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Energy-resolved secondary-electron emission of candidate beam screen
materials for electron cloud mitigation at the Large Hadron Collider
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Energy-resolved secondary electron spectroscopy has been performed on air-exposed standard Cu
samples and modified Cu surfaces that are tested and possibly applied to efficiently suppress electron cloud
formation in the high-luminosity upgrade of the Large Hadron Collider at CERN. The Cu samples
comprise pristine oxygen-free, carbon-coated and laser-structured surfaces, which were characterized prior
to and after electron irradiation and rare-gas ion bombardment. Secondary-electron and reflected-electron
yields measured with low charge dose of the samples exhibit a universal dependence on the energy of the
primary impinging electrons. State-of-the-art models can successfully be used to describe the spectroscopic
data. The supplied spectral dependence of electron emission and integrated electron yield as well as the
derived parametrization can serve as a basis for forthcoming simulations of electron cloud formation and

multipacting.
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I. INTRODUCTION

The emission of secondary electrons (SE) from a surface
induced by electron irradiation is a common effect used in
electron multipliers and detectors [1,2] as well as a specific
contrast mechanism in scanning electron microscopes
[3-5]. In some applications, this process creates undesir-
able phenomena such as charge build-up at the surface of
spacecrafts and satellites [6,7] or the formation of an elec-
tron cloud in particle accelerators [8—12]. The latter is a
major challenge for the high-luminosity upgrade of the
Large Hadron Collider (LHC) because it provokes signifi-
cant heat load in the cryogenic sections as well as beam
instabilities or even intensity losses [13]. Strategies to reduce
the secondary electron yield (SEY), which defines the num-
ber of emitted electrons per impinging electron, of relevant
vacuum components below the electron multipacting thresh-
old such as amorphous carbon (a-C) coating [14,15] as well
as laser-induced surface modification [16—18] have been
tested and validated on a laboratory scale. Current develop-
ments aim at transferring these technologies to large-scale
treatments of LHC units. As an example, a-C coatings are
presently under implementation in the Super Proton
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Synchrotron at CERN and in standalone LHC cryomagnets.
On the other hand, for the majority of materials used in
the vacuum system of particle accelerators, electron irradi-
ation of surfaces is known to reduce the SEY due to che-
mical transformations of the topmost layer [19-23]. This
phenomenon is referred to as conditioning and is exploited
in so-called beam-scrubbing runs of particle accelerators
[9,11,24-28], where the generation of electron clouds is
stimulated to modify the vacuum chamber surfaces, which in
turn reduces their SEY and subsequently the electron cloud
intensity.

Computer-based modeling of electron-cloud formation is
a versatile and crucial tool for the design of low cloud
density vacuum components and for the optimization of the
operation schemes of particle accelerators [29-31]. These
approaches require precise descriptions of related material
properties to be used as input parameters. One of the main
motivations for the present investigation is to provide such
datasets. A quantity describing the effect of impinging
electrons is, e.g., the SEY dependence on the primary
electron kinetic energy. At present, assumptions are made
for the spectral and angular distributions of the emitted
electrons. However, the energy spectrum of electrons
leaving the surface is composed of elastically reflected
electrons (RE) and contributions from a variety of scattering
and excitation processes [32-39], inelastic scattering that
excites phonons, plasmons or induces interband transitions,
excitation and emission of Auger electrons as well as a
cascade of scattering events that lead to the emission of low-
energy true SE. Furthermore, phonon-assisted electron
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scattering leads to preferred population of states close to
unoccupied band minima (critical points), where the density
of states is high, or of adsorbate states. Subsequent emission
from these states creates defined spectral signatures that
superimpose on the featureless SE distribution [40-42].
Several empirical models were developed to describe the
energy distributions of emitted SE and RE [43-47].
Moreover, Monte-Carlo simulations have proven their capa-
bility to calculate several relevant quantities, such as the
inelastic mean free paths and fine structure in the energy
spectra or the dependence of the SEY on the primary energy
(E,) of impinging electrons [48,49]. For quantitative
electron-cloud simulations, especially the contribution from
SE and RE as well as the amount of rediffused electrons with
intermediate energy are of interest.

To determine these quantities experimentally, the energy
dependence of SE and RE upon electron irradiation has to
be characterized using energy filters. The early develop-
ments of SE emission measurements are summarized in
a review article [50]. Besides the techniques that integrate
the full energy spectrum of emitted electrons (SEY analy-
sis), the energy dependence was originally analyzed by
retarding-field and energy high-pass experiments [51-53].
Fully angle-integrated spectrally resolved analysis was
achieved by M.P. Seah [54], while different analyzers
were developed for angle-resolved measurements dedicated
to electron spectroscopy. Most of these electron analyzer
types exhibit a strong energy dependence of the trans-
mission and, hence, detection efficiency. On the other hand,
a four-grid retarding field analyzer (RFA) provides an
almost energy-independent transmission [55,56] for quan-
titative analyses. An RFA was previously used for the
analysis of electron emission from Cu surfaces [57,58]. It
enables partial angular integration that averages the con-
tribution of the RE since the elastic reflection probability
due to scattering depends on the emission angle [59,60]. A
recent work combines such spectral analysis of SE emis-
sion from sputter-cleaned metal surfaces comparing exper-
imental data with Monte Carlo simulations [61].

In the work presented here, special attention was paid to
exposing the samples to a minimum of charge dose during
the measurements that enabled the characterization of as-
received surfaces. To this end, an RFA combined with lock-
in amplification was used. The spectroscopic dependence
of the electron emission from materials that are relevant for
current and future LHC beam screens technologies was
analyzed in both the unconditioned (as-received) and the
fully conditioned (irradiated by an electron beam) state.
The studies explored whether SE emission of low-SEY
surfaces can be described by universal models or material-
specific properties play a role.

II. EXPERIMENT
A. Apparatus

The experiments were mainly performed at Ilmenau
Technical University (ITU) in ultrahigh vacuum (UHV)

(107 Pa) and at room temperature. A setup originally
designed for low-energy electron diffraction and Auger
electron spectroscopy consisting of a four-grid RFA
(SpectraLEED, Omicron) was used for acquiring energy-
resolved SE spectra. A resistively heated thoriated W
filament yielded thermally emitted electrons that are trans-
formed into a monochromatic electron beam with primary
energies Ep < 1000 eV. The electron beam was directed
perpendicular to the sample surfaces.

To achieve a minimized charge dose, which is desirable
for the reduction of conditioning effects due to electron
irradiation during measurements, the original RFA setup
was modified. The optics of the electron source had to be
operated in the mode used for low-energy electron dif-
fraction, ensuring a sufficiently low primary electron
current and a stable spot size (0.7 mm?) at the sample
surface. At the same time, the grids of the RFA had to be
operated in the Auger spectroscopy mode for energy-
resolved measurements with a lock-in amplifier. A further
reduction of the charge dose by a defocusing of the electron
beam was hampered by reaching the detection limit of the
apparatus.

The modifications enabled measurements with an elec-
tron current as low as ~350 nA for E, < 100 eV. The
current was progressively lowered with increasing primary
energy and reached 100 nA for E, > 500 eV, close to the
lowest stable current for the present setup. For Ej, <
100 eV the conditioning effect is less effective [19]; for
Ep > 100 eV this effect increases and saturates at Ep ~
250 eV [19]. Table I summarizes the calculated charge
doses received by the samples for the given electron
currents in different E, ranges. A total dose of 3.5 x
10~* C/mm? was accumulated by each sample during
measurements, which is nearly two orders of magnitude
lower than previously reported doses [57].

Electrons scattered from the surface in a cone around the
surface normal with an apex angle of a = 102° were
collected by the RFA. Considering a cosd distribution
of the emitted (secondary) electrons with 9 < /2 being the
angle enclosed by the emission direction and the surface
normal [62], ~#47% of the emitted electrons are collected by
the RFA. The energy distribution data, N(E), were acquired
with a standard lock-in amplifier method by applying a
sinusoidal voltage modulation (5 V,, 4700 Hz) to the
inner two grids of the RFA. During the measurements the

TABLE 1. Charge doses accumulated by the samples during
measurements for given primary energy (E,) ranges.

Charge dose (10~ C/mm?)

E, < 100 eV 1.8
100 eV < E, <250 eV 0.7
E, > 250 eV 1
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sample was grounded. For these conditions the signal-to-
noise ratio was optimized, as quantified by electron
emission spectroscopy of a clean Au(111) surface, where
the primary peak of elastically reflected electrons exhibited
a full width at half maximum of 3.3 eV at E, = 1008 eV
[63]. The samples exhibit a homogeneous lateral surface
composition [15,20,64]. The onset of electron emission is
defined by the work function of the sample, i.e., by the
energy difference between Fermi energy Eyr and vacuum
level Ey,. For each spectrum, the linear extrapolation of the
leading edge of secondary electron emission was used to
determine Ey and to define E = 0 eV. This method of
defining the lowest kinetic energy of electrons leaving
the sample reduces the effect of different sample work
functions.

Spectra were acquired with increasing E\,. For each E,
the SEY was also determined with the RFA setup at ITU.
To this end, the grids of the RFA were grounded. Bias
voltages of £53.3 V were applied to the sample and the
resulting currents were used to determine the SEY defined
as (I, —1_)/I,, where I, (I_) is the sample current to
ground at positive (negative) bias voltage. The SEY was
also measured with higher precision for £, < 1800 eV on
identically prepared twin samples in a UHV apparatus at
CERN. The details of the CERN setup and the imple-
mented experimental conditions for SEY measurements are
described in detail in Ref. [20]. In the CERN setup sample
bias voltages of £47.1 V were used. The minimum E|, at
which the SEY measurements was measured at ITU was
8.6 eV, whereas at CERN the minimum E, was 0 eV
increasing in steps of 0.1 eV. Using biased samples in
principle enables SEY measurements for nearly zero
kinetic energy.

The influence of magnetic stray field was minimized
by carrying out the experiments in a w-metal chamber
(CERN) or shielding the electron trajectories in the RFA by
a p-metal cylinder (ITU). By applying the retarding bias
voltage to the samples, the kinetic energy of the emitted
electrons is lowered only close to the sample surface and
hence the sensitivity to stray magnetic field is reduced.

B. Samples

The preparation protocols of the different samples studied
here are exposed in detail in Ref. [65]. In brief, pristine
polycrystalline Cu OFE (oxygen-free electronic grade) was
used, that underwent the standard procedure for UHV
cleaning at CERN, i.e., a wet-chemical detergent-based
degrease procedure followed by rinsing in deionized water.

In order to generate a second type of important technical
samples, these surfaces were covered with a 260-nm-thick
Ti sublayer and subsequently coated with a 100-nm-thick
amorphous C top layer without vacuum break at CERN by
magnetron sputtering from a Ti and a graphite target,
respectively (a-C coating).

The third type of samples consists of Cu OFE surfaces
structured by 532 nm-picosecond laser irradiation in N,
inert atmosphere at the University of Dundee (Scotland),
which resulted in a line pattern of deep grooves with a
mutual separation of ~24 um. The details of the so-called
laser-engineered surface structuring (LESS) process can be
found elsewhere [65,66]. These samples are referred to as
Cu LESS in the following.

After sample preparation and surface modification the
samples were tightly wrapped in Al foil to reduce surface
impurity uptake, which is of importance for the a-C
coatings and the cleaned, but not passivated, Cu surface
[15]. This aging effect is negligible for a-C coatings [15]
and LESS, but could slightly affect the comparison made
between Cu OFE samples in the two different laboratories
especially for low primary energies. For this reason only the
SEY of a-C-coated and LESS samples was compared. The
different sample surfaces were analyzed directly after
loading to the vacuum recipient (as received, ar) and after
exposure to normal-incidence electron bombardment at
250 eV with a total dose of 1072 C/mm? (conditioned, ce).
Sample conditioning was performed by operating the
electron source of the RFA (ITU) at elevated current and
a flood gun (CERN) resulting in a current density of
0.41 uA/mm? and 0.15 yA/mm?, respectively. Cu OFE
samples were likewise studied after cleaning by Ar™
bombardment (ci) by exposing the sample surfaces to a
beam with an ion kinetic energy of 1200 eV at a partial Ar
pressure of 103 Pa. The acronyms of the samples and their
preparation state are listed in Table II.

TABLE II. Summary of sample acronyms.
Full Name Acronym
Samples

Pristine polycrystalline Cu OFE Cu OFE

Amorphous C-coated Cu a-C-coated

Laser-engineered surface-structured Cu Cu LESS
Preparation state

As received ar

Conditioned by electron irradiation
Cleaned by Ar™ ion bombardment

ce
ci
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III. RESULTS AND DISCUSSION

A. Energy distribution of secondary electrons

For each type of sample, N(E) was measured at ten
different values of E,. Figure 1 shows representative
examples for Cu OFE-ci samples [63]. The data depicted
in Fig. 1 are normalized to the SE maximum in order to
clearly visualize the overall behavior of N(E) for the wide
range of primary electron energies covered and to see the
relative SE and RE contributions to N(E) at the same time.
In agreement with previous findings [57] the RE contri-
bution, which peaks at E = E, progressively increases
with a lowering of E, and even exceeds the number of SE
for E, <25 eV. This behavior was observed for all sample
types investigated in this study, with the energy resolution
used in this experiment. The dominance of RE at low E,
was previously reported [58] and demonstrates the high
reflectivity for low-energy electrons.

The inset to Fig. 1 indicates how the fractions ¢ and ¢ of,
respectively, SE and RE with respect to the total number of
scattered electrons are extracted from N(E) data. To this
end, contributions of SE and RE are defined by fitting the
Shirley background function [67] below the RE peak. The
numerical integration of the resulting disjunct N(E) data-
sets yields areas Agg (gray hatched area) and Aggp (red).
Fractions ¢ and ¢ are defined as 6 = Agg/(Agg + Agg) and

»
T

N(E) (normalized)
N
T

2+ 4
L ol |
or a
| L | L | L |
200 300 400 500
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FIG. 1. Energy distribution curves, N(E), of secondary and

elastically reflected electrons as a function of their kinetic energy,
E, and for the indicated primary energy, E,,, of incident electrons
for Cu OFE samples that had been cleaned by ion bombardment
(ci). Raw (smoothed) data appear as dots (solid lines). The spectra
are normalized by setting the SE peak height to unity. N(E)
data with E, > 25 eV are vertically offset. Inset: definition of
secondary-electron (SE) and reflected-electron (RE) contribu-
tions to the total number of emitted electrons. SE and RE areas
are separated by the Shirley background (blue line). Numerically
integrated data, [ N(E) dE, are normalized to unity and presented
by the dashed green line.

0 = Agg/(Asg + Agg). For some samples, depending on
the shape of the SE peak, extraction of ¢ and ¢ was not
feasible for £, < 10 €V, due to the overlap of the SE and
RE peak. The respective data points are missing in Fig. 2
for these samples. For Cu OFE-ar, -ci and Cu LESS-ce,
however, the SE peak was still discriminable. Spectra
leading to the data of Fig. 2 can be found in the supporting
information [63].

Figure 2 shows the evolution of ¢ and ¢ with E;, for all
samples in their as-received [Fig. 2(a)] and irradiated
[Fig. 2(b)] state. These datasets corroborate the aforemen-
tioned observation, i.e., the dominant contribution of RE to
electron emission at low primary energies and the increas-
ing influence of SE at higher E,,. Importantly, the fraction of
SE and RE exhibits a rather universal behavior; that is,
independent of the type (Cu OFE, a-C coating, Cu LESS)
and preparation state (ar, ce, ci) of the samples, ¢ and ¢
evolutions with E, are approximately identical. This
universal behavior contrasts the strong differences of the
SEY for the samples, as discussed below. In particular, the
essential independence of ¢ and ¢ of the specific surface
texture is an important and original finding of the experi-
ments reported here.

The Furman-Pivi model [47] represents another, more
complex approach to the description of the electron
emission spectra N(E). It separates the SE, RE and defines
an intermediate energy range caused by backscattered

1 j ‘A. .‘.x RN i
0.8 - ."P as received N
L - A
0.6 - A m 5 o g CuOFE |
r ® o O g a-C-coatedH
0.4 - A G A g CULESS |
0.2 4
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5% (Aauuul ool Lol
S T — —
' g2 88 80% 7
0-8f > r conditioned ]
0.6 4
04' v o v @ CuOFE-ci
02 4 4
I YR Y@l ~ 1
0 - S—tipd M _
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FIG. 2. Fractions 6(E,) and o(E,) for (a) ar and (b) ce samples.
The same symbols as in (a) are used for ce samples in (b);
reversed triangles are chosen for Cu OFE-ci. Solid lines represent
fits to the ¢(E,) data using Eq. (1).
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electrons. In the analysis presented here we have refrained
from adding further parameters to model the obtained
experimental results because a numerical representation
of the experimentally observed SE and RE energy depend-
ence can be directly implemented into electron cloud
simulation codes.

Figure 2 shows that the ¢ dependence on E, may well be
described by [58]

oty o (Ver )

The physical basis of Eq. (1) is a quantum mechanical
model where a plane electron wave impinges onto a
negative potential step of depth e. However, Eq. (1) does
not fully capture the physics underlying the reflection
process. Indeed, the potential depth, which is, besides a
normalization factor, the only fit parameter of the model, is
on the order of 100 eV and exceeds the Cu work function by
far [63]. An improvement of the description of electron
scattering may be achieved by considering surface dipoles
and image charges.

Despite the aforementioned universality, there are some
differences in the ¢(E,) and o(E,) dependencies of
the different samples. Compared to a-C-coated samples,
Cu OFE and Cu LESS samples exhibit a slightly larger ¢
for E, 2 40 eV. It is likely that the a-C-coated surfaces
suppress the reflection of electrons more effectively [68—70].

Simulations of electron cloud formation or heat load in
accelerators rely on the empirical analytical description of
experimental data. Previous calculations identified two
major parameters influencing the simulated heat load,
ie., the E, dependence of the SEY even at low E, and
the SE energy distribution [71]. Therefore, the energy
distribution of secondary electrons (E < 50 eV) was like-
wise fit using a model function [72],

(1)

N(E)oci { ln(E)]

V2o

with ¢ and I' representing parameters that influence the
shape of the SE energy distribution, i.e., the energy of the
emission maximum and the full width at half maximum.
For E,, < 50 eV the spectra were cut at the onset of the RE
peak to enable convergence of the fit. Figure 3(a) shows the
result for Cu OFE-ci samples at E, = 96 eV. The variation
of the two fit parameters, y and I', are presented in Fig. 3(b)
for all probed E,. All N(E) spectra may be well described
by the empirical model function in Eq. (2). For decreasing
E, <100 eV, both p and I' increase [Fig. 3(b)]. Most
likely, this increase is due to a spectroscopic fine structure
of the SE peak, which leads to a broader line shape than
described by Eq. (2). A fine structure was reported from SE
spectroscopy of different materials attributed to

(2)

T T T T T T T T T T T
1+ (a)
- Cu OFE-ci .
g 08r Ep = 96 eV
g .
5] L
3 06 I o exp. data ]
2 o4l — EQ- (2) i
) L - - Eq. (3) i
= 02} :
o o .
| ! | ! | ! | ! | ! |
0 10 20 30 40 50
E (eV)
" 30 T T T (bT) i 2 L T
5 20 - u (eV) | /-—-— |
2 T 1L
g 1 0—: Nyga——— 1+ ‘5' /
< o +
o 1649 - 1 1d= — |
12f Seo Tl o > E (eV) §
0 500 1000 0 1000
E,(eV)
FIG. 3. Energy distribution curve, N(E), of a Cu OFE sample

cleaned by Ar*™ bombardment with focus on SE emission in the
kinetic energy interval 0 eV < E <50 eV. (a) N(E) (circles)
acquired at E, =96 eV. Fits to the data are depicted as solid
[Eq. (2)] and dashed [Eq. (3)] lines. (b) Evolution of fit
parameters u, I [Eq. (2)] with E;,. (¢) Evolution of fit parameters
x and Ej [Eq. (3)] with E;, for fixed ® = 4.5 eV.

contributions from population of critical points in the
unoccupied band structure and adsorbate-induced surface
resonances to the SE emission [40—42]. An increase of the
energy resolution at low E; can be excluded since the full
width at half maximum of the RE peak remained essentially
constant for £, < 300 eV.

Using a nearly-free-electron model [43,54,73] the energy
distribution of SE is approximated as

E

N(E) (E+ Ey)

E+ o) G)
(®: work function, Ej: free-electron band edge), which
holds for electron emission in any direction above the
surface [54]. An exemplary fit to experimental data is
presented in Fig. 3(a) as a dashed line. To fit the data, the
work function ®@ was set to 4.5 eV, which is a typical value
for Cu [74]. The variation of the remaining fit parameters
x and E, with Ej, is depicted in Fig. 3(c). For £, 2 100 eV,
x levels off at ~1.6, which is in agreement with a previous
report for Cu [54]. Fit parameter E,, however, exhibits
considerable variations with E, and deviates from a
previously reported value [54].

Due to the limitations of Eq. (3) (fixed ®, strong
variation of Ej), Eq. (2) seems to be more suitable for
the description of the data. Indeed, Eq. (2) was likewise
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used to fit the SE peak region for the other samples [63].
The extracted fit parameters exhibit an analogous behavior
as observed in Fig. 3(b), i.e., they attain nearly con-
stant values for Ej, 2 100 eV, which are similar for all
samples—yu between =5 eV and =7 eV, I" between ~0.9
and ~1.2—and exhibit stronger variations for £, < 100 eV
[63]. Difficulties in describing N(E) data at low E,, were
previously reported for simulations of experimental data
[43,44,46,61,75]. Several aspects that create a fine structure
within the SE signature of the materials cannot be easily
accounted for or represented in a fully quantitative manner.
They can also depend on experimental conditions such as
on the emission angle as well as on the crystalline proper-
ties of the samples [63]. Moreover, N (E) as measured with
an RFA is affected by the finite energy resolution that tends
to smooth out spectroscopic fine structure. However, the
resolution of a few eV does not modify the overall shape of
N(E), which can be used as input data for electron cloud
simulations. The precise simulation of N(E) would require
the knowledge of the electronic band structure and the
different faces of the polycrystalline copper surface, which
is well beyond the purpose of the present work.

B. Secondary-electron yield

In order to correlate the spectral dependence of electron
emission with standard energy-integrated SE measure-
ments, which are commonly used to qualify surfaces for
electron cloud mitigation capabilities, SEY (0) measure-
ments were performed for E, < 1800 eV using identical
twin samples at CERN. The data are compared to
measurements performed with the RFA setup at ITU in
which SEY data were measured at E;, used for spectral
analyses. Figures 4(a)—4(c) show the dependence of the
SEY on E, for all samples prior to and after electron (ion)
conditioning.

Owing to its lowest sensitivity to air exposure, the a-C-
coated sample can reliably be compared between the two
laboratories. Therefore, Fig. 4(b) includes exemplary the
comparison with the SEY measurements performed at ITU
and demonstrates the overall good agreement between both
experimental setups. The drop of the SEY from 6 =1 to
0 ~ 0 defines the energy at which the impinging electron
can overcome the barrier of the sample vacuum level. At
lower energies, the electrons are reflected from the surface
which results in 6 = 1. Above this threshold, electrons
penetrate the material and with increasing E,, can excite an

increasing number of SE to leave the surface. For E, > E,
with Ep the primary energy at which o reaches its

maximum, &, the primary electrons penetrate deeper into
the material and the enhancement of scattering-induced
energy relaxation in the bulk leads to a lower probability of
electrons to leave the surface. Qualitatively, the SEY
evolves similarly for Cu OFE and a-C-coated samples
and follows common trends of SEY curve shape [76,77],

T T T T T T T

1.6

1.2

0.4+

a-C-coated (b) ]

o ar, ITU ]
o c¢e ITU |

o
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—

«© 0.6 -

o o
N M
L

r cuLess (@ ]
0.8 .

0.4+

0 10‘ 2‘01 3‘0‘
0 500 1000
E, (eV)

1500

FIG. 4. Secondary-electron yield (§) as a function of the
primary energy (E,) obtained at CERN for all types of samples
studied in this work. (a) §(E,) for Cu OFE surfaces. (b) Like (a),
for a-C-coated samples. For comparison, ITU data are plotted as
open symbols. The uncertainty margins reflect the experimental
uncertainties in the measured sample current. (c) Like (a), for
Cu LESS samples. The insets to each panel depict the low-energy
(0 eV < E, < 35 eV) region of 6(E,).

with the material-dependent parameters 5 and Ep listed
in Table III. It is important to note that the properties
of the characterized samples are in very good agreement
with earlier SEY analyses of these different surfaces
[15,16,20,64,78]. In particular, the SEY maximum of 5=
1.45 for the Cu OFE-ci surface, Fig. 4(a), is found at
E, =700 eV.

The SEY evolution of the laser-treated Cu surface
[Fig. 4(c)], however, deviates from the §(E,) behavior
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TABLE III. Summary of maximum SEY (6) and its energy
Ep = EP(S) obtained by experiments at CERN for all types of
samples in their ar and ce states.

Cu OFE-ar;ce  a-C-coated-ar;ce Cu LESS-ar;ce
5 1.99; 1.08 1.16; 0.89 0.72; 0.46
Ep eV) 250; 350 275; 275 600; 700

observed from the other samples. It is rather flat for
E, Z 300 eV, which indicates that for the nanostructured
surface, different scattering mechanisms become more
relevant.

Figure 4(a) shows that both electron and Art ion
bombardment of Cu OFE-ar surfaces leads to a strong
reduction of the SEY. The maximum SEY of the samples is
reduced by ~45% after electron bombardment, while Ar™
ion impact leads to a reduction of ~30%, in agreement with
previous studies [20,78].

A strong reduction of 5 after electron irradiation is also
evident for the other samples, with the SEY maximum of
the a-C coating being reduced to a value slightly below
unity and for the laser-treated surface even below 0.5. This
observation is in accordance with previous descriptions of
electron conditioning, where beam screen material reduces
its SEY due to electron cloud impact and related chemical
modification of the surface [19,22,23]. The decrease of the
SEY upon electron irradiation observed in a-C-coated
samples compared to their ar-state shows that the latter
was influenced by airborne adsorbates. Obviously, in con-
trast to a bare polycrystalline Cu surface, whose & is in
general below the multipacting thresholds of most compo-
nents of the CERN accelerator chain [30,79] only after
electron conditioning, the two surface modifications—a-C
coating and surface laser treatment—do not require con-
ditioning to efficiently suppress the electron cloud effect.
The prevention of any avalanche effect of electron emission
allows in theory an efficient electron cloud mitiga-
tion, which is especially required for the high-luminosity
operation of the LHC starting in the upcoming years
[80] and for the recently approved electron-ion collider
(EIC) [81,82].

The low-energy SEY [insets to Fig. 4(a)—(c)] exhibits
distinct features that result from the sample electronic
structure. The surface composition of the individual mate-
rials as well as possible surface adsorbates due to air
exposure contribute to these features. Because of a low
electron inelastic mean free path (<1 nm) in this energy
range, low-energy SEY is particularly sensitive to the
outermost composition of the surface. For Cu and other
metal surfaces [20,83,84] as well as for carbon-based
materials [85,86] these aspects were previously discussed.
Further detailed studies focusing on the description of these
features are the topic of forthcoming research.

IV. CONCLUSION

Using a four-grid RFA combined with lock-in detection
enables the energy-resolved acquisition of SE emission
spectra with low charge dose of the sample. A universal
behavior of SE ratios with the primary energy of impinging
electrons is observed for pristine, a-C-coated and laser-
treated Cu samples, which is nearly identical for as-
received and conditioned surfaces. The SEY is lowest
for the laser-structured surfaces for all primary energies.
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