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Abstract

The electron cloud phenomenon in particle accelerators
is related to the secondary electron yield of the surfaces in
line of sight of the beam. At present, advanced models to
predict electron cloud through simulation codes are avail-
able and they rely either on experimental data or on para-
metrizations of the various quantities and dependencies de-
scribing the behaviour of electrons impinging on and emit-
ted from the surface. In the present contribution, we review
what is well established about these dependencies and
which measurements should still be performed.

INTRODUCTION

It is well accepted that the Total or the Secondary Electron
Yield (TEY, SEY) of the exposed surfaces is one of the
main quantities governing electron cloud and multipacting.
Powerful simulation algorithms have been developed with
the aim of predicting the maximum operating power of RF
devices [1] or the maximum stable particle beam intensity
[2]. The algorithms must rely on the physics of the gener-
ation and emission of secondary electrons from solids. Ide-
ally for a simulation, the quantity /(Es, Ocmis, Ep, Oinc) is nec-
essary for the relevant range of energies and angles, where
1 is the emitted electron intensity for a fixed impinging in-
tensity, E, is the kinetic energy of the impinging electrons
with respect to the vacuum level of the surface, 8, is the
angle if incidence, E; the energy of emission and &, the
angle of emission.

Even if the fundamental principles of electron scat-
tering are known, there are no simple exact analytical ex-
pressions for the various energy and angle dependencies.
Only recently calculations of the yields based for instance
on dielectric theory [3, 4, 5], can predict the absolute
TEY(E,) of ideally clean and pure surfaces including a
basic model of surface roughness [3]. These are different
from the air exposed oxidised and contaminated surface of
real devices. The values and shapes of the curve of TEY
for a material can change markedly depending on its sur-
face state. For instance for OFE copper the TEY curve can
change over a wide range: a typical as-received (air ex-
posed and chemically cleaned for UHV applications) sur-
face of technical copper will have a dmax around 2.0 [6], a
freshly electropolished surface has a value of 1.6 [7], buta
rough surface can [8] exhibit a Omax as low as 1.0. These
values differ significantly from the value of 1.4 [6] for a
sputter cleaned surface in vacuum. It is interesting to re-
mark that the range of values mentioned just above cover
the range of dmax including those leading to severe e-cloud
down to those which suppress e-cloud in accelerators.
Therefore, the electron cloud simulations use experimental
data, when available, or parametrizations based on the ex-

perimental data, which are in some cases supported by phe-
nomenological models. Typically, parametrizations are
used for the primary electron energy dependence of the
TEY, for its dependence on impinging electron angle and
for the energy and angle distribution of the emitted elec-
trons. Another variable, which influences the TEY, is the
history of the surface in terms of received electron or pho-
ton irradiation dose and this cannot be directly included in
a parametrization.

The present contribution is a tentative to illustrate what
is available and how well it describes the real situation.
Only metal surfaces will be discussed, since they are the
most relevant in the case of particle accelerators.

TEY, PARAMETRIZATION AND MEAS-
UREMENT

1. TEY parametrization:

The TEY(E,, 6.) is the ratio between the total num-
ber of electrons emitted by the surface and the number of
electrons impinging at an angle . and energy E,. For the
emitted electrons the simplest distinction can be made be-
tween elastically scattered electrons, EI(E,,), emitted at the
same energy as £, and those emitted at lower energy,
which were excited or scattered inelastically, SEY(E))
(some authors introduce in addition the backscattered elec-
trons, which are in the present case included in the SEY for
simplicity). This leads to (we skip in the following of this
section &y, taken as fixed, for instance as zero for normal
incidence):

TEY(E,)= SEY(E,)+EI(E,) (1)

In several phenomenological models the values of
the maximum of the TEY(E)), Omax and the energy at which
the maximum occurs, E., are used to fully characterize
the curve and enable a scaling of the SEY(E;) curve (ex-
amples in [9, 10]) with respect to normalised variables:

SEY (Ep) —g (E_p) 2)

5max Emax

However, g(x) depends on the surface condition
(chemistry, roughness) and a technical surface of an accel-
erator component is composed of several layers (the under-
lying metal, an oxide layer, some surface contamina-
tion....). In practice the parametrization of the experi-
mental SEY curve with more variables is used, as for in-
stance [11]:
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Where s is a fit parameter, often chosen in the range
1.35-1.45.

The relevant range of E, is limited to about 1keV,
corresponding to the maximum energy of the electrons im-
pinging on the beampipe, except for machines which very
short and highly charged pulses as the J-Parc accelerator,
where the relevant range rises up to some keV [12]. On the
other side, at low primary energy, below some tens of eV,
the possible excitation channels for secondary electrons
decrease and the elastic electrons contribution E/(Ep) plays
an important role. They must therefore be added to the
SEY(Ep) to get the curve TEY(Ep).

Two approaches are common [ 13, 14] for the para-
metrization of El(Ep). The first approach starts from the
reflectivity of a free electron wave function at a one-dimen-
sional step-like barrier (the surface). In order to match ex-
perimental data, the barrier height £y must assume values,
which are very high (as 150eV) compared with typical
work function values. A further coefficient Ry is added to
tune the reflectivity at zero kinetic energy. So, the resulting
yield of elastic electrons is:

2
E,—[Ep+Ey

Where Ry and E) are fit parameters. In a second ap-
proach the experimental data are fitted with a multi-param-
eter development in powers of In(E,):

Inf =
=159 + 3.75InE, — 1.37(InE,)* + 0.12(InE,)?
(%)
Where the numerical coefficients are those reported
in the reference [14] for “universal function” and fis the
fraction of elastic electrons:

E/(E,) = f - TEY(E,) (6)

or in an equivalent way:

SEY (Ep)

TEY (Ep) ==

(7

In fact the coefficients in (5) are material dependent
and different values were used for instance for copper [15].

The importance of acquiring experimental data on a
specific individual sample is clear when considering the
difficulties to extrapolate from first principle calculations
or parametrization. At present there is no model, which can
deliver the correct TEY curve starting from a given surface
composition, roughness and received dose.

2. TEY measurements.
In experimental measurements the TEY(E,) and
SEY(E,) are often used with equivalent meaning, since
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above a primary energy of some 100 eV the main contri-
bution to the yield is given by secondary electrons and only
recently measurements are common below 100eV. In par-
ticular, since the maximum, Omax, 1S generally above 200
eV, we can consider that the maximum of TEY and SEY is
the same within a negligible error. In principle, the aim of
the experiments is to measure the primary energy depend-
ence of all emitted electrons, the TEY, since all of them
contribute to the multipacting effects.

electron gun

1 collector

b (8 |l wilh Faraday cup

- TEY=1 'l__."l'. G)

Figure 1: Sketch of the most common measuring
modes for the electron yield: A) With a collector, to meas-
ure simultaneously the absorbed and emitted current. B)
Without collector and with the total impinging current
measured either by a Faraday cup or by reversing the bias.
The symbols represent total primary current I, sample
current I, collector current 1. and electron yield TEY.

Most of the measurements for simplicity are per-
formed at normal incidence (&, =0). TEY curves are ac-
quired routinely in several laboratories for primary ener-
gies above 100eV. Recently the measurements of the very
low primary energy part of the TEY curve in several labs
have achieved reliability down to few eV (measuring in
this range is made difficult by the sensitivity of slow elec-
trons to parasitic electric and magnetic fields). The instru-
ments measuring the TEY are based on an electron gun at
variable energy and a sample facing the gun. They can be
divided in two main categories: a) those measuring simul-
taneously the current absorbed by the sample and the cur-
rent emitted by the surface in a collector [6] and b) those
measuring in separate runs the current absorbed by the
sample and the total current from the electron gun. In the
first method a negative bias of few volts constantly applied
on the sample helps to avoid recollection of the slow sec-
ondary electrons on the sample. The total emitted current
is measured simultaneously in a collector, which is
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mounted between gun and sample and is coaxial to the gun.
In the second method the absorbed current is measured in
the same way as in the first case, but the total current is
obtained separately, either through a Faraday cup or by ap-
plying a sufficiently high positive bias to attract all the
electrons on the sample. The two methods are sketched in
figure 1. The method of measurement without collector
sacrifices the advantage of measuring simultaneously the
necessary currents, but gains the advantage of enabling
measurements at very low primary energy by placing the
electron source close to the sample surface [16], which is
important for measurements at low kinetic energy. A more
complex scheme based on time-of-flight is presently under
development for measurements in a magnetic field [17]. In
the case of air exposed samples, which is the initial typical
condition for components installed in an accelerator, it is
important to keep a low dose of irradiation on the sample.
It is well known that for air exposed samples the TEY value
starts to decrease for doses above 10 C/mm? at impinging
energies above 50eV [18]. In order to limit the delivered
dose during measurements the beam is pulsed or deviated
away from the surface before and after each point of data
acquisition. The methods of measurement described above
provide a precise, but not accurate value of the absolute
yield, as explained in the following. The typical relative
error, generated by the relative error on the measured cur-
rents, on a single curve is of few % of TEY (typically better
than 0.05 for a yield in the usual range, namely below 2).
This means that the reproducibility (precision) on a sample
spot is very high and this enables for instance to identify
weak differences in SEY of about 0.1 in neighbouring re-
gions of the same sample [19]. However, the absolute value
of the TEY cannot be measured with the same accuracy
and depends slightly on the geometry of the measuring de-
vice, which influences the efficiency of the collection of
electrons at the various energies. The accuracy in this case
is rather around 10% , depending on the considered E,. An
example of the difference between two measuring devices
is shown in figure 2.
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Figure 2: Secondary electron yield curves for a thin
film of carbon as a function of primary energy for the same
sample measured with a collector system and a Faraday
cup system.

For this reason comparison between different labor-
atories should be taken with care. Even defining a suitable

reference sample to compare devices is not a simple task,

possible candidates being amorphous carbon coatings,
which are rather insensitive to air exposure or surfaces pre-
pared in situ in vacuum with a very well defined procedure.

The vacuum system of several modern accelerators,
as for example the beamscreeen of the arcs of LHC (5-20
K), operates at cryogenic temperature, because of the use
of superconducting magnets. The SEY of a copper surface
at low temperatures has been shown to have the same value
as at room temperature [7, 20]. Indeed, no intrinsic depend-
ence on temperature is expected on metals, since the exci-
tations producing secondary electrons involve energies of
several eV and are not affected by changes in electron band
occupancy within a range of KgT. Moreover, the scattering
governing the mean free path of secondary electrons, at en-
ergies where they can escape the solid, are dominated by
electron-electron and electron-plasmon interactions and
phonons can be almost neglected.

3. Scrubbing and conditioning:

The decrease of Smax With increasing electron irra-
diation dose [18,21] on an as received surface is well es-
tablished from laboratory measurements. This phenome-
non is called conditioning or beam scrubbing and for cop-
per it can decrease the dmax down to 1.15 for a dose above
103 C/mm? [19]. The kinetics of the decrease and the ulti-
mate value of dmax depend on the impinging electron en-
ergy [18]. The effectiveness of the conditioning depends
on materials. For copper surfaces the essential ingredients
of conditioning are the electron stimulated desorption
(ESD) and the modification of the carbon species on the
surface, from hydrocarbon-like to graphitic-like [18, 22,
23]. For stainless steel, scrubbing has been observed in ac-
celerators [24] and in the lab, however with a marked scat-
tering in the dose necessary to reach the lowest SEY [25].
For aluminium and its alloys, the conditioning has a mini-
mum as a function of dose, with a 8.x Which remains far
above 1 [26]. The influence of the surface contamination,
the importance of the carbon from air exposure and the
origin of the carbon, which is observed to grow in some
cases are still topics under investigation.

From the few measurements of conditioning of cop-
per at cryogenic temperatures in the laboratory there are no
indications that the mechanism differs intrinsically from
the room temperature case [27]. This is plausible consider-
ing that the processes inducing conditioning have thresh-
olds of some tens of eV (for the kinetic energy of the im-
pinging electron), like ESD and molecule cracking. The
only possible influence of the temperature might come
from the most effective physisorption compared to room
temperature. At such low temperature (5-20 K) most of the
residual gas species condense on the surface, except helium
and hydrogen, the latter forming only sub-monolayer cov-
erages. On one hand adsorbates can strongly modify the
SEY [7, 20] of the surface. On the other hand the longer
sojourn time of the molecules, compared with room tem-
perature, could increase the amount of adsorbates available
for interaction with the impinging electrons and therefore
modify the surface chemical composition as a function of
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dose. The comparison of laboratory measurements with the
real case of a cryogenic accelerator vacuum system is dif-
ficult from this point of view. In the laboratory in most of
the configurations a small cold sample is acting as a cry-
opump in a room temperature vessel, whose walls are
source of gases, whereas in an accelerator cryogenic vac-
uum system the entire environment is cold and gases can
come only from particle induced desorption. The domain
of conditioning at low temperature in presence of gases is
still under investigation [28]

ENERGY SPECTRUM OF EMITTED
ELECTRONS

In a calculation of the electron multiplication in a
beampipe it is necessary to know the detailed energy dis-
tribution of the emitted electrons, in order to recalculate
their impact energy on the opposite surface. There is no
simple theory describing the shape of the spectrum. For the
low E; energy part including the secondary electrons, vari-
ous parametrizations have been proposed [29, 14, 30]. The
simplest one is a decay with a power law of the energy cor-
rected with the work function [29], which was derived
from a phenomenological model. To obtain a better match-
ing with data Maxwell-Boltzmann distribution was pro-
posed, which evolved in a Gaussian distribution [14, 11]
with energy and finally with the logarithm of energy [30].
This gives the following expression (total integral spec-
trum normalized to 1):

2 _(ln(EsO;Il))z
= 2
I1(E,, Es) Eso\/ﬁe

Where p and o are defining the maximum and the width
of the curve, without further physics meaning. We remark
that there is no dependence from E,, which is a reasonable
approximation when the secondary electrons are produced
with a large number of collisions, as for E, above some
hundredths of eV (confirmed experimentally above 1keV
for instance for Si [31]).

The measurement of I(£,, E,) can be carried out in prin-
ciple in any surface analysis system with an electron gun
and an energy analyser, but three aspects should be consid-
ered. First, the angle of collection depends on the type of
energy analyser. In the case of a retarding field analysers
(RFA) a large collection angle is available, ideally 180 de-
grees (in practice some 110 degrees), whereas hemispheri-
cal analysers collect a small solid angle. Therefore, in the
latter case the total number of emitted secondary electrons
must be extracted by assuming a cosine distribution (see
next section: Angle dependence) of the secondary electron
emission. There is no such simple scaling for elastically
scattered electrons. Second, the electron energy analysers
have an energy dependent transmission function, which
should be calibrated or calculated. Only in this way the
spectrum will be weighted with a constant amplification
factor or sensitivity. Third, the acquisition of a spectrum or
of many spectra for different Ep values, shall be done by
limiting the irradiation dose to the surface to avoid condi-
tioning. This last point is not relevant for a sputter cleaned
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surface, but is particularly important for an as-received sur-
face.

For copper only few measurements of this spectrum I(£y,
E,) for normal incidence and a calibrated transmission
function exist. A set of data obtained with a RFA for a fully
conditioned copper surface at cold are presented in [32].
Other measurements on a larger series of as-recieved met-
als were taken, for E,=lkeV and E; up to 50eV, with a cy-
lindrical mirror analyser (the intensity is multiplied by the
kinetic energy to compensate for transmission) [31] show
that the shape of the intensity decrease as a function of E;
strongly depend on the material (see steel vs other metals).
Obviously, the spectrum for a specific surface should be
measured on purpose.

ANGLE DEPENDENCE
1. Incidence angle dependence of the SEY :

For a flat surface a more grazing incidence angle
increases the SEY. An off-normal angle of incidence re-
duces the depth at which the primary electrons excite the
secondary electrons in the solid and therefore the latter can
more easily escape than for normal incidence. Compared
with the normal emission case, the energy of the maximum,
Emax, shifts to higher energy, since the secondary electrons
still manage to escape the solid even when excited by
higher primary energies. This effect can be strongly re-
duced on a rough surface, since at microscopic level elec-
trons encounter a wide distribution of angles of incidence.
For an as received and air exposed metallic surface the
change of depth of the excitation of secondary electrons
translates also in a different balance in the number of elec-
trons excited in the metal, in the oxide and in the overlayer
of airborne contamination.

In a parametrization of the SEY(E),) curve like (3)
one can introduce an incident angle dependence for
Omax(Bnc) and Emax(Ginc) to obtain the full curve for any an-
gle. Empirical formulas for such dependences can be found
with the introduction of more [11] or less parameters, some
including also the possibility to tune for the surface rough-
ness [33]. They are based on available experimental data
of SEY measured on different materials, as TiN in the case
of [11] and metallic molybdenum [34] in the case of [33].
In another approach the angle dependence is included in an
empirical model of SEY(E),), by considering that the range
of the incident beam changes with the cosine of the angle
[35]: the scaling of the SEY(E)) curve is a little more com-
plex in this case. The influence of the different parametri-
zation of the 6. angle dependence in the electron cloud
simulation is partly illustrated in reference [36, 37].

The amount of experimental data of Omax(Gnc) 1S
scarce. Some are collected in figure 3, where the maximum
yield measured at various incidence angles is normalised
by the dmax at normal incidence (data quoted as belonging
to rough surfaces were excluded). This illustrates the pos-
sible error when extrapolating from normal incidence data:
the angle dependence of reference 33 for a smooth surface



ECLOUD’ 18 PROCEEDINGS

seems to be too weak in most of the cases. The spread in-
creases by increasing the incident angle.

In the electron cloud case the secondary electrons
emitted from the wall are accelerated toward the opposite
surface of the beampipe by the beam potential. For suffi-
ciently strong dipole magnets the trajectory of the electrons
is a cyclotron rotation with the axis parallel to the magnetic
field and the speed component parallel to this axis is accel-
erated. In such a way the impact angles are restricted to a
cone close to normal incidence and only the SEY depend-
ence at small angles is important for the e-cloud simula-
tions. This is obviously not true for drift spaces and quad-
rupoles.
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Figure 3: Relative maximum yield as a function of
incidence angle. The line corresponds to the model of ref-
erence 33, for a smooth surface. The dots are data taken
from references 34, 35, 38

In principle a measurement of the SEY(E),) is pos-
sible in most of the set-ups by tilting the sample, but the
result should be evaluated with care. In most of the exper-
imental set-ups the sample is biased (either to collect the
electrons, or to slow them down, or to avoid recollection of
the secondaries) and the electrons do not move in a free
field region between gun and sample or between collector
and sample.

Figure 4: Deviation from straight line for electrons im-
pinging on a sample with a negative bias voltage.

The electric field configuration changes when the
sample is rotated with respect to the electron beam. As
shown in figure 4 for a sample at negative bias, this situa-
tion affects the effective impinging angle of the beam. A
suitable correction should be introduced in the measured
dependence based on trajectory calculation, which is in
practice complicated by the shape of the sample holder. It

is evident that such an effect is more marked for electrons,
which are slow compared to the applied bias potential.

2. Incidence and emission angle dependence of the
distribution of emitted electrons:

The TEY includes the secondary and elastically
scattered electrons, as defined in (2). The secondary elec-
trons are emitted along a distribution, which is very close
to a cosine law [10]. This is intuitive if one considers a
large amount of collisions, so that the memory of the im-
pinging beam is lost and electrons arrive at the surface
from the bulk without preferential direction. The angle de-
pendence of the elastic electrons, EI(E,, 6ic), is not the
same as for inelastically scattered. No scaling or simple
parametrization exists for this quantity. Elastic scattering
as a function of incidence and emission angle at energies
above about 100 eV can be calculated from the electron
atom scattering cross section [3, 4, 5] in a Monte Carlo cal-
culation, or assuming a single large angle scattering [39] or
up to double scattering [40]. A single atomic scattering de-
pends only on the scattering angle between impinging
beam and emitted electrons, and is independent of the ori-
entation of the surface. In this sense for angles not too far
from normal incidence one can take this approximation [
figure 1 d) and e) in 5]. The angular distribution is clearly
energy dependent (as visible in all the references just
quoted above) and, being related to the atomic structure, it
is strongly element dependent. Unfortunately, the extrapo-
lation of the atomic cross sections to energies below 100
eV is no longer meaningful, since the electron wavelength
approaches the interatomic distance, atoms cannot be
treated as being isolated and band structure and diffraction
effects play a role. Measurements of El(E,, On) are rare
and EIl(E,, Gue, Gemis) are difficult, since they require to
change independently the angle between primary beam and
electron analyser. A nice solution is adopted in [41] where
the relative (arbitrary units) distribution of elastically re-
flected electrons as a function of primary energy and emis-
sion angle is extracted from the fluorescence intensity on a
LEED screen. The dataset shows the @, angle and E, de-
pendence for clean polycrystalline Al, Cu, Pt and Au [fig
3 in 41] for normal incidence. The intensity does not ex-
hibit a monotonic behaviour with respect to £, and the in-
crease below 100eV is not a general feature. Moreover, for
normal incidence the scattered intensity is generally
stronger at small 6., angles close to surface normal
(backscattering). Also for elastic scattering the presence of
adsorbates or oxides on the surface can change the picture
completely, since the elastic mean free path is limited to
few atomic layers.

MAGNETIC FIELD
The question about the influence of the magnetic field
on TEY is motivated by the presence of dipole and quad-
rupole fields in most of the regions of circular accelerators.
Axial magnetic fields (solenoids or permanent magnets)
are often exploited to eliminate the electron cloud effect,
since they avoid that emitted secondary electrons cross the
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vacuum chamber and promote multiplication [42, 43]. For
dipole fields we can consider the case of a uniform field
perpendicular to the surface. In this case, the electrons
cross the vacuum chamber on a helical trajectory with the
axis perpendicular to the surface. Only the direction of the
speed component parallel to the surface is modified and the
speed vectors rotates on a cone (figure 5) for a cyclotron
orbit (we neglect here for simplicity the effect of the accel-
eration by the field of the beam, but the argument does not
change). Thus, the angle of incidence with respect to the
surface normal is not modified by such a magnetic field.
For this reason also the depth of excitation of secondary
electrons is not modified: the penetration of the primary
electron is just the time between scattering events times the
speed component perpendicular to the surface and both
quantities are not modified by the magnetic field.

LV

Figure 5 Effect of a magnetic field perpendicular to the
surface on the speed of an impinging electron

For quadrupole fields the situation is different, since the
field is not uniform in space. As resulting from a calcula-
tion in the guiding centre (adiabatic) approximation [44],
this can provoke a modification of the relative intensities
of the perpendicular and parallel components of the speed.
As a consequence the impinging angle changes toward a
more grazing direction and in the extreme case the electron
can even be reflected by the surface, so that it will remain
long time travelling in the field (magnetic bottle). In such
case the knowledge of the TEY( £, 6ixc) is important up to
large Oi,c . A strong magnetic field, as the 9 T intensity of
the LHC dipoles strongly reduces the Larmor radius and
one could imagine that it affects the secondary electron
cascade. Relevant secondary electrons, which can escape
the solid, have a kinetic energy above the work function
level. In the solid they have therefore at least a kinetic en-
ergy corresponding to the sum of work function and Fermi
energy, in total more than 10eV. The corresponding Lar-
mor radius is of the order of microns whereas the mean free
path of electrons between two inelastic scattering events is
of the order of nanometers [45]. It is clear that the trajec-
tory deviation due to the magnetic field between two scat-
tering events is negligible and therefore there is no intrinsic
dependence of the SEY for a flat metal in the mentioned
range of field. Measurements of TEY in a magnetic field
are very difficult due to deviation induced on the secondary
electrons escaping in vacuum. There are only few meas-
urements at low magnetic field [17, 46]. The results up to
fields of few tens of mT [46] on a smooth sample confirm
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that there is no intrinsic dependence, however even the mi-
nor roughness on a laminated sample is sufficient to induce
a decrease of TEY as a function of the field strength.

CONCLUSIONS

As illustrated above the dependence of the intensity and
distribution of the emitted electrons on the energy and di-
rection of the impinging electrons is influenced by surface
and material properties. Only few aspects can be general-
ised and expressed with sufficient reliability through a par-
ametrization. In most of the cases, a measurement is the
most reliable approach even if it is not always easy and
straightforward. In particular, measurements should be
done by taking into account the dose received by the sur-
face, the transmission function of the analysers in case of
angle and energy resolved experiments and the influence
of the geometry of the measuring system.
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