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ABSTRACT
Laser-induced surface structuring is a promising method to suppress electron mulitpacting in the vacuum pipes of particle accelerators.
Electrons are scattered inside the rough surface structure, resulting in a low Secondary Electron Yield (SEY) of the material. However, laser
processing of internal pipe surfaces with a large aspect ratio is technologically challenging in terms of laser beam guidance and focusing.
We present a 532 nm ultrashort-pulse laser setup to process the inner parts of 15 m long beam vacuum tubes of the Large Hadron Collider
(LHC). Picosecond pulses at a repetition rate of 200 kHz are guided through an optical fiber toward an inchworm robot traveling inside the
beam pipe. The system was installed, characterized, and tested for reliability. First surface treatments achieved the required scan precision.
Cu2O-dominated nano-features were observed when processing at high average laser power (5 W) and slow scanning speed (5 mm s−1) in
nitrogen flow, and the maximum SEY of copper was decreased from 2.1 to 0.7.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0166156

I. INTRODUCTION

Ultrashort-pulse laser processing allows for both fast and
precise texturing of surfaces and objects, typically seeking low-
reflectivity, high-emissivity,1,2 or surfaces with defined wetting
properties.3–6 With the rapidly evolving laser technology, higher
peak powers, shorter pulse lengths, and higher repetition rates are
being achieved, enabling high efficiency and large-scale processing.

These processes are well developed on planar surfaces. How-
ever, there is a growing interest in three-dimensional (3D) laser
processing of objects with peculiar shapes for industrial or scien-
tific applications, such as laser-based cleaning of artworks,7,8 laser

milling,9 or laser-texturing.10–12 The challenge here is to access all
regions of the target and to irradiate them at an optimum focused
laser fluence, which ideally requires normal incidence of the laser
beam and adjustable focusing.13,14 Thereby, either the object itself or
the laser beam must be guided. Three-dimensional laser measure-
ment systems are being conventionally used to acquire the work-
piece geometry and to adjust the focal distance accordingly.15 To
overcome the focal adjustment complexity, large Rayleigh lengths
or diffractive elements have been used to enlarge the focal depth of
the system or to divide the object into multiple subregions of low
curvature.12,16,17 Moreover, multi-axial or robot-assisted scanners
are needed to access an object universally.8
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Particularly challenging is the processing of internal surfaces
of an assembled and fixed object due to the restricted access, the
associated spatial hindrance of the laser optics, and the fact that the
object cannot be rotated. This rises the need for a beam delivery
from the laser source to the target surface using for instance opti-
cal fibers.18 In this study, a laser treatment of the internal parts of
beam pipe tubes (beam screens) of the Large Hadron Collider (LHC)
of 0.06 m in approximate diameter and a length of up to 15 m is
targeted. The treatment is intended to suppress an electron cloud
build-up in the vacuum tubes during accelerator operation, which
can negatively impact its performance.19–21 The laser-induced sur-
face roughening reduces the SEY of the surface,22–25 which is the
amount of secondary electrons that are generated per incident elec-
tron. Consequently, secondary electron multiplicating in the LHC
during beam circulation can be suppressed.26 Starting in 2029, the
LHC is expected to operate at higher luminosity27 and the electron
cloud density is expected to reach unacceptable values in certain
areas of the machine. Therefore, the beam screens (BSs) of selected
LHC units need surface treatment. However, they are installed inside
dipole or quadrupole magnet assemblies that comprise a cryogenic
cooling system and a complex vacuum system. The removal and
replacement of the beam screens is an elaborate and time consum-
ing operation, and in some cases, these magnets are unique. This
high risk operation must be avoided, and a solution for an in situ
treatment is required.

The beam screens are made of stainless steel, and a 75 μm thick
copper layer is laminated onto the inner side. The tube consists of
two opposed curved surfaces and two flat parts with a “hippodrome-
like” cross section, thus ideally requiring a laser treatment at variable
focal operation distance. Additionally, the distance between the flat
parts is only ∼61 mm. The small aperture together with the length
of up to 15 m makes the beam delivery from the laser source to the
target surface complex. Until now, no industrial solution is avail-
able to process such an object. Considering the length of the object,
processing is likely to take several days or weeks, during which the
whole system must operate stably, and especially, the optical system
must be in thermal equilibrium. To obtain a laser-textured Cu sur-
face that efficiently reduces the SEY, our previous study revealed that
an average laser power of ∼2 to 5 W at accumulated laser fluences of
100–1000 J cm−2 is necessary.25 The surface structures must not be
highly precise, but a distance of 50 ± 5 μm between the individual
scan lines would ensure a homogeneous treatment.

Herein, we present the developed laser surface treatment setup
that meets all the mentioned requirements. The system includes a
hollow-core photonic crystal fiber for 532 nm ultrashort laser pulses
combined with a beam delivery system and robot-assisted beam
scanning. The setup was characterized and tested for reliability, and
surface treatments were performed and analyzed by Scanning Elec-
tron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS),
and SEY measurements.

II. INSTRUMENTATION OF THE LASER
TREATMENT SETUP
A. Experimental setup overview
and optical components

An overview of the laser treatment setup is shown in Figs. 1
and 2. The aim is to imprint micro- and nanostructures on the

FIG. 1. In-situ laser treatment setup composed of a 532 nm laser source (Coherent
HyperRapid NX), a beam delivery system (GLOphotonics), a 15 m hollow-
core photonic crystal fiber (GLOphotonics), and a robot (Waygate Technologies
Robotics) that travels inside the beam screen and irradiates the inner copper
surface.

copper surface of the BS. Therefore, an ultrashort-pulse laser source
(20 W, 10 ps, and 200 kHz) with a wavelength of λ = 532 nm, at
which copper has a high absorption (∼50%), was chosen to increase
the ablation efficiency. A beam delivery system (BDS) was installed
after the laser source in which the power (PBDS) is regulated by an
attenuator composed of a half-wave plate (HWP), which allows for
selective rotation of the light polarisation axis, and a fixed thin film
polarizer, which then filters out that part of the light that is not
aligned with the polarizer axis. The 5 mm beam diameter of the laser
source is shaped and focused into a 15 m long hollow-core photonic
crystal fiber (HCPCF) to a mode field diameter MFD of

MFD = 2
√

Aeff/π = 26.4 μm (1)

using the approximation of the effective area Aeff =̂ 0.482 π R2
core with

the core radius Rcore of the hollow space enclosed by the ring of tubes
and Rcore/λ > 27 as previously proposed.28

The HCPCF guides the laser pulses to the inner surface of the
beam screen via inhibited coupling (IC).29 Since an ultrashort pulse
laser is used, a solid silica fiber was not suitable due to changes
in pulse characteristics (spectrum broadening and pulse duration)
and degradation of the beam transmission properties (damage and
intensity losses along the fiber),29–31 both affecting the quality of
the processed material (different laser–matter interaction).32 The
HCPCF is an eight-tube single ring fiber [Fig. 3(a)] with a hollow-
core diameter of 2Rcore = 38 μm. The coupling into such a small core
diameter is sensitive to thermal fluctuations, which can occur dur-
ing long operations (over days/weeks). They are stabilized by water
cooling the critical components for light coupling and by correcting
beam pointing drifts via piezo-actuated mirrors in the BDS, which
compensate the beam position offsets measured by using two four-
quadrant photodiodes. The hollow-core of the fiber is evacuated
first via a turbomolecular pump and operated under static vacuum
at a base pressure of about 2 mbar. Taking into account the laser
peak power and the fiber length, the latter is evacuated to prevent
the occurrence of optical non-linearities that are detrimental to the
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FIG. 2. Schematic overview of the complete laser treatment setup, including control, surveillance, and supply components. The locations of light power measurements are
indicated in blue.

FIG. 3. (a) Cross-sectional photograph of the hollow-core tubular fiber with eight
capillaries and the evacuated hollow-core (black part). (b) Collimated laser spot
profile (2ωpx = 1.45 mm, 2ωpy = 1.6 mm) at the fiber output cell.

temporal and spectral shape of the pulse. The fiber is coiled up to a
bending radius of 15 cm, as required for cable management of the
targeted in situ treatment.

At the HCPCF output cell, the beam is first widened and then
collimated to a spot diameter of 2ωp = 1.5 mm with >90 % ellipticity
[Fig. 3(b)].

The fiber is then inserted into a robot where the beam is focused
by a plano-convex lens (f = 90 mm) and then deflected by a 45○

oriented mirror inside a motorized rotating unit and directed toward
the beam screen surface through a hollow tube that acts as nozzle
for out-streaming nitrogen gas to minimize both oxidation of the
copper beam screen surface and contamination of the optics in the
internal part of the robot. This component rotates at defined speed
to perform the treatment (Figs. 1 and 4).

The robot is designed to scan the laser beam across the surface
by crawling [supported by nitrogen actuated clamps (∼4 bar)] inside
the beam screen, whose aperture is as small as 61 mm (Fig. 1, top
left). Moreover, it can be adapted to smaller beam screen geome-
tries, such as those installed in arc dipole magnets of the LHC (BS
type 50 A: radial diameter 46.35 mm, distance between flat parts
36.75 mm).33

The gas supply for both the pneumatic clamps and the flow
through the nozzle is controlled via fast-switching valves in the

pneumatics box and pressure sensors, the flow (∼L min−1) is con-
trolled with a flowmeter installed upstream the pneumatics box, and
the robot is connected to an electronics box (Fig. 2). During laser
treatment tests in the laboratory, the beam screen is inserted into a

FIG. 4. (a) Side-view photograph of the robot. (b) Cross-sectional 3D model of
internal parts of the robot. (c) Schematic of laser beam collimation at fiber output
cell and beam focusing in the robot.
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tube for laser safety reasons and a vacuum-based extractor (Weller
Laser Line LL 200 V) creates a continuous air-flow that removes the
particles and dust expelled from the surface during laser ablation and
stores them in a filter unit. All devices, including the robot, were
integrated into an embedded real-time industrial controller (Com-
pact Rio) from National Instruments combined with a customized
user interface in LabVIEW. During a treatment, the laser shutter is
permanently open and the laser scanning is controlled via actuating
the shutter in the BDS. A more detailed description of the software
integration can be found elsewhere.34

B. Robot-assisted scanning
The robot [Fig. 4(a)] uses coarse longitudinal motion to move

forward in the beam screen between treatments and a fine longi-
tudinal motion to move its laser scan arm during treatments. The
sled is connected to the main body by a linear rail and a precision
spindle (pitch 1 mm). This allows for accurate position control in
the linear axis. The coarse step is supported by pneumatic clamps
on the upper part of the sled (sled clamp) and on the lower part
of the main body (main clamp) that are actuated by pressurized
nitrogen (∼4 bar). Thus, the robot performs an inchworm move-
ment by alternately actuating the clamps and linearly advancing the
body/sled. The robot head, where the laser beam is directed onto
the surface, rotates via intermeshing gears and a pinion. Both rotary
and translational axes are driven by brushless DC motors. A mag-
netic quadrature encoder converts the electronic signals of the motor
into counts: 4096 cts/mm on the linear axis and 32 768 cts/rev on the
rotational axis. This results in a spatial resolution of 0.24 μm (trans-
lation) and 0.011 degree (rotation) or 0.62 μm on the beam screen
surface, respectively.

The theoretical motor top speed is limited by the available volt-
age (24 V). For the surface treatment, it translates into a maximum
rotational scanning speed (defined along the scan line and relative
to the beam screen surface) of ∼200 mm s−1 and a maximum trans-
lational speed of ∼50 mm s−1, which corresponds to a minimum
processing time of 0.6 s cm−2 and 2.3 s cm−2 respectively for a line
distance of 50 μm. However, the actual processing time is longer
because readjusting the clamps of the robot requires additional
time.

FIG. 5. Implemented scan patterns that are executed by the robot. During laser line
scanning (blue), the BDS shutter is open and closed when moving to the next line
(a, b), and always open during the spiral (c). The line distance (green) is defined
by a rotational step for the longline movement (a) and by a linear move of the robot
for circular (b) and spiral movement (c).

By combining the linear and rotational motion, a selection of
scanning patterns for surface processing have been implemented
and tested (Fig. 5): (a) a longitudinal line movement (longline),
where the line spacing is defined by a rotational step; (b) a circu-
lar movement, where the laser beam is rotated azimuthally and the
line distance is defined by a (fine) linear forward translation; and
(c) a spiral movement, which is a combination of azimuthal rotation
and a continuous (fine) linear forward movement of the body whose
velocity is adapted to the rotation speed, the geometry of the beam
screen, and the line spacing.

III. CHARACTERIZATION OF THE SETUP
A. Power transmission and stability

Four points (Fig. 2) of the system are relevant for monitoring
the laser light power: at the laser source output (PLaser), at the out-
put of the BDS before the beam injection in the fiber (PBDS), at the
fiber output cell (PFiber), and at the robot head (PRobot). The laser
source provides an average laser output power of up to PLaser = 20 W,
which was restricted to 11 W to avoid any degradation or local dam-
age of the fiber. Since the power PBDS that is injected in the HCPCF
is not measured continuously, it was beforehand calibrated for dif-
ferent HWP angular positions. The measurement was fitted using
Malus law35 to characterize the power reduction by the combination
of HWP and the linear polarizer [Fig. 6(a), fit parameters included],

PBDS

PLaser
= y0 + A ⋅ cos2 ( 2π

360○
(B ⋅ α − α0)), (2)

where α corresponds to the HWP angle. α0 = 1.293○ is the align-
ment angle relative to the beam position; B = 1.992 is the peri-
odicity of the HWP, which is close to ideally 2; A = 96.353% is
the maximum of transmitted intensity, implying <4% losses due to
reflections/absorption on the optical components; and y0 = 0.189%
represents the transmitted intensity when the polarization direction
behind the HWP is perpendicular to the polarizer axis. These num-
bers correspond to an extinction ratio of ∼1:510 for the component,
which is sufficient for the application for power regulation in the
intermediate range.

The average laser power at the fiber output PFiber is not recorded
permanently during processing in the beam screens due to the
limited spatial access. It is, therefore, measured manually with an
external thermal power sensor before and after laser processing.
An overview of the measured power values is shown in Fig. 6(b).
The transmission of the fiber TFiber = PFiber/PBDS amounts to ∼70%
(−1.3 dB) for low average input power (∼1 W), while it decreases to
∼50% (−3 dB) for higher average input power (∼10 W).

The attenuation was measured [Fig. 6(c)] using a broadband
source (supercontinuum from 300 to 1800 nm) at low power
(<100 mW) to couple into the fiber and an Optical Spectrum Ana-
lyzer (OSA) to measure the output spectrum. The power difference
was measured at both its full length and at a cut length of 3–5 m
(cutback method) placed in a loose position (25 cm bending
radius). At the wavelength of 532 nm, the attenuation amounted to
25 dB km−1, which correlates with −0.375 dB (92% transmission) for
a length of 15 m. Transmission losses in the setup are attributed to
propagation losses (−0.375 dB), 85–96% coupling losses at the fiber
injection (−0.7 to −0.2 dB), and bending losses of −1.1 dB (−0.02 to
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FIG. 6. (a) Measured (black) and fitted [red, according to Eq. (2)] transmitted laser power (%) through the attenuator in the BDS as a function of half-wave plate angle. (b)
Power transmission through the 15 m long hollow-core fiber and through the robot for various input powers. TFiber determined at a later stage than for (d), i.e., after several
weeks of operation. As discussed, it can decrease over time due to degradation. (c) Attenuation of the 15 m HCPCF coiled to a bending radius of 25 cm in the spectral range
of 450–650 nm, measured by the cutback method. The wavelength of 532 nm (used in the setup) is indicated by the red vertical line. (d) Long-term power stability test over
70 h. The average laser power at the fiber output cell was measured using an external power sensor.

−0.05 dB/turn for a radius of curvature 11 cm) if the fiber is coiled
along its full length. In sum, this results in an overall loss of about
−1.675 dB, corresponding to a transmission of 68%.

Bending losses have, therefore, a major impact on the trans-
mission quality. The fabrication of HCPCF for short wavelength
remains challenging due to the difficulty in maintaining a thin,
homogeneous microstructure along the fiber during the drawing
process. Consequently, most of IC HCPCF guide short wavelengths
in high-order transmission bands29 that are spectrally narrower and
require additional care in their relative position to the laser wave-
length. The transmission band position of the BDS fiber is a balanced
design between modal quality and bending sensitivity. The bending
loss of the IC HCPCF is not constant over the entire transmission
band. The bending affects the edge of the transmission band more
than the central part. On the other hand, the loss ratio between the
high order modes and the TEM00 fundamental mode increases at the
edge of the transmission window. The compromise found is to set
the operating wavelength (532 nm) to the fifth quarter (wavelength-
wise) of the transmission band [see Fig. 6(c)], which results in good

beam quality but rather bend-sensitive transmission of the fiber. The
shorter the laser wavelength, the more difficult it becomes to fabri-
cate HCPCFs because the core diameter of the fiber must be smaller
to reduce Rayleigh scattering at the surface roughness of frozen-in
capillary waves, which is the dominant loss factor at shorter wave-
lengths. These losses scale with a factor of 1/λ3.36 Therefore, the
fabrication method is crucial with respect to small and highly pre-
cise geometries. Since the core diameter must be rather small at short
wavelengths, focusing the laser into the fiber and maintaining cou-
pling over long periods of time are challenging. This combined with
a length of 15 m and a bending radius of 15 cm explains the fiber
transmission of about 60%. It has to be further noted that the losses
caused by the optical components in the robot (lens, mirror, nozzle)
are minor (5%) [Fig. 6(b)].

The setup was designed to perform large-scale surface treat-
ments that can last several days or weeks. Therefore, the beam
coupling must be reliable and robust to environmental variations
in temperature and humidity without degrading the fiber to achieve
a uniform laser treatment. A continuous measurement (at an early
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fiber use time stage) over 70 h [Fig. 6(d)] showed a stable trans-
mission of about 60% and an average power at the fiber output of
PFiber = 5.9 ± 0.1 W. Fluctuations of 0.1 W or 2% of the nominal
laser power will not result in SEY differences, especially when pro-
cessing at higher accumulated laser fluences (∼1000 J cm−2), where
a saturation of the SEY maximum was observed.25

B. Laser spot properties at the beam screen surface
The theoretical Gaussian laser diameter 2ω0 in the focal point

at the exit of the robot is calculated to be

2 ω0 = 2
λ f M2

πωp
= 52.8 μm, (3)

with a beam quality factor M2 ≤ 1.3, and the Rayleigh length is
calculated to be

zR = πω2
0

λM2 = 3.2 mm. (4)

The relatively large Rayleigh length provides a focal depth of
z0 = 2zR = 6.4 mm.

Setting the focal point on the curved part of the hippodrome-
shaped beam screen results in a defocused beam on the flat part, as
indicated in Fig. 7(a). The offset between the closest and the furthest
part is 4.85 mm. At 4.85 mm defocus, the theoretical peak intensity
of the Gaussian laser beam reduces to ∼30%. Explicitly, the peak flu-
ence has dropped from 2.28 to 0.68 J cm−2 for an average power of
5 W [Fig. 7(b)] and the spot size widens to

2 ω (z = 4.85 mm) = 2
⎛
⎝ω0

√
1 + ( z

zR
)

2⎞
⎠

= 96.6 μm. (5)

The available laser fluence on the curved part provides enough
flexibility to create structures that reduce the SEY on the copper
surface.25,37 The laser fluence on the flat part remains above the
ablation threshold of copper (∼0.24 J cm−2),23 enabling surface mod-
ification. Increasing the number of pulses per surface area (e.g.,
slower scanning) can compensate for a lower intensity.24 The dif-
ferences in fluence could be adjusted by moving the focal point to a
distance between the curved and the flat part so that both surfaces
are slightly defocused, but resulting in a more homogeneous surface
treatment, if required. However, the lens in the robot is mounted in
a screw-in housing and cannot be moved during processing, i.e., no
automatic focus corrections are applied.

The laser spot diameter was experimentally evaluated using
Liu’s method.38 To do so, laser lines of various average power P
were engraved on the curved surface whose spatial profile approxi-
mately reflects a Gauss function. The widths D of the trenches, where
material was ablated, were measured from 2D profiles [example in
Fig. 8(a)] acquired with a white light interferometer (Veeco Nt3300).
Assuming a Gaussian spatial beam profile, the relation between the
trench width D and the laser power P can be written as38

D2 = 2 ω2
0 ln( P

P0
), (6)

with P0 being the threshold laser power for material ablation.

FIG. 7. (a) Cross-sectional illustration of the beam screen hippodrome geometry,
laminar gas flow though the nozzle of the robot, and the focal point position are
indicated. Dimensions of the beam screen (type 74) and the offset between the flat
and the curved part are highlighted (in blue). (b) Calculated fluence distribution for
an average laser power of 5 W in the focal point (green), at the Rayleigh length
(red), and at the offset of the curved and the flat part of the beam screen (blue).

From the slope of the plot in Fig. 8(b), the Gaussian dia-
meter (defined at the width where the photon intensity has fallen
to 1/e2) is

2 ω0 = 61.7 μm. (7)

Deviations to the theoretical value [Eq. (3)] may occur if the
beam at the fiber output was not perfectly collimated (smaller ωp) or
if the lens in the robot was slightly misaligned.

C. Scan precision
The implemented scan patterns (Fig. 5) were tested for preci-

sion on curved copper samples (see processing details in Sec. IV).
For this, each scan line should be separated by 50 ± 5 μm to generate
homogeneous surface structures.
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FIG. 8. (a) Trench width and depth profile (averaged over blue marked range)
engraved at P = 3.1 W and v = 5 mm s−1 as measured by white light interferom-
etry. (b) Laser diameter evaluation at the curved beam screen surface using Liu’s
method.38

The ultrashort laser pulses ablated the copper surface and
resulted in micrometer deep trenches oriented in the laser scan-
ning direction. From a cross-sectional view (samples were laterally
polished and ground), the distances between each minimum of the
trenches were measured with an optical microscope at five different
points along the cross section (Fig. 9, left column). The average dis-
tances amounted to 50.0 ± 3.6 μm for longline (a), 48.0 ± 3.6 μm for
the circle (b), and 49.3 ± 3 μm for the spiral movement, which con-
firms the precision of the robot movement in both the translational
and rotational axis. A deviation of ∼3 μm for the different actua-
tion procedures is acceptable for the intended large-scale surface
roughening and could be minimized calibrating the control software
settings, if required.

It has to be pointed out that trenches oriented perpendicu-
lar to the beam propagation direction in the LHC cause a higher
increase of the surface resistance compared to longitudinally aligned
trenches,39 deteriorating the beam quality and adding a contribution
to the heat load on the cryogenic system, which would overcome its
capacity. Therefore, surface structures, which are created using the
longline movement, can be beneficial to keep the surface resistance
low.

FIG. 9. Cross-sectional optical microscopy images (left column) and SEM images
of micrometer trenches oriented in the laser scanning direction (right column).
Laser-processed copper samples using (a) longline, (b) circular, and (c) spiral
movement at a nominal line distance of Δy = 50 μm, a N2 flow rate of 4 L min−1,
an average laser power of PRobot = 4 W, and scanning speeds of (a) 5 mm s−1,
(b) 15 mm s−1, and (c) 15 mm s−1, equivalent to accumulated laser fluences of
(a) 1600 J cm−2, (b) 530 J cm−2, and (c) 530 J cm−2. The sample preparation for
the material characterization and the used experimental equipment are described
in detail in Ref. 25.

IV. LASER PROCESSING: SURFACE PROPERTIES
Laser processing tests were performed on 12 × 15 mm2 oxygen-

free, curved copper samples that were inserted at the curved part of
the beam screen so that the inner surfaces are flush. Before process-
ing, the samples were etched (HCl), wet-chemically degreased with
a commercial detergent, rinsed in de-ionized water, and passivated
with chromic acid. The laser focus was set to match the surface of the
curved beam screen region, and an average power of PRobot = 4–5 W,
a line distance of Δ y = 50 μm, a scanning speed of v = 5 mm s−1, and
a N2 flow rate of 4 L/min were applied.

The ps laser pulses engrave micrometer deep trenches in the
copper surface that are covered with nanometer-sized structures
(Figs. 9 and 10). Note that the trenches in Fig. 9 are less pro-
nounced and covered with less particles compared to Fig. 10 because
lower fluences (1600, 530 J cm−2) were used, consistent with pre-
vious results.25 The laser-processing in air (without additional flow
through the nozzle), at high average laser power (5 W) and slow
scanning speed (5 mm s−1), which corresponds to an accumulated
laser fluence of 2000 J cm−2, resulted in typical cauliflower-head
nanostructures.24,25,37 Otherwise, when applying a local nitrogen
flow through the nozzle of the robot, fine nanometer-sized molten
and re-solidified spheres are created at the surface (Fig. 10). The
application of the nitrogen flow is indispensable to protect the optics
in the robot from being contaminated by particles. Furthermore, the
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FIG. 10. Scanning electron micrographs of micro- (top row) and nanostructures
(bottom row) at the surface of laser-processed Cu in air (red) and local N2 flow of
4 L min−1 (blue) at an average laser power of PRobot = 5 W, a scanning speed of
v = 5 mm s−1, and a line distance of Δy = 50 μm, equivalent to an accumulated
laser fluence of 2000 J cm−2. The used experimental equipment and settings for
sample characterization are described in detail in Ref. 25.

nitrogen stream confines the expanding plasma and pushes particles
expelling from the ablation zone partially back to the surface. The
redeposited particles tend to cluster on the formed trenches and cre-
ate a surface topography that is more undefined than that resulting
from processing in air without nitrogen flow. The gas flow dynamics
could be improved in the future by modifying the nozzle design or
adjusting the nitrogen flow. In addition, these redeposited spherical
clusters are loosely bound to the surface and can be removed in a
consecutive cleaning process.

The amount of gas flowing through the nozzle generates a local
nitrogen atmosphere that limits particle oxidation in the plasma
phase. This was confirmed by the performed XPS measurements,
which had been carried out using the same experimental equipment
(UHV system containing a hemispherical electron energy analyzer

and a monochromated AlKα x-ray source [hν = 1486.7 eV] and
settings (overall spectral resolution for the shown spectra is 0.7 eV
(FWHM of Ag3d5/2 sputter-cleaned polycrystalline Ag) as those
reported in Ref. 25. Figure 11 shows that the processed surface was
composed of Cu2O since the Cu 2p3/2 main state is at 932.4 eV bind-
ing energy (B.E.) and the Cu LMM Auger transition is at 916.7 eV
kinetic energy (K.E.) (modified Auger parameter of 1849.1 eV). Fur-
thermore, the presence of Cu(OH)2 is indicated by the shoulder of
the Cu 2p3/2 state at 934.4 eV B.E. and by the shape of the Cu(II)
satellite feature between 938 and 948 eV B.E.,40–42 while no nitro-
gen was detected at the surface. The Cu2O formation for treatment
in nitrogen flow is comparable to previous studies, where the laser
treatment was performed in the nitrogen or argon atmosphere.43

However, nitrogen was incorporated in the surface and less copper
hydroxide was detected for that earlier study, which could be linked
to the difference in the way the nitrogen is supplied (flow of local N2
stream vs processing in nitrogen environment).

When laser processing was performed in air, on the contrary,
the ablated particles oxidized due to the interaction with the reac-
tive species formed in the laser-induced plasma plume, resulting in
a CuO-dominated surface. The Cu 2p3/2 state is found at 933.7 eV
B.E., the Cu LMM Auger transition is at 917.5 eV K.E. (modified
Auger parameter of 1851.2 eV), and the O 1s peak is at B.E. 529.5 eV,
which all point to the existence of CuO.40,44,45 Considering the used
processing parameters, these tendencies fit the observations of sur-
face properties in earlier model studies that had been performed on
flat samples23,37,43 without the fiber and the robot, and the compo-
sitional surface transformations are an expected outcome for a laser
processing in air.25

After laser-processing in air and nitrogen, the SEY of the sam-
ples was measured in an ultrahigh vacuum system at three different
spots on each sample using the sample bias method.46 Figure 12
compares the primary electron energy dependence of SEY (3-spot
average) between 50 and 1800 eV for a degreased and passivated Cu
sample and the two samples that had been either laser-treated in air
or with the support of the nitrogen flux. A significant SEY reduc-
tion was found in the entire energy range, and the SEY maximum

FIG. 11. XPS spectra of (a) Cu 2p state, (b) O 1s state, and (c) Cu LMM Auger excitation of laser-processed curved copper surfaces in air (red) and local nitrogen flow of
4 L/min (blue).
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FIG. 12. Secondary electron yield of untreated (degreased) Cu (orange) and laser-
processed Cu in air (red) or local nitrogen flow (blue) at an accumulated fluence
of 2000 J cm−2. The error bars indicate the standard deviation of the three-spot
averaged curves.

decreased to 0.75 ± 0.06 (air) and 0.68 ± 0.01 (nitrogen) compared
to the untreated copper surface, which had a SEY maximum of 2.1
at a primary electron energy of 250 eV. The generated microme-
ter trenches and nanostructures efficiently absorb the low energetic
electrons (<500 eV), while a larger proportion of electrons with
higher energy is backscattered from the surface, leading to a shift
of the SEY maximum to higher kinetic energies.23,25 The efficient
absorption at low primary electron energies is advantageous for the
application since the majority of electrons, which impinge on the
inner beam screen surface in the LHC, have kinetic energies of up
to 500 eV.47 A small difference of the SEY in dependence of pri-
mary electron energy was found for the treatments in air and in
nitrogen, only slightly above the relative experimental error of the
measurement setup (0.05), and linked to the difference in surface
topography (especially in the sub-micrometer scale—see Fig. 12)
and surface composition (Fig. 11). The SEY difference between the
two laser-treated samples is generally not significant for electron
cloud mitigation, as both processes lead to SEY values well below
unity. Nonetheless, the addition of N2 to suppress CuO formation is
beneficial to mitigate charging effects that could otherwise occur at
cryogenic conditions.43

V. CONCLUSIONS
In the present study, an in situ solution to laser-treat inner sur-

faces of up to 15 m long tubes, without the need to move the object,
is presented. The setup comprises a hollow-core fiber for guidance
of 532 nm ultrashort pulses and a robot-assisted laser scanning. A
70 h-long performance test confirmed that the setup delivers a sta-
ble average output power of 5 W at 60% transmissivity of the entire
optical system. The 532 nm wavelength was originally chosen to
ensure high ablation efficiency on the copper target, but the HCPCF
is better suited for longer wavelengths, for which a transmission of
more than 90% can be achieved.48 As an alternative, an infrared laser
could be used to further improve the stability and efficiency of the

system. In a comparative study on a simpler test bench without a
fiber and the robot, we have shown that similar SEY reduction can be
achieved with a wavelength of 1064 nm.25 In addition, a continuous
power measurement at the fiber output or at the robot head would
be beneficial for controlling the stability of the treatment. This will
be implemented in a next step to better control the processing condi-
tions, which requires a modification of the robot or the fiber output
cell. Currently, the choice of a large Rayleigh length ensures that a
sufficient laser power is available even when processing slightly out
of focus. As an upgrade, the focusing lens in the robot could be
combined with a diffractive optical element (DOE), which further
increases the focal depth of the beam.17

First surface treatments showed the functionality of the system
using various scanning techniques, with which the orientation of
the trenches can be controlled. The laser surface treatment demon-
strated that the SEY maximum can be reduced to 0.7, which is
sufficient to suppress electron-cloud formation. Reducing the SEY
of the surface is one of the major requirements for electron cloud
mitigation in the LHC. The used parameters (average laser power
5 W, scanning speed 5 mm s−1, and line distance 50 μm) correspond
to a processing speed of 400 s cm−2. However, the laser processing
parameters can be optimized, for instance, by increasing the scan-
ning speed or decreasing the accumulated laser fluence.25 Until now,
the system was used to treat short beam screen segments of 50 cm,
and it is planned to perform treatments of up to several meters in
accordance with the length of LHC magnets.
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high-quality 3D micro-machining by optimised efficient ultrashort laser ablation,”
Opt. Lasers Eng. 114, 83–89 (2019).
11B. Zheng, G. Zhao, Z. Yan, Y. Xie, and J. Lin, “Direct freeform laser fabrication
of 3D conformable electronics,” Adv. Funct. Mater. 33, 2210084 (2023).
12X. Wang, J. Duan, M. Jiang, S. Ke, B. Wu, and X. Zeng, “Study of laser preci-
sion ablating texture patterns on large-scale freeform surface,” Int. J. Adv. Manuf.
Technol. 92, 4571–4581 (2017).
13A. Michalek, A. Batal, S. Qi, P. Penchev, D. Bruneel, T. L. See, and S. Dimov,
“Modelling ultrafast laser structuring/texturing of freeform surfaces,” Appl. Surf.
Sci. 2, 100036 (2020).

14A. Garcia-Giron, J. Romano, A. Batal, A. Michałek, P. Penchev, and
S. Dimov, “Experimental investigation of processing disturbances in laser surface
patterning,” Opt. Lasers Eng. 126, 105900 (2020).
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