaux are more than consistent with the data
presented and discussed in Refs. 18, 19 and 39 and supports not only that electron
reflectivity Re) at zero landing electron energy can be expected to be close to 100%
but also that SEY value at low impinging energies (from zero to some tens of eV)
has values significantly higher than zero.

On the experimental side, it is clear that the measurements at very low
energies are very difficult since it is an intrinsically difficult region to be investi-
gated,109129,130 411 d that, especially at E,, very close to zero, space charge, electro-
magnetic fields, beam energy resolution, etc. may act on the very low energy electron
beam potentially affecting any detailed experimental SEY determination. Still, most
of the various systems used for SEY experiments are indeed capable of reproducing
the low energy behavior reported in Refs. 109, 125, 145-149 for clean metals, while
on technical surfaces, like the LHC Cu used in Refs. 18, 19 and 39, such behavior
is never reproduced, and a significant SEY is measured. Belhaj and coworkers,'3¢
observed that SEY is and stays higher than 0.6 for energies as low as 3 eV for
a series of different surfaces exposed to atmosphere, as shown in Fig. 30. Even if
their spectra start at 3 eV, confirming the inherent difficulties to confidently mea-
sure SEY at even lower impinging electron energy, those data, shown in Fig. 25,
corroborate the observation presented in Refs. 18, 19 and 39 and confirm the sug-
gested importance of surface contamination in determining the SEY behavior at
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Fig. 30. Total electron emission yield of technical materials (Aluminium, Gold, Silver and
Graphite). It should be noticed that all the samples were exposed to ambient atmosphere for
a long time. From Ref. 130, thanks to M. Belhaj.

very low impinging energy. As here shortly discussed, the behavior of SEY in the
very low energy region is far from being fully understood and experimentally in-
vestigated, and its technological importance is expected to push towards a more
precise understanding in the near future.

4.5. Photoelectron yield

PY, also known as quantum efficiency (QE), measures the number of electrons pro-
duced, through the photoelectric effect, per incident photon as a function of its
angle of incidence and energy. The photoelectric effect is a very well-known effect:
Heinrich Hertz in 1887'°! discovered that electrodes illuminated with ultraviolet
light create electric sparks more easily. In 1905, Albert Einstein'®? discovered the
law of the photoelectric effect and was therefore awarded the Nobel Prize in 1921.
Photoemission is based on this effect and represents a very powerful tool which has
been developed and is widely used to study electronic properties of matter.!?3151
Despite an extremely wide literature on photoemission and related studies on a
immense material variety, very little use of such literature can be done in e~ cloud
related context since very little studies have been done so far on technical surfaces.
Moreover, most if not all photoemission experiments study the difference in struc-
ture, lines and line shapes present in the spectra whereas no attention is paid to
the normalized (to the photon flux) intensity of the signal, which is the parameter

of interest here.
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As it has been discussed in the previous sections, PY from industrial surfaces is
an essential ingredient in e~ cloud formation. Electron cloud related resonant phe-
nomena are not the only detrimental effects occurring in accelerators and originated
by the background electrons, Ohmi and Zimmermann,3! in 2000, when attempting
to explain the observed vertical beam-size blow up for KEKB, introduced the con-
cept of single beam instability threshold suggesting that the mere existence of a cer-
tain electron density in the accelerator (for the KEKB case around 7 x 10! e~ m™3)
is able to detrimentally affect the beam quality as discussed in Sec. 3. Hence, the
electron density has to be carefully simulated, and PY and R experimentally mea-
sured to correctly feed the necessary simulations.

First attempts to study, in detail such properties from technical samples has
been pioneered, in the nineties, irradiating beampipe samples with the whole SR
spectrum produced in the dipoles of available accelerators (EPA at CERN and
VEPP2M at BINP).1%5:156 With such setups a change in the photon energy spec-
trum could be only obtained by modifying, whenever possible, the electron beam
energy, resulting in a quite complex procedure. Later, such topic was tackled by
using SR dedicated beamlines at available facilities.!® With this dedicated setup one
could study not only the measured PY from the proposed materials, prepared on
an industrial scale, but also the energy and, in some cases, the angular dependence
of the emitted electrons when the sample is excited with either a WL spectrum,
simulating that one in the arcs of the LHC at nominal parameters, or monochro-
matic light in the 10 to 200 eV photon energy range. PY of different “as-received”
samples illuminated by a WL SR spectrum mimicking the one in the arcs of the
LHC at nominal parameters (E. = 44 eV) is shown in Fig. 31. These datal®
been taken with the light incident at 45°, which is far from representing the graz-
ing angle of incidence at which light impinges in real machines. For this reason,
they should be considered with some caution and more experiments, done in more

have

realistic geometrical conditions, should be performed.

A series of new experiments in this direction is just starting and interesting new
results, obtained in geometries close to the ones of interest have been presented at
the last ECLOUD meeting in 2012.157:158 In Fig. 32, we report PY data from a
Cu technical surface of LHC beam screen, as a function of photon energy at dif-
ferent incidence angles. As a general trend, we clearly observe the increase of the
photon yield for increasing photon energy, which is expected considering that more
energetic photons have more energy to donate to the low energy electrons which
mainly contribute to the total PY. From Fig. 32, we also note that, for all photon
energies, the PY increases at decreasing incident angles. This can be attributed
to the reduced photon penetration at very grazing angles, so that more electrons
are produced by the photoelectric effect closer to the surface, which are ready to
escape into vacuum. Of course, in order to generate numbers to be fed in the e~
cloud simulations, one should measure PY from a WL spectrum similar to the one
emitted by the machine under analysis. This needs further investigation and will be
most hopefully pursued in the near future. Of course, using monochromatic light,
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Fig. 31. PY of different “as-received” samples illuminated by a WL SR spectrum mimicking the
one in the arcs of the LHC at nominal parameters (E. = 44 eV). The data,'® which are sorted in
descending order, have been taken with light incident at 45°.

one can try to reconstruct WL PY, but also extract additional information on the
chemical nature of the sample under analysis. As can be seen in Fig. 32, the PY
curves measured with increased photon energy are essentially proportional to the
sample absorption structure, which is not a smooth structure, but have singularities
at absorption edges. Such edge structures are indeed observable in Fig. 32. Next
to the Cu L-absorption lines (Cu L-edge around 933 eV), the surface contaminat-
ing layer is observed. Both C and O are visible at their atomic absorption edges
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Fig. 32. PY from a Cu technical surface of LHC beam screen, as function of photon energy at
different incidence angles.®7
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Fig. 33. Calculated energy dependence of the photon attenuation length for Cu and C at 90° and
2° angle of incidence. The attenuation length is the depth into the material, measured along the
surface normal, where the intensity of X-rays falls to 1/e of its value at the surface. Calculations

were performed using the Henke tables!'®? available on the web.6?

(C, O K-edges at around 284 eV and 543 eV). Detailed analysis of such resonance
regions around the absorption edges would yield further information on the chem-
ical composition of the coatings and interfaces, and on the individual thicknesses.
For instance, it will be possible to characterize what chemical compound determines
the PY, its eventual modification by photon irradiation and compare it to what has
been recently studied on electron irradiated Cu.t!*

An interesting aspect, which is evident in Fig. 32 is that at incidence angle
around 10° or more, the PY measured with a monochromatic photon of around
150 €V is very similar to the PY measured with a 1500 eV photon. The PY at
1500 eV slightly rises in comparison to the PY at 150 eV but is always less than a
factor 2 despite the obvious fact that a 10 times higher energy photon will produce
within the solid a much higher number of electrons potentially contributing to the
total PY. Such experimental evidence, reported in Fig. 32 can be explained by the
energy-dependent cross-sections of the impinging photons. Such energy dependence,
which is of course material-dependent, is shown in Fig. 33, where the attenuation
length in Carbon and Copper is calculated as a function of photon energy and angle
of incidence.'5%160 The attenuation depth is defined as the depth into the material
along the surface normal where the intensity of X-rays falls to 1 /e of its value at the
surface. From such calculation, it is evident that the ability of a photon to travel
within a solid greatly increases (the photoelectric cross-section decrease!®%161) with
its energy. PY is determined by the number of electrons produced within the solid
that can escape from the surface and, since the electron mean free path (shown
in Fig. 20) is quite small, it is clear that only photoelectrons produced close to
the surface will be able to escape into vacuum, contributing to the PY signal. So
that, the more a photon penetrates, the less it produces photoelectrons that can be
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Fig. 34. (Color online) Energy Distribution curve (EDC) as excited by White Light (WL) SR
mimicking that in the arcs of the LHC at nominal parameters (E. = 44 eV), for an “as received”
Cu sample from LHC beam screen. The red curve represents a Lorentzian fit to such Cu WL
EDC.16

emitted into vacuum. These is only partially compensated by the higher number
of electrons produced by a higher energy photon. This simple reasoning and the
calculations done at various angle of incidence shown in Fig. 33, also explain why
the more grazing incidence photons have an higher PY. In fact, they will travel
more closely to the surface and produce, in this region, more electrons which can
escape and contribute to PY. These qualitative arguments gives an important hint
for further studies: the most important photons to study for PY productions are
the ones with low-medium energy (roughly in the region between few eV, i.e. above
W, and up to less than a KeV) and impinging at very grazing incidence.

One more parameter used in e~ cloud simulations which is related to PY but
is more complex than a single value, is the actual energy distribution of the photo-
emitted electrons by WL irradiation. Such EDC has been rarely studied, and one
of the few results obtained in this context is reported in Fig. 34, where the WL
EDC for the Cu sample is shown.'® The most appropriate description of the energy
distribution in this case was found to be Lorentzian in nature centered at 0.64 eV
and with a width of 3.7 eV. Unfortunately similar experiments performed on dif-
ferent materials and surface conditions show that it is not possible to describe the
photoelectron distributions of different materials with similar Lorentzians scaled to
their PY intensities. In each separate case, experimental input is required to obtain
the realistic electron distribution to be used in the simulations.

PY parameters are also relevant to study the importance of the e~ cloud acti-
vity as a possible heat source in the superconducting undulators operating in SR
facilities like the Advanced Photon Source (APS), at Argonne National Laboratory.
Harkay et al.'®® to better understand the primary electron generation in the APS
used a beamline at the Australian Light Source SR facility to characterize samples
of the Al APS vacuum chamber. The total PY, referred as Quantum efficiency (QE)
in Ref. 158, and the photoemission spectra were measured as a function of surface
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Fig. 35. The average Quantum efficiency (QE) plotted as a function of photon angle of incidence
for Al samples with different roughness. Higher photon angles of incidence have a smaller QE than
lower angles of incidence and the higher roughness decreases the measured PY. From Ref. 158,
thanks to K. Harkay.

roughness, sample temperature, incident photon energy, and incident photon angle.
The PY dependence on incident photon energy and angle are consistent with liter-
ature results; %157 little if any difference have been observed on PY when varying
sample temperature from 300 to 180 K, and an expected but interesting variation
of the measured PY was clearly observed on samples with different roughnesses.
This is shown in Fig. 35, where a higher average PY is measured on a polished Al
sample, confirming that, also for the PY, the detailed morphology of the analyzed

sample surface may play a significant role.

4.6. Photon reflectivity (R)

In connection with PY, there is a renewed interest to estimate the energy and the
distribution of photon absorption sites, which are not only critical inputs to codes
which model the growth of electron clouds but also of relevance to the analysis
of electron induced single bunch instabilities as discussed in Sec. 3. This interest
prompted a serious effort to track SR photons generated in storage rings and linacs.
Oune of the most complete tracking tools®®163 has been recently developed as part of
the Cesr-TA program,®®16* and includes scattering from the vacuum chamber walls,
based on the X-ray data from an LBNL database for the smooth-surface reflectivity,
together with an analytical model'®*165 for diffuse scattering from a surface with
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Fig. 36. (Color online) Photon trajectories from a dipole in three dimensions. The photon
source is on the right. Black lines are trajectories, and blue dots are photon absorption sites. The
transverse geometry has been distorted from an ellipse to a circle, and the longitudinal dimension
has been rectified and divided by 10, for purposes of illustration. From Ref. 68, thanks to G. Dugan.

finite roughness. Such program, called Synrad3D can handle any planar lattice and
a wide variety of vacuum chamber profiles. One result of such a powerful tool is
shown in Fig. 36, where the photon trajectories from a dipole are calculated.

Such simulation codes requires validation and an experimental campaign has
been launched to measure realistic R from industrial surfaces with the rugosity
values typical of the real accelerator walls. Such experiments can be performed
as a function of photon angle of incidence, reflection and photon energy by using
existing experimental setups developed in SR facilities to experimentally analyze the
reflectivity from quasi-perfect optical elements, multilayers, etc. Preliminary studies
have been done at Elettral” in Trieste, where the saw-tooth solution adopted to
reduce photon reflectivity on the top and bottom surfaces of the LHC dipole has
been validated and reflectivity quantified, as shown in Fig. 37.
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Fig. 37. Reflectivity of the measured flat and saw-tooth Cu surfaces versus impinging monochro-
matic photon energy between 8 and 200 eV (from Ref. 17).
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Fig. 38. Reflectivity of a LHC-Cu sample representative of the flat part of the beam screen, as
a function of photon energy for various incidence angles © and emission angles 2 ©.157

An ad hoc setup, present at BESSY II (SR facility in Berlin) under the scientific
supervision of F. Schiifers, has been more recently used for preliminary studies'®” on
Cu surfaces representative of LHC beam screen present in the dipoles. In Fig. 38, the
reflectivity of such samples is shown as a function of the photon energy for selected
incidence angles. The investigated energy range presented here is between 130 eV
and 1600 eV. We also observe in such monochromatic reflectivity experiments,
resonance structures due to absorption of the Carbon and Oxygen contaminated
surface layers (C, O K-edges at 284.4 eV and 543.1 eV) and of Cu (Cu L3-edge
at 932.7 eV). As expected, reflectivity is higher at lower grazing angle incidence
and at low photon energy. These data confirm the importance of studying photo
reflectivity in geometries as close to the one actually occurring in accelerators.

5. Countermeasures

Due to the discussed importance to have a stable low SEY and, in some cases, low
PY surface, a number of mitigation strategies have been analyzed and pursued.
Still, there is not a unique and final solution able to solve all problems related to
an high SEY, and while Research and development (R&D) is still actively ongoing,
different mitigation strategies, or a combination of them, have been adopted so far
and will be discussed here shortly. Generally countermeasures implemented today
are of two kinds: passive countermeasures, which aims to the reduction of the surface
parameters such as SEY and/or PY, and active countermeasures which introduce
external electric or magnetic fields in order to reduce the e~ cloud formation.
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Fig. 39. SEY versus primary electron energy (PE) of the TiZrV NEG coating; as received (Ar)
and after 2h heating at 120°C, 160°C, 200°C, 250°C, 300°C. Data from Ref. 119, courtesy of
M. Taborelli.

5.1. Coatings

Of course the ideal solution to solve most of the e~ cloud related instabilities would
be the identification of a material with intrinsically low and stable SEY, being
compatible with all vacuum and impedance requirements. Such research has not
yet given the desired results, in particular because, as discussed in Sec. 4.3, every
material interacts with atmosphere and get contaminated by it. This unavoidable
surface contamination layer renders most coatings unstable during operation and
with higher than required SEY, and must be used in combination with other coun-
termeasures. We want here to underline though, that there are two relevant excep-
tions to this reasoning, namely TiZV NEG coating and a-C. In case of TiZrV NEG
coatings, developed at CERN by Benvenuti as diffuse pumps,'#? a mild thermal
annealing in UHV (activation) is shown to remove most of the surface contam-
inants,?2-119.123, 142,167 yeqlting in a stable and close to atomically clean surface
with dpmax about 1.1. This can be seen in Fig. 39, where the SEY is measured as
a function of annealing at different temperatures. Also, some observations done
at the European Synchrotron Radiation Facility (ESRF) indicates that impedance
budget issues can be kept under control'®® as most of the problems related to the
coating itself, like pealing-off, etc. Indeed, if UHV is required and if space allows
to externally heat the accelerator wall at around 200 °C to activate the NEG film,
such coatings are a very efficient e~ cloud mitigator, as shown by the behavior of
all the NEG coated warm section of LHC.

At CERN, the need to have intrinsically low SEY (PY) surfaces in regions like
the LHC and SPS magnets, where the required thermal treatments could not be
conceived nor implemented, triggered the research of alternative solutions. It has
been found!?4141:169 that a-C can be grown and maintained in particular conditions
to be significantly free from surface contaminant due to the very low reactivity of
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such surface to atmosphere, resulting in an intrinsically low SEY material with
Omax about 1. Such deposition procedure are now mature to produce such films
on industrial scale'®? so that a-C represent nowadays a potentially very interesting
solution to mitigate ECE.

Clearly, also such coatings risk to loose their e~ cloud mitigation properties if
contaminants are physisorbed on their surface, so that extra care has to be taken

to maintain as clean as possible such low SEY coatings.

5.2. Solenoid field

Using solenoid magnets to sweep an electron cloud has been known and discussed
since the design stage of the B factory.!™ A longitudinal solencid field B, may
confine the electrons near the wall of the vacuum chamber where they are created
and therefore may reduce the cloud density near the beam. This has been analyzed
in details by simulations'™ confirming that, even a weak longitudinal solenoid field
forces the mainly low energy (~ 5 eV) electrons of the cloud into circular orbits
that hit the chamber surface after performing about half a period. Hence, if this
process is fast enough, the solenoid field can clear the electrons between two bunch
passages. In fact, also in presence of the bunch potential, electrons still perform
circle-like orbits and are maintained close to the chamber’s wall. Large energy gains
are avoided (ideally, below El in Fig. 7) and thus the SEY of the electron-wall
collision is reduced, resulting in an effective mitigation of the multipacting effect.

A clear example of the mitigation potentiality of a weak solenoid field in reduc-
ing detrimental effects on accelerator performance is shown in Fig. 40 where the e~
cloud induced pressure rise in the LHC merged vacuum is shown. As soon as both
contra rotating beams are injected with a given intensity, a clear pressure rise is
observed in two sectors of the merged vacuum namely A4LL1 and A4R1. Such pres-
sure rise is unexplainable without assuming e~ cloud formation, and as it stands,
is a very explicative example on the detrimental effect that e~ cloud formation can
have on beam vacuum. As soon as a solenoid field is switched on (first in one than
in both sectors), the pressure essentially recovers, showing how solenoids fields can
reduce ECE.

Going more in details, for a relativistic electron, the equation of motion can be

written

=

eB

ymce

=

b= -7 x =& xT, (25)

where & = eé/(ﬁ,/mc) is the cyclotron frequency of the electron. The solution of (25)
is a helix parallel to B, with radius r = v, /w. Hence it can be easily verified that
for typical values a small solenoid field (10-100G) is enough to keep the electrons
close enough to the beam chamber. A resonance occurs when half a period equals

the interval between two consecutive bunches!™?
T Sp 3
T (26)
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Fig. 40. First evidence of the effect of a solenoidal field on the measured merged vacuum for
LHC at 450 GeV, 150 ns bunch spacing. From Ref. 172, thanks to V. Baglin.

For a solenoid field By, the cyclotron period is

21,

T. = , 2

where m, is the electron mass and e is the absolute value of the electron charge.
Combining Eqs. (26) and (27), the resonant magnetic field is given by

TMeC

Bres = (28)

spe

If this occurs, electrons hit the chamber wall in synchronism with the bunch pas-
sage and multipacting is enhanced. However there is a threshold value of bunch
population, related to the energy gain of the electrons in the cloud during the
passage of a bunch and independent of the bunch spacing,!™ above which the reso-
nance takes place. As shown in Fig. 41, simulations for DA®NE exhibit a threshold
Np, =5 x 10'° for both single and double bunch spacing.”

Solenoids cannot be adopted in many parts of the ring not only where space
constraints do not allow to wrap any coil around the chamber but also because in
magnetic field regions, external solenoid fields are not effective in suppressing the
build-up of the electron cloud. This make solenoids an effective countermeasure but
not sufficient to guarantee total suppression of ECE.
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Fig. 41. (Color online) Saturated density as a function of the bunch population. Red dots

represent the case of Lsep spacing and 66 G field. Blue dots represent 2 Lsep spacing and 33 G
field (from Ref. 72).

5.3. Electrodes
A complementary and very efficient additional mitigation solution is the use, where
possible, of electrodes. This is because in bending magnets the electrons of the
cloud can easily drift in the vertical direction from one side of the chamber’s sur-
face to the other side under the force of a clearing field. For short bunches, the
build-up of the electron cloud depends on the multibunch multipacting. Therefore,
the clearing effects depend on the spacing of the bunches. The requirement for
the clearing electrode is to clear the electrons within one bunch spacing. For long
bunches, electron cloud multipacting is a single-bunch phenomenon in which strong
multipacting occurs at the tail of the bunch. Because of the beam’s space-charge
effect, clearing the electrons is more complicated than for short bunches. Electrons
generated by gas ionization are trapped inside the coasting beam and can cause
transverse instabilities. The clearing field pulls the electrons out from the beam’s
potential well. The first experiences with e~ cloud clearing have been acquired with
short button-type electrodes.'™ To cover longer sections, a proposed solution with
rather low impedance and good mechanical properties consists of resistive layers
deposited onto a ceramic or an enamel strip inside the beam pipe. Recently, such
test electrodes have been successfully installed and tested in single wiggler magnet
section of the existing machines CERN PS,!™ CESR,!7¢ KEKB. 177178

In the DA®NE collider, another type of electrode never adopted before has
been proposed and installed;' ™ moreover, this device, shown in Fig. 42, has been in-
stalled in all positron ring arcs allowing a detailed measurement campaign. Figure 43
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Fig. 42. Images of the electrodes inserted in the wiggler (left) and dipole (center) chambers of
the DA®ne positron ring and details of the electrodes output connections (right) used in Ref. 179.
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Fig. 43. (a) Evolution of the averaged cloud density for different values of the electrode voltage.
(b) e~ cloud density at the end of the bunch train. Parameters used in the simulation are the
primary electron rate 0.008, photon reflectivity 100% (uniform), maximum SEY 1.9, energy at
maximum SEY 250 eV, vertical magnetic field 1.64 T, bunch length 12.3 mm, bunch hor./vert.
size 1:08 mm = 0:05 mm, and hor./vert. chamber sizes 12 cm/2 cm (from Ref. 179).

shows the ¢~ cloud density evolution for different values of the electrode voltage for
800 mA in 100 consecutive bunches as computed with the code ECLOUD. A non-
monotonic dependence of the saturation density on the electrode voltage is clearly
observed. In particular, the maximum value is reached around 150V. For higher
voltages, the density sharply decreases. We see that already at 300V, it is reduced
by about 2 orders of magnitude. The same behavior is observed for different values
of the beam current, as shown in Fig. 43. Such a behavior was attributed to the
fact that the electrodes accelerate the electrons of the cloud and, since the SEY has
its maximum at the energy of 200-300 eV, we can expect some e~ cloud density
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increase due to the secondary electrons from the electrode surface at voltages of
200-300V. Clearly the e~ cloud dynamics is complicated by the beam electric
potential and the e~ cloud space charge effect, but the experimental results provide
a good chance for the numeric code benchmarking. Of course electrodes may induce
impedance problems, which should be carefully considered before adopting elec-
trodes to mitigate ECE. In most accelerators, it could not be easy to find space to
accommodate them without significant extra cost. A nontrivial technical problem is
to guarantee electrons insulation during operation and avoid accumulation of dust.

5.4. Geometrical modification

The idea behind any geometrical reduction of SEY, is simply based on the experi-
mental fact that electrons contributing to SEY have an energy distribution peaked
at very low kinetic energy (as shown in Fig. 21 and discussed in Sec. 4) and an angu-
lar distribution with its maximum at normal emission and a significant decrease at
grazing angles. So, if only electrons emitted from the surface at grazing incidence
“see” the beam, and the ones emitted at normal incidence are shadowed by the sur-
face itself, than a net reduction in SEY is expected. Pioneering work!8? 18! hag been
performed and different types of grooves have been theoretically analyzed and then
their SEY has been measured. We show in Fig. 44, two types of grooved surfaces
which have been produced and studied in recent years: triangular and rectangular
grooves. The first ones are characterized by the angle o between continuous tri-
angles, while the rectangular ones are characterized by the period b, dwell width
a, depth h and a flat top thickness. We can understand the expected SEY reduc-
tion considering an initial electron hitting the surface at point A: such electron
produces secondaries, as shown in Fig. 44. Depending on the emission angle, some
of the secondaries can escape the groove and move away from the surface. Other
secondaries will hit an inner side of the groove. With some probability they will be
absorbed, or they can generate further secondaries. The process may repeat several
times and the net SEY measure will show a reduced value from the one measured
from the flat surface. The presence of a magnetic field will enhance the SEY reduc-
tion due to the additional spinning of the emitted electrons along the field lines
within the grooves.

Panels (c¢) and (d) in Fig. 44 show the actual results as measured in Ref. 184
experimentally confirming the actual SEY reduction obtained from a grooved sur-
face. Of course, costs estimates, impedance budget, etc. must be carefully considered
and evaluated before adopting such otherwise very efficient mitigation schemes.

In line with this research, recent studies have considered the creation of geome-
trical modification at a micro- or sub-micron scale by chemical etching.!8%:136
Such promising research line will need substantial effort not only to repro-
ducibly mamufacture such additional roughness but to carefully study its effect
on impedance, conductivity and all the required properties of such a low SEY-PY

surface.
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Fig. 44. (Color online) Triangular (a) and rectangular (b) grooves on the surface. Triangular
grooves are characterized by the angle . Rectangular grooves have a period b, width @ and depth
h. (c¢) Comparison of the effective SEY for a = 60° and 40° triangular grooves and the reference
case of the flat surface and (d) SEY for rectangular grooves assuming a = 2/3b. Red dotted lines
correspond to different aspect ratios of the rectangular grooves: the bottom line is for hfa = 2
and the middle one corresponds to h/a = 1. Full line corresponds to the reference case of the flat
surface. From Ref. 184, thanks to M. T. F. Pivi.

5.5. Electron and photon serubbing

As said in Sec. 4.3 and shown in Fig. 26, most if not all materials used in acce-
lerator technology have a significantly high SEY, much higher than needed to
avoid e~ cloud related instabilities. Pioneering work done at CERN in this con-
text, 18:120,122,167,187 ohgerves that when a surface is exposed to an electron beam,
its SEY decreases. This is shown in Fig. 45, where the SEY values of a Cu technical
surface after subsequent electron doses are reported. Such observation had and still
has profound impact for cloud related mitigation studies for the simple reason that
electron bombardment is what is actually happening during e~ cloud formation. Tt
appears that, while the cloud is forming, it is able to cure its detrimental effects:
the electron beam hits the accelerator walls and causes a reduction of their SEY
value. Such process, called “Scrubbing,” shows a kind of self-mitigation mechanism
first proposed in the late nineties'®'®® and then adopted™* 26 as the base line
design to cope with any detrimental effects of e~ cloud related instabilities in LHC.
Such strategy has been shown to be a winning one, since LHC could run, at 50 ns,
allowing the discovery of the Higgs boson, and to perform many other successful
experiments'®9192 without suffering any detrimental effect from e~ cloud forma-
tion. Clearly, only the future operation of LHC at 25 ns and full beam current
will confirm its complete validity and further studies are needed to validate such
mitigation strategy for LHC upgrades and/or other machines.
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Fig. 45. Variation of the SEY of copper with incident electron dose. From Ref. 118, thanks to
V. Baglin.

The laboratory observation at the base of such mitigation solution, shows a
drastic reduction of the initially high SEY (dmax = 1.9-2.1) of the Cu surface
seeing the beam in the cryogenic dipoles, to a much lower value (dmax ~ 1.1) after a
certain electron dose. This is shown in Fig. 45 where a series of SEY curves have been
measured after different irradiation doses.!'® In Fig. 46, §,ax versus dose is shown!2?
and indicates that an electron dose between 8 x 10~* Cmm ™~ and 2 x 10~% Cmm ~?
is necessary to reach a dyay lower than 1.3. The minimum of the dyay (close to 1.1)
is obtained for an electron dose of about 1 x 1072 Cmm ™ ? corresponding to the
so-called “fully scrubbed” surface. Most if not all of the laboratory data confirming
such evidence!9:39,118,120,122,134 137,187,193 o160 taken as a function of the electron
bombarding dose, as shown in Fig. 46, while the dependence on the energy of
the impinging electrons was never studied and was typically chosen to be around
500 eV or more. The underlaying assumption that scrubbing depends only on the
electron dose and not on the energy of the impinging electrons, has been recently
questioned, 115 and will be discussed in the following, together with the detailed
chemical origin at the base of the scrubbing process.

As already said, the decision to base LHC mitigation strategy on scrubbing
has now showed its validity, but at first, has caused some interesting scientific
debate. In fact, not only other experiments, like the one performed at SLAC labora-
tory, % obtained similar trends but with significantly different initial and final &y, .y
values during scrubbing, but also there was no clear understanding of its physical
origin. This aspect was clearly stated in the conclusion of Ref. 120: “Although the
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Fig. 46. The variation of §,ax for Cu as a function of the incident electron dose and as obtained
with different experimental setups and dosing procedures (see Ref. 120 for details). From Ref. 120,
thanks to V. Baglin.

phenomenon of conditioning has been obtained reproducibly on many samples, in dif-
ferent experimental setups, the exact mechanism leading to this effect is not properly
understood. This is of course not a comfortable situation as the LHC operation at
nominal intensity relies on this effect. Further studies are going on to try to elu-
cidate the main physical parameters responsible for this beneficial effect.” and trig-
gered a series of experiments!? 17195197 4iming to the detailed comprehension
of the chemical variations induced by electron irradiation on technical surfaces.
Some of those studies have demonstrated that the beneficial effect of electron beam
scrubbing on these surfaces coincides with the formation of a graphitic surface
film. 114195197 Qince the SEY of graphite and, in general, of carbon based mate-
rials is lower than that of air exposed metals, the presence of the a-C thin film
reduces the effective SEY of the surface.’! Graphitic film growth occurs because,
in general, technical surfaces are covered by C containing contaminants that, once
exposed to the electron flux, tend to decompose and partly rearrange in graphitic
assemblies. %198 The occurrence of material transformation at the atomic level in-
duced by electron irradiation has been often reported in the case of thin films and
nanostructures.'®%:2%0 The experimental evidence for this phenomenon is shown in
Fig. 47, where SEY and X-ray photoelectron spectroscopy (XPS) measurements of
a Cu prototype of the beam screen adopted for LHC are reported.
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Fig. 47. Cls XPS spectra (left panel) and SEY curves (right panel) measured on the LHC Cu
sample: (a) “as received”; (b) after a dose of 3 x 1072 Cmm~2 at 10 eV; (c) after a dose of
3% 1072 Cmm~2 at 500 ¢V; (d) on a freshly cleaved HOPG surface.!14

The most striking changes occurring at the surface, as seen by XPS, are
exhibited by the C1s core level spectra reported in Fig. 47 (left panel), together with
the relative SEY curves (right panel), for the three representative cases: (a) the “as
received” surface, and the surface fully scrubbed at (b) 500 ¢V and (c) 10 eV. The
bottom panels of Fig. 47 shows, for comparison, the Cls core level spectrum mea-
sured on a freshly cleaved HOPG, together with its SEY curve. Without entering
into the details of the spectral analysis, performed by standard core level decon-
volution, one observes that in the “as received” sample the Cls spectrum can be
decomposed into a main peak, to be attributed to sp® hybridized C atoms in C—
C?°! and C-H bonds?? and two weak components at 286.3 and 288.6 eV ascribed
to single or double C—O honds.?%® Electron beam irradiation decompose the weakly
bound species and converts the sp? hybridized C atoms into a network having pre-
dominantly sp? bonds, as shown by the appearance of the graphitic component in
the C1ls spectrum.2?! The chemical modification observed are directly connected to
the SEY reduction reported in the right panel of Fig. 47. While electrons irradia-
tion at 500 eV modifies the chemical state of almost all the contaminating C atoms
producing a graphitic-like layer coating the copper surface, in agreement with pre-
vious literature results,'197 we notice how the Cls spectra taken after a dose of
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Fig. 48. (Color online) Low photon dose EDC spectrum from a Cu sample (blue solid line)
compared with its corresponding WL EDC (red dashed and green line) (see Ref. 16 for details).

3 x 1072 Cmm~2 at 10 eV (curve b) in Fig. 47, reveal a limited sp®*-sp? conver-
sion and a consequently limited scrubbing efficiency for low energy beam, reaching
a stable final SEY value of dpax = 1.35. This suggests that the decrease in SEY
depends significantly on the kinetic energy of the primary electrons.!'411% Such
dependence, its chemical origin and the relevance of such observation on the com-
missioning scenario for the LHC, (where the energy of the electrons in the cloud is
expected to be low, see Fig. 12) need further consideration and will trigger further
studies in years to come.

Important to mention is that analogue SEY reduction (and energy dependence)
has also been observed when bombarding several “as received” substrates of dif-
ferent nature like TiN and St St. The Cls spectra, taken in similar conditions as
those described in the case of Cu, do show nearly identical behavior in terms of the
increase of the component attributed to the sp? bonds and SEY reduction. This
general trend shows, as far as we know, at least one relevant exception represented
by Al alloy used in some accelerators like PETRA3 in Hamburg and DA®NE in
Frascati. Upon scrubbing of Al alloy samples, carbon graphitization does not take
place, most probably due to the exceptional reactivity to oxygen of the Al alloy sur-
face as the one used in PETRA3.116:117 Also photon irradiation has been observed
to scrub!®294205 a5 shown in Fig. 48, where a reduction in the measured PY is
observed after intense WL SR exposure equivalent to about one day of LHC run at
full operation. Such data have been confirmed by ad hoc experiments performed at
CERN using EPA (Electron Positron Accumulator in Geneva) as a WL source,?!
and the measured PY reduction is shown in Fig. 49. Note that the PY shown in
Fig. 49,21 is per adsorbed photon, and not per incident one as always assumed
in this review, so that the numerical results cannot be easily compared. What is
evident though is that the exposure to WL induces PY reduction by surface modi-
fication. Correlate SEY to PY reduction and vice versa requires some not trivial
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Fig. 49. Photoelectron yield per adsorbed photon (and not per incident photon) of a copper
colaminated sleeve with a sawtooth structure of LHC type, during subsequent irradiation with SR
white light radiation with a critical energy of 194 eV at 11 mrad incidence. From Ref. 21, thanks
to V. Baglin.

experiments, never done so far, on a setup where it is possible to carefully measure
SEY and PY on the same surface after e~ and/or photon irradiation. What has
been done and allow us to drawn some preliminary conclusions on this matter is a
preliminary XPS analysis performed during photon irradiation of an “as received”
Cu sample. This experiment suggests that, during photon irradiation, the secondary
tail and the oxygen content decrease, but the Cls signal not only does not change
much in intensity but does not significantly shift in binding energy, showing that no
carbon sp3-sp? conversion is taking place as reported to occur during high energy
e~ scrubbing. This can be understood as follows and may clarify the relationship
between photon and e~ scrubbing. Let us first assume that photons do not signifi-
cantly interact with the chemical species of the over-layer coating the surface, due
to their ability to penetrate into the solid. This would imply that photons on their
own can only marginally promote any chemical modification of the surface. What
interacts with the over-layer species are indeed the emitted photoelectrons, whose
energy is quite low as previously discussed and evident from Fig. 48. We know
from Fig. 471! that low energy electrons are not able to induce significant carbon
sp®-sp? conversion and the induced modifications of such low energy e~ may only
induce a partial reduction in SEY. This simple reasoning supports the notion that
photons do scrub but less efficiently than energetic electrons and suggests that their
induced surface modifications are overall very similar to those induced by less than
20 eV electrons. Still, the conclusive analysis of the interplay between SEY and
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PY modification by photons and or e~ is still missing and would be very useful
to understand and predict ECE related behaviors in accelerators or systems where
both phenomena can occur.

Scrubbing, then, continues to be an extremely powerful and important e~ cloud
mitigation tool but further study is needed to completely understand its final poten-

tial and general applicability.

6. Conclusions

Electron cloud in accelerators is still a fast evolving research field not only for its
intrinsic value and scientific interest, its ability to merge synergic competences in
different research branches but also for the clear and urgent requirement of work-
ing solutions to be adopted to improve and consolidate the performances of many
accelerators doing top class research all around the world. The enormous burst in
the development of differently oriented simulation codes, the still increasing avail-
ability of diagnostics and ECE observations on running machines, the number of
growing surface laboratories addressing, with increasing precision and details, the
subtle surface properties playing a major role in determining ECE, all these issues
point towards a continuous improvement of our present understanding to give the
required confidence in proposing and running always more demanding accelerators.
We feel though, that the “ultimate” solution and complete understanding of all
aspects connected to ECE, are still not available, and more work and efforts, are
still needed. In this context, we hope that this review, even if not exhaustive and
fully comprehensive, will represent an updated snapshot of most of the present
understanding and work done so far on the topic. Also, this review has been writ-
ten to stimulate further work still necessary to fully understand e~ cloud related
effects in accelerators and to share some of our specific understanding, within dif-
ferent research areas (like plasma or satellite physics), which may benefit from it

to approach some of their specific, still unsolved, challenges.
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