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Electron cloud mitigation is an essential requirement for high-intensity proton circular accelerators.
Among other solutions, laser engineered surface structures (LESS) present the advantages of having
potentially a very low secondary electron yield (SEY) and allowing simple scalability for mass production.
Two copper liners with LESS have been manufactured and successfully tested by monitoring the electron
cloud current in a dipole magnet in the SPS accelerator at CERN during the 2016 run. In this paper we report
on these results as well as the detailed experiments carried out on samples—such as the SEYand topography
studies—which led to an optimized treatment in view of the SPS test and future possible use in the HL-LHC.

DOI: 10.1103/PhysRevAccelBeams.20.113201

I. INTRODUCTION

The electron cloud (e-cloud) phenomenon has long been
recognized as being a major limiting factor for the beam
quality of high-intensity accelerators of positive particles
[1–3]. The electron multiplication phenomenon inherent in
the e-cloud is directly linked to the secondary electron yield
(SEY) of the surfaces of the vacuum chamber facing the
particle beam. SEY thresholds have thus been evaluated
for most accelerators through specialized codes [4], result-
ing usually in the range 1.1–1.3, lower than the SEY of
typical metal surfaces used for the construction of accel-
erator vacuum chambers. Consequently, operational SEY
mitigation techniques have been developed including the so-
called “beam scrubbing” [5], where intense electron bom-
bardment from the e-cloud results in progressively reduced
SEY. Engineering solutions have also been devised and
applied by design in several cases. Among those, one should
mention clearing electrodes [6], weak solenoidal magnetic
fields [7], thin-film coatings, in particular TiN [8] and

amorphous carbon (a-C) [9], topographic surface modifi-
cations either mechanical [10] or chemical [11], or a
combination of these [12]. In the case of modified topog-
raphy, the horizon for escape of the secondary electrons is
reduced, and when impinging the nearby surfaces their low
energy prevents further multiplication, thereby lowering
the SEY.
In practice, topographic surface modifications are usu-

ally implemented at the manufacturing stage of the vacuum
chambers. A new approach for the creation of topographi-
cally reduced SEY has been demonstrated recently [13],
triggered by the success in achieving organized surface
structuring of metals using robust industrial-grade short
pulsed laser sources. The laser engineered surface struc-
tures (LESS) process has the advantage of being performed
in air, and it can be extended to an in situ treatment inside
existing accelerator vacuum chambers by implementing an
appropriate beam delivery system. Motivated by this
possibility, CERN has undertaken a feasibility study, in
collaboration with the University of Dundee and ASTeC, in
order to identify the potential of this technology for a
possible application to the high-luminosity upgrade of the
LHC (HL-LHC) [14].
Without mitigation measures, the energy deposited by

the e-cloud on the beam screens of the focusing quadrupole
magnets of the experiments in the HL-LHC will become
too large compared to the local cryogenic cooling capacity
[15]. New magnets will be manufactured for the interaction
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points 1 and 5 together with new beam screens, thus
allowing implementing ex situ the required SEY mitigation
technique, the present baseline being an a-C coating. The
magnets and the screens at the interaction points 2 and 8
will instead remain unchanged, thus calling for in situ
application of a mitigation treatment. Although an a-C
coating can be deposited in situ, the challenges of imple-
menting the vacuum sputtering process have suggested that
the development of an alternative approach is required, in
terms of implementing LESS. As an initial part of this
program, we have optimized the laser engineering param-
eters on copper through sample studies, and then imple-
mented LESS on two copper liners whose performance in
terms of e-cloud intensity has been assessed in an accel-
erator for the first time. In this paper, we discuss in detail
these sample studies and the experimental measurements
on the liners carried out with an e-cloud monitor (ECM) in
the SPS accelerator.

II. EXPERIMENTAL SETUPS

A. Sample preparation and SEY characterization

Samples were prepared out of 1-mm thick Cu-OFE
sheets, cut into strips of 120 mm × 20 mm for convenience,
degreased and passivated at CERN following standard
procedures prior to shipping for laser treatment. All strips
were laser treated either at the University of Dundee or by
ASTeC, and shipped back to CERN wrapped in silk paper
and a layer of aluminum foil, then packaged inPEbags back-
filled with nitrogen. The time between sample laser treat-
ment and SEY measurement was usually of the order of a
couple of weeks.
SEY measurements at CERN have been performed using

the facility described in detail elsewhere [16]. The mea-
surements are performed in UHV, and the samples are
inserted in the measurement chamber through a load-lock
system. Typical sample size is 15 mm × 20 mm, and the
measurement is performed usually on five different spots of
about 2 mm2 in order to assess reproducibility of the

treatment. The measurements proceed typically by scan-
ning the energy of the primary electrons, which impinge on
the surface at normal incidence, from 50 to 1750 V while
measuring simultaneously the currents to the sample and to
the secondary electrons collector, from which the SEY is
calculated. The precision of the measured SEY values is
estimated at �0.05. The total dose delivered during the
measurement of one SEY curve like those reported in the
next section is about 10−6 Cmm−2, which is low enough to
prevent any conditioning during the measurements. No
surface charging was detected either, each measurement
curve being reproducible within the experimental
uncertainty.

B. Liner preparation and SPS test setup

The present experiments were conducted in two of the
four ECM test stations available in the SPS accelerator,
described in detail in [9,17] (Fig. 1). Each test station
comprises a so-called C-magnet, usually set to produce a
dipole field of 0.12 T equal to the SPS injection field,
enclosing a round vacuum chamber into which the liners
are inserted. The liners for the SPS accelerator test were
manufactured from Cu-OFE sheets. They are 1030 mm
long and have a cross section similar to that of the main
bending type B dipole chambers (MBB) of the SPS, where
the e-cloud phenomenon is the most severe. The top face of
the liners has a series of 2 mm diameter holes distributed
over a total surface of 380 mm × 110 mm, with a total
transparency of about 7%, allowing the electrons of the
cloud to escape and be collected by the multistrip electron
current monitor. The laser treatment was limited to two
mirroring areas on the top and bottom inner faces of the liner,
sufficiently wide transversally to encompass the entire
e-cloud and extended longitudinally beyond the perforated
region, see Fig. 2(a). Since the dipole magnetic field lines
confine the e-cloud phenomenon locally, electrons gener-
ated in the untreated regions are not collected. The laser
treatment has been performed at the University of Dundee
and by ASTeC on the open top and bottom halves of the

(a) (b)

FIG. 1. (a) Schematics of the ECM system. (b) Assembly of the C-magnet in the SPS tunnel.
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liners, shipped to CERN for their final assembly performed
by spot welding. The finished liners have been degreased
with alkaline detergents following the standard CERNUHV
procedure for copper.
The multistrip electron detector is assembled outside the

liner in correspondence with the perforated region and
comprises 48 longitudinal pickup copper strips supported
on a polyimide foil, positively polarized and which can be
read individually. Prior to assembly on the liners, the
electron detector is baked in vacuum at 120 °C for 24 hours,
in order to partly degas the water absorbed by the poly-
imide. One final assembly is illustrated in Fig. 2(b).

C. Laser treatment process

Different lasers treatment procedures have been tested in
the two SPS liners, after a substantial development work on
samples.
A number of test sampleswere produced for initial studies

at the University of Dundeewith subsequent comprehensive
surface characterization performed at CERN. The laser
surface structuring was carried out using a linearly polarized
10-ps laser beamwith awavelength of 532 nm at a repetition
rate of 200 kHz. The laser beam had a Gaussian intensity

profile (M2 < 1.3) and was focused onto the copper target
surface using a flat-field scanning lens system—a special-
ized lens system in which the focal plane of the deflected
laser beam is a flat surface—equipped with a telecentric
F-theta lens. These arrangements allowed for offsetting the
off-axis deflection of the beam through the focusing lens
system. The diameter of the focused spot—between the
points where the intensity has fallen to 1=e2 of the central
value—was measured to be ∼12 μm leading to a laser beam
intensity of ∼0.4 TWcm−2 in the focus. Throughout the
experiments, an average laser pulse energy of ∼5 μJ was
used, leading to a laser energy fluence of ∼4.2 J cm−2. This
value is well above the experimentally measured value for
the ablation threshold of copper at 532 nm of ∼0.42 J cm−2,
but is well below the assessed thermal threshold of copper
at 532 nm of ∼10.6 J cm−2. These were determined exper-
imentally using the self-consistent evaluation of the Gaussian
beam diameter and the ablation threshold as described
in [18].
For the preliminary experiments, the laser beam was

raster scanned over the surface of the target at 10 mms−1,
irradiating 2mm×2mm areas using a computer-controlled
scanner system. Two different scanning techniques were
employed for these experiments, namely cross hatched (CH)

FIG. 2. (a) Schematics of the laser treated region on the top half of the liner; the bottom half is treated symmetrically. (b) One of the
finished liners assembled with the stripline monitor before installation in the SPS magnet.
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scanning, shown in Fig. 3(a), and line hatched (LH)
scanning, shown in Fig. 3(b). For the LH pattern the laser
was scanned only in one direction, while for the CH pattern
the laser was scanned over the surface in two perpendicular
directions to form a grid pattern, with the total number of
pulses fired onto the target surface being twice as many as in
the LH pattern, thus doubling the time required for treat-
ment. During each scan in the LH patterning approximately

240 pulses per spot were fired onto the target. Using the laser
parameters employed here, the theoretical assessments
based on the 1D thermal diffusion model for picosecond
pulsed laser ablation [19–21] have led to an ∼180 nm
ablation depth per laser pulse. Therefore, the experimentally
assessed ablation depth of (35 μm� 6 μm) in Fig. 3(d) for
the LH pattern is in good agreement with the theoretically
predicted value of ∼43 μm. It has to be pointed out that,

(a)

(c)

(e)

(d)

(b)

FIG. 3. (a) SEM top view of a Cu sample treated with CH pattern and (b) LH pattern at the University of Dundee. (c) Optical
microscope image of a mechanically cut and polished cross section of (a) where the average depth of the grooves is estimated at
53� 5 μm and (d) cross section of (b), where the average depth of the grooves is estimated at 35� 6 μm. (e) SEM cross-section image
illustrating the larger ablated depth at crossing patterns.
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although in the CH patterning approximately 480 pulses
per spot are fired onto the target at the crossing of the
patterns, the experimentally observed ablation depth of
(53 μm� 5 μm) in Fig. 3(c) is indeed expected, rather than
higher values. This is due to the fact that in the CH pattern
and during scanning of the surface in the second direction,
the laser beam faces an uneven surface that has already been
modified by the first scan. Hence, a proportion of the optical
energy is deflected by the structures produced during the
first scan. This prevents further penetration of the laser beam
into the material. Figure 3(e) clearly illustrates the larger
ablated depth at the line crossing.
A scanning electron microscope (SEM) image of the

cross section of a sample analogous to Fig. 3(b), cut
with a focused ion beam (FIB), is illustrated in Fig. 4.
From these images one can clearly distinguish a first
region visible immediately above the bulk Cu-OFE and
roughly estimated in hundreds of nanometers of thickness
which presents close porosity and where the material
seems to be adherent to the bulk, indicated by the red
rectangle in the figure. A second region, indicated by a
green rectangle, of an estimated thickness of a few
microns and in direct contact with the bulk Cu-OFE or
over the first mentioned region, presents a lower density
and open porosity with cavities of varying size, made of
particles that are only slightly attached to each other or to
the bulk copper.

The liner at the University of Dundee was structured in
house in air at atmospheric pressure using the above laser
parameters. The LH patterning was selected for this liner
due to the smaller laser beam penetration depth during the
interaction. This is also motivated by the fact that the
LHC beam screens are fabricated with a special high-Mn
stainless steel alloy (P506) co-laminated with an 80 μm
thick Cu-OFE layer, setting the maximum depth of the
possible surface structuring at about one-half of this
value. The lines of structures were produced along
the length of the liner, i.e. parallel to the beam axis. The
employed laser parameters resulted in only small loose
clusters (less than 1 μm in diameter) being generated
during the structuring process that were extracted using
a laser fume extractor equipped with a filter throughout
the laser surface structuring experiment. In order to cover
the envisaged area of 460 mm × 80 mm on each half
of the liner [Fig. 2(a)], the lens patterning area was set
to 40 mm × 46 mm, adjusting the laser focus at the center
of each square. Two rows of ten squares were laser
structured on each half of the liner [see Fig. 6(a)], taking
approximately 80 hours of total processing time for the
liner. No pressurized nitrogen flow was used to remove dust
prior to shipment.
A comprehensive study on the laser ablation process

parameters was also carried out by ASTeC. Most of this
development work was performed using a 355 nm laser of

FIG. 4. Comprehensive view of a FIB cross section of a LH sample analogous to Fig. 3(b), at progressive magnifications clockwise
from top left. The platinum top layer, of lighter color in the images, is added as a part of the FIB etching process, to improve image
quality minimizing artifacts. The colored rectangles indicate the different regions mentioned in the text.
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3 W average power, with a pulse duration of 25 ns at
repetition rate of 40 kHz (75 μJ per pulse). This results in a
fluence of 42 J cm−2 for a spot diameter of 15 μm at 1=e2

Intensity. This work is discussed and summarized in detail
in [22], where several scanning speeds and pitches were
tested.
Based on these results, two sets of laser parameters

were identified as most suitable for accelerator application,
namely those with scan speeds of 90 and 120 mm=s (see
Fig. 5) with an LH pattern at 10 μm scanning pitch, which
result in groove depth of 35 and 20 μm respectively. These

represent different compromises among the maximum
depth of the treatment, the resulting SEY and the rf surface
resistance [23].
The liner by ASTeC was laser treated following

the ASTeC defined parameters at Micronanics Laser
Solution Centre (RAL, Oxfordshire, UK) also in air at
atmospheric pressure. To pattern the desired area on each
half of the liner an F-theta scan lens was used. The error in
flatness was compensated for by first leveling the liner
surface and then mapping the surface and using a correction
table to correct each site for focus changes. Due to the

FIG. 5. SEM images of test samples treated with LH pattern by ASTeC at 120 mm=s (a) and 90 mm=s (b) showing an hierarchy of
surface structures at different magnifications on top views (three top rows) and cross section views (bottom row).
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restricted patterning area of the used lens, an area of
20 mm × 20 mm was scanned first. This was repeated
for two rows covering an area of 460 mm × 40 mm with a
scan speed of 90 mm=s, with the grooves parallel to the
beam axis. The scan speed was then increased to 120 mm=s
and a further two rows processed, on the adjacent region
symmetric to the liner axis. Due to the locality of the e-
cloud in a dipole magnetic field, it is in fact possible to treat
regions of the liner which are laterally symmetric with
respect to the beam axis with different laser parameters, and
measure any difference in e-cloud performance within one
single experiment [9].
The other half of the liner was treated performing a

mirror image so that the areas treated at 120 mm=s scan
speed would be top and bottom of the same half of the tube,
likewise with the areas treated at 90 mm=s scan speed [see
Fig. 6(b)]. The total process time was also of the order of
80 hours.
All laser treatments were carried out in a class 3 clean

room, and a filtered extraction was used to collect as much
of the debris produced during the ablation processing as
possible. Furthermore, pressurized nitrogen flow was used
to remove dust prior to shipment.

III. RESULTS AND DISCUSSION

A. SEY

All laser structuring experiments discussed here were
performed in air at atmospheric pressure. Typical SEY
curves for samples cut from strips treated at the University
of Dundee are reported in Fig. 7, for CH (green curve) and
LH (red curve) patterns, averaged over five sampling
locations each. Both show SEY lower than 1, which would
result in full suppression of any electron multipacting
phenomenon in a particle accelerator. This result, coupled
to the strong reduction in the depth of the etched trenches
and the obvious reduction of a factor 2 of the time needed
for treatment, motivated the choice of the LH pattern for
treating the SPS liner.

A sample from the same LH production batch, kept for
almost one year at CERN in air wrapped in the original
packaging, has been measured with the goal of verifying
aging. The result is reported in Fig. 8 (plotted in purple),
together with the SEY curve of a typical pristine sample (in
red). The SEY degrades by less than 0.1, indicating a very
good stability of the laser treatment.
As reconfirmation of the results published in [22], SEY

measurements have been performed at CERN also on
samples from ASTeC produced at 90 and 120 mm=s.
These are reported in Fig. 9. Although the SEY curve is
slightly higher than that of the samples from the University
of Dundee, SEY is below 1 up to primary electron energies
of about 1 keV, well above the typical electron energies in
the e-cloud [3].
It should be noted that the trenches observed for example

in the LH pattern in the SEM images of Fig. 3 take at most
20% of the sample area. Even if no secondary electrons
were at all emitted from these areas, this would not be

 

(a) (b)

FIG. 6. Perforated side of the liners treated (a) at the University of Dundee, and (b) by ASTeC. In (b), the two regions treated with a
different set of laser parameters are clearly visible, the darker area having been treated at 90 mm=s.

FIG. 7. SEY comparison of CH (green circles) vs LH (red
squares) patterns for samples from the University of Dundee.
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sufficient to explain a reduction of SEY from the value of
∼2 typical of unconditioned copper [24] to values lower
than 1. Thus, it is plausible to deduce that the dominant role
in reducing SEY is played by the fine copper structures on
the surfaces between the trenches produced by redeposited
metal from the ablation process, and not by the trenches
themselves, as can be evinced also from Fig. 5. The lower
SEY resulting from the CH pattern could then be ascribed
to the larger amount of this fine structure observed in the
SEM images, due to the doubling of the ablation.
We also carried out measurements of the pressure

decrease versus time, the so-called pumpdown curves, of
different sets of strips laser treated at the University of
Dundee and inserted in a dedicated vacuum system,
pumped with a turbomolecular (TM) pump. In this regime,

the measured water outgassing is typically attributed to the
effective surface area, as compared to the geometric area of
a sample. Using the standard criterion of measuring the
water outgassing after ten hours of pumping, laser-treated
samples showed outgassing values of the order of 100 times
larger than for plain copper, which can be ascribed to the
presence of the fine copper structures on the surface. The
large uncertainty inherent in this measurement did not
allow identifying any major differences between LH and
CH laser patterns. Although the large water outgassing
could certainly be a limit for some applications, it is not
expected to have a major impact in our case, due to the
limited area treated compared to the surrounding environ-
ment, as will be discussed later.
As mentioned earlier, the liner fabrication process

required a final degreasing including ultrasonic agitation

FIG. 8. Secondary electron yield of a University of Dundee LH
sample as received (red squares) and after 12 months of aging
(purple circles).

FIG. 9. SEYof samples from ASTeC treated at 90 mm=s (dark
blue circles) and 120 mm=s (light blue squares) with LH pattern.

FIG. 10. SEY curves for: (top) LH samples produced at the
University of Dundee before (red squares) and after (grey circles)
the CERN standard cleaning procedure; (bottom) LH 120 mm=s
samples from ASTeC before (light blue squares) and after (black
circles) the same cleaning procedure.
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following the standard CERN procedure for copper in order
to guarantee surface cleanliness compatible with UHV. This
might damage the surface and result in a change of SEY
because of topography changes. An experiment has thus
been performed on samples provided both by the
University of Dundee and ASTeC, measuring SEY after
a standard degreasing cycle. The results are shown in
Fig. 10, where a clear change in the shape of the SEY curve
can be seen, namely a reduction of the SEY peak energy
Emax. On a rough surface, the average incidence angle at
which the primary electrons encounter the material is larger
than for normal incidence on a flat surface, and as a
consequence the effective penetration depth of the primary
electrons in the material decreases. This favors the escape
of the secondary electrons up to a larger primary energy
than for normal incidence and therefore the Emax increases
with roughness. In the present case, removing part of the
roughness by the ultrasonic treatment brings the samples
back in the direction of a flat surface, and the Emax
decreases.
As an example, the surface modification resulting from

the cleaning process is clearly visible from the SEM
images in Fig. 11, performed on a CH sample from the
University of Dundee. We should also note that neither
surface modification nor visible particle detachment
was observed when blowing the surface of a reference
sample with a common laboratory nitrogen gun, fed at
3 bar. On the other hand, particles up to 3 μm in size were
observed to detach from the surface when sampling it with
adhesive tape and analyzing the collected material under
the SEM.
Although the peak values of SEYare here close to unity,

the e-cloud threshold calculated for the SPS liners is of the
order of 1.3 [25], thus full e-cloud suppression is expected
from the SPS experiment.

B. SPS results

Two liners have been treated following the procedures
discussed above, and installed in the SPS accelerator during
the Year-End Technical Stop 2015–2016 in the ECM test
stands #1 (treated at the University of Dundee) and #4
(treated by ASTeC). A standard copper liner was already
installed in one of the other test stations (#2) to serve as a
reference, while test station #3 was still equipped with
an a-C coated copper liner, installed in the 2007–2008
accelerator winter stop and kept in the machine for a long-
term study.
Pumpdown of the vacuum sector containing the four test

stations was carried out following SPS standard proce-
dures, by first evacuating with TM pumps until pressure
reaches the range of 10−6 mbar, when ion pumps are turned
on. These are then kept on during machine operation, after
disconnecting the mechanical pumping stations. Pressure
decrease curves in this particular accelerator sector are
strongly influenced by all the other accelerator components
which are present, thus no information on the water
outgassing from the liners surface could be deduced.
This is in line with expectations, given the limited amount
of treated surface compared to the size of the vacuum
sector, and similar to what was observed with a-C coated
liners [9].
An accelerator test run of four hours, a so-called machine

development (MD) session, took place in June 2016—
solely dedicated to this study—the operation of the dipole
field in the ECM test stations being incompatible with
normal operation or other machine studies. The chosen
beam conditions for the measurement follow common
practice for this type of studies [9]: 26 GeV proton beams
(no acceleration) of four batches of 72 bunches each
(288 total) with a bunch spacing of 25 ns and a bunch
charge of 1 × 1011 protons. The beam is circulating for

FIG. 11. SEM images at different magnifications of a CH reference sample produced at the University of Dundee (top row) and of a
twin sample after cleaning with ultrasonic agitation for 5 minutes (bottom row).
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approximately 20 s, after which it is dumped and a new
beam is injected again in a global cycle of 24.5 s. The
bunch population and thus the average machine current
has been stable within a few percent throughout the
duration of the experiment.
The signals of the 48 strips of the detectors have been

summed and integrated over the duration of each machine
cycle, and each of the resulting data points is plotted as a
function of time during the experiment in Fig. 12. Both
laser-treated liners, as well as the a-C coated liner, show an
electron signal which is about 4 orders of magnitude
smaller than the reference copper liner. Copper shows
clear signs of conditioning during the experiment as
expected, the signal reducing by more than a factor 2
but still remaining much stronger than in the liners treated
with SEY mitigation techniques. Some intensity difference
is seen among the three liners having e-cloud mitigation
treatments, correlated with the measured SEY. A minor
trend of improvement can also be seen in one of the laser
treated liners and in the a-C coated one. However, in all
cases the SEY is expected to be well below the electron
multiplication threshold and thus the measured signal
should come only from primary electrons. At these low
intensities, it is possible that the measured differences could
then arise from experimental artifacts. In Fig. 13 we report
the sum of the current of the 48 channels of each detector

plotted against time during 25 s, thus covering a represen-
tative accelerator cycle. The signal measured in the laser
treated and a-C coated liners appears to be largely domi-
nated by random noise having both positive and negative
values. The integration of this signal, which would result in
one data point in Fig. 12, should thus be assumed
compatible with zero within experimental uncertainty.
On the other hand, in the case of the untreated copper
liner, one can clearly identify the injections of each of the
four batches of 72 bunches, and the consequent progressive
development of the e-cloud. We should also note that as
expected we saw no differences between the two sides of
the liner treated by ASTeC, which were treated with
different laser parameters, when integrating and comparing
the two sets of 24 channels on each side.
The suppression of the e-cloud phenomenon is usually

associated with an improvement of dynamic vacuum in
operation. However, as discussed in [9] for a-C coated
liners, the large conductance of the vacuum chambers
does not allow in this test to put in evidence any
correlation between SEY reduction and vacuum levels,
the latter being largely dominated by the untreated
machine parts.
The laser-treated liner installed in the ECM test stand #1

will be kept in the SPS accelerator with the goal of
performing long-term studies. The measurement has

FIG. 12. Integrated signals from the ECMs during the total duration of the experiment in the SPS. (top) Reference copper liner;
(bottom) liners with e-cloud mitigation: blue squares—treated by ASTeC, brown triangles—treated at the University of Dundee and
green lozenges—a-C coating. Note the difference in vertical scales.

SERGIO CALATRONI et al. PHYS. REV. ACCEL. BEAMS 20, 113201 (2017)

113201-10



already been repeated after one year, during an analogous
MD session performed in July 2017 with similar beam
parameters, reproducing the results obtained earlier. This
confirms the stability of the laser treatment over time for
suppressing e-cloud, as was already anticipated by the SEY
results shown in Fig. 8.
The SPS test successfully proves the total suppression of

the e-cloud phenomenon, as was anticipated from the
measured SEY values, thus giving a strong motivation
for further study of this technique in view of its imple-
mentation for the HL-LHC.

IV. CONCLUSIONS AND OUTLOOK

Electron cloud mitigation based on LESS has been
successfully demonstrated for the first time in a particle
accelerator. Extensive development work on test samples
through optimization of the laser treatment parameters and
the SEY, demonstrated that SEY <1 can be consistently
achieved for practical implementations on technical surfa-
ces. This allowed treating two 1-m copper liners, which
were inserted in short dipole magnets of the SPS accel-
erator. The electron current measured by stripline monitors
connected to the two test liners showed that in this
configuration the e-cloud induced by the SPS proton beam
is suppressed as efficiently as by the a-C coatings. The
different laser parameters employed for treating the two

liners led to similar results, demonstrating the robustness of
the laser technology.
The work presented in this paper motivates further

investigation into the LESS technology, in particular to
assess its potential for e-cloud mitigation at cryogenic
temperature, including its effect on beam impedance and on
static and dynamic vacuum due to roughness and the
increased surface area, and to quantify possible particle
generation. The engineering goal at this stage is to scale up
the demonstrated laboratory-scale process to the automated
treatment of larger components using industrial-grade
devices, which should allow to greatly improve the treat-
ment speeds. Hence, a collaborative effort with the goal of
producing a laser device aimed at in situ treatment of the
HL-LHC triplet surfaces has recently been launched, as a
first step in investigating large-scale deployment of this
technology.
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