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Abstract

The formation of electron clouds by secondary electron multiplication in the beam pipes
of particle accelerators can lead to reduced performance during operation. Surface
roughening using ultrashort pulse lasers efficiently reduces the secondary electron
yield (SEY) of a surface. In this study, a solution for the suppression of electron
clouds by laser structuring the inner copper walls of the Large Hadron Collider (LHC)
beam tubes was developed, fulfilling the technical constraints and surface property
requirements. For this purpose, fundamental dependencies between the laser processing
parameters and the surface properties such as the modification depth, the surface
chemical composition, the particle redeposition, and finally the SEY were investigated
on a laboratory scale. A dedicated setup able to perform the modification treatment in
situ, directly in the beam pipe hosted by the LHC magnet, was commissioned and the
operation parameters were optimized. The device consists of a picosecond laser source,
a beam coupling system, a 15 m long hollow-core fiber, and a robot that travels inside
the beam tube. Treatment at low accumulated laser fluence in nitrogen flux resulted
in ”optimal surface properties”, and specifically, a low modification depth (≈ 15 µm),
low particle redeposition, a Cu2O-dominated surface and a SEY maximum of 1.4 after
cleaning, which reduces to 1 upon electron irradiation at both room and cryogenic
temperatures. A selective longitudinal scan scheme was developed to process the 10 m
long beam pipes installed in the cryogenic magnet assemblies of the LHC with the
highest effectiveness. A 3.1 m long laser-processed vacuum chamber was installed in
the LHC to validate the method with respect to particle detachment.
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Abstract (german)

Die Bildung von Elektronenwolken durch die Multiplikation von Sekundärelektronen im
Strahlrohr von Teilchenbeschleunigern kann während des Betriebs zu einer verringerten
Leistung führen. Durch Ultrakurzpuls-Laserstrukturierung kann die Sekundärelek-
tronenemission einer Oberfläche effizient reduziert werden. Im Rahmen dieser Arbeit
wurde eine Lösung zur Unterdrückung der Elektronenvervielfachung durch Laserstruk-
turierung der aus Kupfer bestehenden Innenwände der Strahlrohre des Large Hadron
Colliders (LHC) entwickelt, die technische Einschränkungen und Anforderungen an die
Oberflächeneigenschaften und Vakuumkompatibilität erfüllt. Dafür wurden fundamen-
tale Abhängigkeiten zwischen den Laserbearbeitungsparametern und den Oberfläch-
eneigenschaften wie z.B. der Abtragstiefe, den oberflächenchemischen Eigenschaften,
der Wiederablagerung von Partikeln und letztendlich der Sekundärelektronenausbeute
(SEY) im Labormaßstab untersucht. Für die Behandlung der Rohrinnenflächen der
Vakuumkammern wurde ein spezieller Aufbau verwendet, der aus einer Pikosekunden-
Laserquelle, einem Strahlkopplungssystem, einer 15 m langen Hohlkernfaser und einem
Roboter besteht, der sich im Inneren des Strahlrohrs bewegt. Dieses System wurde
im Rahmen dieser Arbeit in Betrieb genommen und kalibriert. Eine Behandlung bei
niedriger akkumulierter Fluenz in Stickstofffluss resultierte in „optimalen Oberfläch-
eneigenschaften“, d.h. einer geringen Abtragstiefe (ca. 15 µm), geringer Partikelbe-
deckung, einer Cu2O dominierten Oberfläche und einem SEY-Maximum von 1.4 nach
der Reinigung, welches sich während der elektroneninduzierten Konditionierung zu 1
reduziert. Die 10 m langen Strahlrohre, die in den kryogen gekühlten Magnetaufbauten
im LHC installiert sind, sollen mit einem Longitudinal-Scanning-Verfahren selektiv bear-
beitet werden. Ein 3.1 m langes, laserbearbeitetes Strahlrohr wurde im LHC installiert,
um die Methode bezüglich möglicher Partikelablösungseffekte zu prüfen und um die
Laserbehandlung als Oberflächentechnologie für Teilchenbeschleunigervakuumsysteme
zu validieren.
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1 Motivation

The Large Hadron Collider (LHC) of the European Organization for Nuclear Research
(CERN) is currently being prepared for an upgrade to substantially increase its lu-
minosity. It is expected that the formation of electron clouds in the machine will
reach unacceptable levels, which can limit its performance. This phenomenon has been
observed not only in accelerators at CERN (Proton Synchrotron (PS), Super Proton
Synchrotron (SPS), LHC), but also in other machines (SuperKEKB, DaΦne). Several
strategies to suppress electron clouds are used in the LHC, but there is no universal
solution as each method has its own limitations. The reduction of the secondary
electron yield (SEY) of the inner vacuum chamber material thereby plays a key role.
Specifically, the inner copper walls of eight vacuum chambers embedded in cryogenic
magnet complexes, that are up to 15 m long, require a treatment, that meets technical
and surface property requirements. These magnets are installed near the interaction
points 1 and 5 (indicated in Figure 2.1) and will be extracted from the machine in 2026
to perform the surface treatment. Commonly used antimultipacting treatments such
as non-evaporable getter (NEG) films or amorphous carbon (a-C) coatings are efficient
in SEY reduction, but are not suitable for these chambers, as specific components
installed in the magnet complexes degrade the coating performance.

Laser-induced surface modification is a promising alternative to the methods mentioned
above [1]. The engraving of hierarchical structures on the surface can reduce its SEY by
“trapping” the secondary electrons, as it has been demonstrated on a laboratory-scale.
However, laser processing the inner part of up to 15 m long tubes is a technological
challenge. The light source must be guided to the inner surface and scanned along
the length. For this task, a dedicated setup, composed of an ultrashort pulse laser
source, an optical coupling system, a 15 m long hollow-core fiber, and a robot, has been
previously designed as proof-of-principle. In addition, specific treatment requirements
on the surface topography, chemical composition and the SEY must be fulfilled for the
application in the LHC. A laser-processed test surface successfully mitigated electron
clouds in the SPS at CERN [2] and the method is expected to meet the criteria for the
treatment of the vacuum chambers installed in the magnet complexes of the LHC. The
advantage of the laser processing is that it allows the exclusion of critical components
by restricting the scanning to specific areas, and the surface structures can be tailored
using a variety of laser processing parameter.

The existing early experimental studies confirmed the efficiency of the principle for
SEY reduction and electron cloud mitigation on laboratory-scale without including all
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1 Motivation

constraints linked to large-scale processing, effects during accelerator ramp-up, LHC
operation, and machine protection.

Various physical properties and technical limitations had to be investigated for the
final implementation of laser-treating the beam screens of selected LHC magnets.
Therefore, this thesis is dedicated to systematically study the influence of the most
relevant laser processing parameters on the surface properties of copper. The focus is
on electron emission reduction and the minimization of particle deposition during laser
ablation to mitigate possible risks of particle contamination in the vacuum chamber
of the accelerator as well as the characterization of all relevant material parameters.
Furthermore, the limitations in optical focus adjustment for treatments of tubes with
non-circular cross-sections had to be identified and the process adjusted accordingly.
Moreover, laboratory-scale test needed to be transferred to the operation of a new
experimental setup that allows to treat the inner surface of long tubes, including the
experimental characterization of the setup. The selected processing parameters were
targeted to be applied to the inner tube surface of various vacuum chamber test objects
to demonstrate the scalability of the process up to several meters in length.
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2 Context of the study

2.1 The LHC and the high luminosity upgrade

The LHC is the largest and most powerful particle accelerator in the world, with a
circumference of 27 km. The proton beams are progressively pre-accelerated to an
energy of 450 GeV before they are injected into the LHC from the SPS. The two beams
consist of bunches 25 ns apart, each containing 1.5 × 1011 protons. These protons are
accelerated to almost the speed of light by high radio-frequency electric fields. As
visualized in Figure 2.1, the beams travel in opposite directions in two separate beam
pipes in ultra high vacuum (UHV). Superconducting dipole magnets (8.3 T) force the
beam on a circular trajectory. Quadrupole magnets collimate it and three quadrupole
magnets in series (inner triplet magnets) focus the beam before the interaction points
to a minimum spot size of 17 µm (interaction points 1 and 5). The beams are then
collided at an energy of 13.6 TeV [3]. In the event of beam loss or e.g. sudden loss of
magnet superconductivity (magnet quench), the beam is extracted from the machine
at point 6, the so-called beam dump.

Figure 2.1: LHC layout: Beam injection from SPS (IR2 & IR8), radio frequency
acceleration (IR4), beam collimation (IR3 & IR7), collision points at ATLAS (IR1),
A Large Ion Collider Experiment (IR2), Compact Muon Solenoid (IR5) and Large
Hadron Collider beauty (IR8) and beam extraction (IR6). Figure taken from Ref. [4].
The standalone magnets of interaction points 1 and 5 are foreseen for laser treatment.
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2 Context of the study

As of 2029, the LHC is expected to operate at a higher luminosity level. Luminosity is
defined as the number of potential collisions per unit area per second. Therefore, the
number of protons per bunch will be increased (from 1.5×1011 to 2.2×1011 p+) and the
collision cross section at the interaction points will be maximized by superconducting
crab cavities that tilt the proton bunches. The objective is a peak luminosity of
𝐿 = 5 × 1034 cm−2 s−1 (instead of 2 × 1034 cm−2 s−1) and an increase of integrated
luminosity ∫ 𝐿 𝑑𝑡 from 450 fb−1 to 3000 fb−1 in the decade after the upgrade [5]. Thus,
rare events, such as the Higgs Boson generation, will occur more often. The main
upgrade of the machine will take place in the vicinity of the ATLAS (IR1) and CMS
(IR5) experiments. This includes the installation of more powerful focusing magnets
and the newly designed superconducting crab cavities. Concomitantly, the detectors
are being upgraded to cope with the increased number of interactions. The increase in
luminosity leads to higher beam-induced heat loads caused by synchrotron radiation,
impedance, or electron cloud, which can exceed cooling capacity limits of available
infrastructure. The so-called electron clouds, that form in the vacuum tubes during
operation of the LHC, are expected to reach unacceptable values at higher luminosity
(see Sec. 2.3.3). Therefore, some of the beam pipes installed in magnet complexes (see
Sec. 2.2) in cryogenic areas close to the interaction points require a surface treatment
of the inner wall. The next installation and maintenance phase (long shutdown (LS)
3) will take place in the period 2026 – 2029, according to the schedule in Fig. 2.2,
during which the machine is warmed up to room temperature (RT) and parts of the
vacuum system are vented to atmospheric pressure. The laser treatment is foreseen to
be applied in situ on the beam pipes of four standalone magnets (Q5) located on each
side of the interaction points 1 and 5. The magnets will be brought to the surface,
without extracting the beam pipes.

Figure 2.2: Upgrade schedule for LHC and High-Luminosity Large Hadron Collider
(HL-LHC). Figure taken from Ref. [6].
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2.2 The beam vacuum system of the LHC

2.2 The beam vacuum system of the LHC

The beam vacuum system of the LHC comprises cryogenic and RT sectors at a pressure
of less than 10−10 mbar [3] to reduce beam losses resulting from scattering between
protons and residual gas molecules in the chamber [7]. This way, the required beam
lifetime of 100 h and the minimization of background noise for the detectors is ensured.
In the RT field-free sectors, the inner surfaces of the vacuum chambers are coated with
TiZrV NEG films [8], providing a high pumping speed after thermal activation. The
vacuum chamber in the cryogenic sectors is illustrated in Figure 2.3a. It is a “cold bore”
surrounded by superconducting coils that operate at 1.9 K. A beam screen (BS), shown
in Figure 2.3b, is installed in the vacuum chamber that BS shields beam-induced heat
loads from the cold bore. The heat load is dissipated by the cryogenic cooling system,
which is designed in a way that it recovers the superfluid He by a refrigerator. If the
heat load on the BSs exceeds a critical value (at present the limit is between 185 and
280 W per half cell (three dipoles and one quadrupole)), the cryogenic cooling system
would reach its operational limit and could no longer cool the magnets sufficiently.
Beam-induced heat sources are (1) synchrotron radiation, (2) image current, (3) electron
multipacting (Sec. 2.3), and (4) beam losses by nuclear scattering of the high-energy
protons at the residual gas molecules [7].

In addition, the BS enables both cryopumping of residual gas molecules and the
conduction of the image current induced by the proton beam. The complete BS is
cooled to 5 – 20 K by supercritical helium circulating in two stainless steel (SS) tubes,
installed on the flat parts of the BS. The principle of cryopumping is the following
(Fig. 2.3c): Since the temperature of the BS is higher than that of the cold bore, the
residual gas molecules (mostly H2) preferentially travel through the pumping slots of
the BS. These holes in the BS are visible in Figure 2.3b, c, and allow the molecules to
escape before they cryosorb on the cold bore (1.9 K) outside of the BS. This allows for
a large cryopumping capacity.

Figure 2.3: a) BS installed in an arc dipole magnet of the LHC. Figure taken from
Ref. [9], b) Photograph of a BS (type 50 L). c) Schematic of the cryopumping principle
in the vacuum pipe.
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2 Context of the study

Table 2.1: Dimensions of various beam screen types at RT: Wall thickness and inner
beam screen dimensions (𝐼𝐷).

Beam screen SS + Cu 𝐼𝐷radial 𝐼𝐷flat
thickness (mm) (mm) (mm)

Type 50 A 1.0 + 0.075 46.35 36.75
Type 50 L 0.6 + 0.075 47.15 37.55
Type 74 0.6 + 0.075 70.65 60.95

Moreover, the BS prevents excessive dynamic pressure instabilities induced by electron-
stimulated desorption (ESD) or photo-stimulated desorption (PSD) in the vacuum
chamber due to physisorption of the gas molecules outside the BS. Desorbed gases from
the BS wall may either be cryopumped or stick back to the BS surface (recycling). In
standalone magnets, the cold bore is at 4.2 – 4.5 K at which the H2 sticking coefficient
is lower. Therefore, cryosorbers made of carbon fibers [10] are installed facing the
pumping slots to increase the pumping surface area.

Since the inner wall of the BS must conduct the image current induced by the proton
beam, a 75 µm thick Cu layer is laminated on the SS wall of the BS [3]. It provides
high conductivity (low surface resistance) and limits the Joule heating through the
induced image current following the beam on the BS walls. The BS has two opposite
curved and two opposite flat parts. Its dimensions vary depending on the installation
location. The aperture of the ones usually installed in the cold bore (type 50 A) of
dipole magnets is as small as 36.75 mm (Tab. 2.1).

2.3 Electron cloud in the vacuum chamber

The electron cloud build-up in vacuum pipes during the operation of particle accelerators
constitutes a major limitation of the performance of the machine. The phenomenon
has been observed not only in accelerators at the CERN (PS, SPS, LHC [11, 12]),
but also in other machines [13–20]. The SEY of the inner vacuum chamber material
thereby plays a key role.

2.3.1 Introduction to SEY

When primary electrons (PE) impinge on a surface, they are either elastically reflected
or interact with the solid through elastic and inelastic scattering, excitation processes
and the cascade-like generation of secondary electrons (SE) [21–23]. The majority of
SE is absorbed by the material, and only the ones, generated within the escape depth
(< 20 nm), are emitted from the surface, as illustrated in Figure 2.4a. These electrons
follow a cosine distribution independent of the angle of incidence 𝜃 [24]. The energy
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2.3 Electron cloud in the vacuum chamber

Figure 2.4: a) Schematic of electron interaction with the material at normal (𝜃 = 0°)
and b) oblique incidence (𝜃 > 0°), c) SEY of Cu for primary electron energies between
50 and 1800 eV at normal incidence.

spectrum of SEs of a monoenergetic impinging beam contains true secondaries (𝐸 ≤
50 eV), backscattered and elastically reflected electrons (50 eV < 𝐸 ≤ 𝐸p), all referred
to as SE in the following.

The total SEY 𝛿(E) for a given primary electron energy E is defined as the ratio
between SE and PE:

𝛿(𝐸) = 𝑆𝐸(𝐸)
𝑃𝐸(𝐸)

. (2.1)

The SEY of an air-exposed copper surface in dependence of primary electron energy is
shown in Figure 2.4c. As the PE energy increases, more SE are generated. However, the
average depth, at which the SE are generated, also increases. The maximum yield 𝛿max
in the SEY spectrum is obtained when the PEs deposit a maximum energy 𝐸max within
the depth from which the SE can be emitted into the vacuum. As primary electrons
penetrate deeper into the material, secondary electrons cannot escape anymore, causing
the SEY to decrease with increasing energy. For air-exposed copper, the maximum
yield of ∼ 2.1 is at an energy of 𝐸max = 250 eV at normal incidence and depends on
surface roughness and adsorbates.

The penetration depth of the PEs decreases with the density (atomic number 𝑍) of
the material. A larger 𝑍 implies stronger scattering of electrons closer to the surface,
which generally results in a higher SEY at higher primary energy. Semiconductors or
insulators typically have a higher SEY than metals due to their band gap or low work
function (minimum energy required to extract an electron from the surface), which
reduces the penetration depth of primary electrons [25, 26].

The SEY is dependent on the incident angle 𝜃 of the PEs. When the PEs impinge at
normal incidence 𝜃 = 0° on a smooth surface, 𝛿max is minimal as the PEs penetrate
deep into the material. At an inclined angle 𝜃 > 0°, the PEs penetrate obliquely into
the material and excite SEs closer to the surface, which are therefore more likely to
escape from it. This results in a higher SEY 𝛿.
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2 Context of the study

The angular dependence was empirically described [27]:

𝛿max(𝜃) = 𝛿max(0) (1 + 𝑘𝑠
𝜃2

2π
) , (2.2)

where 𝑘𝑠 depends on the surface roughness.

The SE are emitted at higher energy as they are now created closer to the surface.
This results in a shift of 𝛿max to higher energy. Electrons in a dipole magnet field of the
LHC, mainly impinge at normal incidence on the BS surface [28], because the magnetic
field lines are parallel and perpendicular to the BS surface. Technical surfaces used in
particle accelerator experiments were air-exposed and give a higher SEY compared to
clean surfaces due to hydrocarbon adsorbates or adsorbed water molecules. In some
cases the formation of an insulating oxide or hydroxide can contribute to the increase
in SEY [29, 30]. These adsorbates are removed by heating [29] or irradiation with
electrons [31–33].

Secondary electron emission is often used for signal amplification in various applications,
including scanning electron microscopy (SEM) [34], plasma displays [35, 36], photo-
multipliers [37], and measurement methods in space applications [38]. Alternatively,
electron emission can be suppressed by a low SEY [39]. Particle accelerator applications
typically aim to reduce the SEY, for example to suppress electron clouds in the vacuum
chambers.

2.3.2 Electron cloud formation, properties and consequences

When protons are forced into a circular orbit by a perpendicular magnetic field, they
emit synchrotron radiation tangential to their direction of motion. Thus, photoelectrons
can be produced when the photons impact on the chamber wall (photoelectric effect),
or the protons simply ionize the residual gas molecules/atoms and thereby generate
electrons. Both are considered as PE, which are then accelerated by the proton beam
potential due to Coulomb attraction to several hundreds of eV. When they impinge on
the vacuum chamber walls, a series of low-energy SE (∼ 10 eV) are created, as shown
in Figure 2.5. They are elastically reflected or absorbed by the surface, but do not
have enough energy to produce new SE. Some of them survive in the vacuum chamber
until the next proton bunch arrives and are again accelerated by the proton potential
towards the opposite wall. If the SEY of the inner beam screen wall is less than one,
there is no amplification. The process repeats over several bunch passages (25 ns in the
LHC), in which the number of secondary electrons is multiplied until an equilibrium of
space charge is reached and the electron cloud is formed [40, 41].

The magnetic field lines of a dipole magnet have a vertical, parallel stripe pattern. The
BS is embedded in central position in the magnet. The electrons in the BS experience
the Lorentz force and move in a spiral along the magnetic field lines. This is why the
electron cloud distribution follows the same stripe pattern, as shown in Figure 2.6a,
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2.3 Electron cloud in the vacuum chamber

Figure 2.5: Schematic of electron could formation in the vacuum chamber during
operation of the LHC.

top row. For a quadrupole magnet, it is a fourfold stripe pattern (Fig. 2.6b, top row).
The gradient of the quadrupole magnet field leads to the trapping of electrons [20,
44] during which they gain energy [9] before impinging on the BS surface. For this
reason, the intensity of the electron cloud is an order of magnitude higher than for a
dipole magnet (Fig. 2.6, top row). The energy density of electrons impinging on the
vacuum wall is highest for electron energies less than 200 eV and the majority is below
500 eV (Fig. 2.6, middle row). The electron cloud density increases with shorter bunch
spacing [12, 45] or higher SEY of the surface [43]. As the electron activity produces
heat loads to the cryogenic system, the heat also increases with higher SEY (Fig. 2.6,
bottom row). Electron cloud is the main contributor to dynamic heat load in the
cryogenic sectors [46]. The SEY threshold at which the heat load increases drastically
is 𝛿max = 1.25 for a dipole magnet and 𝛿max ≈ 1.05 − 1.35 in a quadrupole magnet for
higher bunch populations (Fig. 2.6, bottom row), as envisaged for High-Luminosity
Large Hadron Collider (HL-LHC). Since the intensity of the electron cloud is higher in
a quadrupole than in a dipole magnet, the threshold is accordingly lower.

In addition to the heat loads in the cryogenic sectors [47], electron clouds that interact
with the proton beam cause beam instabilities, losses or emittance growth [48, 49].
Moreover, perturbation to beam diagnostics [50] can occur as well as a local vacuum
pressure rise of several orders of magnitudes due to ESD [49]. Since the electron cloud
density is directly influenced by the beam properties, it limits the performance of the
accelerator. Therefore, a solution to mitigate the electron cloud is paramount.

2.3.3 Electron cloud mitigation via SEY reduction

Several electron cloud mitigation strategies are used in the LHC, but there is no
universal solution as each method has its own limitations. General countermeasures
include a sawtooth-shaped surface on the outer BS surface in the cold arc dipoles to
reduce electron generation from synchrotron radiation, or external solenoid fields [51]
installed in field-free regions, whose longitudinal magnetic field forces the electrons on
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2 Context of the study

Figure 2.6: Electron cloud spatial distribution simulation at a collision energy of
6.5 TeV (top row). Figure taken from Ref. [42]. Energy distribution of electrons
impinging on the vacuum wall (middle row), for a) dipole and b) quadrupole magnet,
25 ns bunch spacing, 7 TeV collision energy, and an assumed SEY of 1.5. Figure taken
from Ref. [43]. Heat load simulation threshold as a function of SEY for 25 ns bunch
spacing and 7 TeV collision energy (bottom row). Figure taken from Ref. [43].
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2.3 Electron cloud in the vacuum chamber

Figure 2.7: SEY maximum decrease upon electron irradiation of a Cu surface for
varying electron energies. Figure taken with permission from Ref. [32].

circular orbits remaining confined near the wall. Other strategies are based on reducing
the SEY of the inner beam screen surface. The following strategies aim to suppress SE
multipacting by reducing the SEY of the inner BS surfaces.

Beam Scrubbing

When the LHC is placed under vacuum and cooled down after a long shutdown, the
copper surfaces of the BSs can be contaminated due to the adsorption of hydrocarbons
and water molecules, as well as the formation of hydroxide. This contamination can
increase the SEY [29]. When a surface is exposed to electrons, adsorbed molecules
are partially detached by electron-stimulated desorption and chemical reactions are
induced, such as the graphitization of hydrocarbon adsorbates as well as dissociation
of surface hydroxides at room temperature. This cleaning of the surface is referred
to as the “conditioning” effect, leading to a gradual decrease in SEY with increasing
electron dose [31–33]. The SEY of Cu gradually decreases from 𝛿max ∼ 2 (Cu exposed
to air) to close to 1 where it saturates, as shown in Figure 2.7. The Figure also shows
that the SEY decrease is slower for lower electron energies, and results in higher values
for electron energies of 10 and 20 eV. In particle accelerators, “scrubbing runs” [52–54]
are performed prior to normal operation. During these runs, the beam intensity is
gradually increased to condition the vacuum chamber surfaces using the electrons
from the electron cloud build-up. The process is self-limited because electrons are no
longer multiplied once the SEY is close to 1. In laboratory experiments, the surface
is conditioned using an electron gun. Consequently, the SEY maximum can decrease
below 1, depending on the material. However, the conditioning of copper has its
limitation at cryogenic temperature. During run 2 of the LHC, a higher heat load was
observed in some cryogenic areas that conditioned less [47] due to the transformation
of copper hydroxide into CuO [55, 56]. In addition, the SEY decrease was limited to
𝛿max = 1.2 [55].
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Surface coatings

In the 20 % of the LHC that are at room temperature, a NEG film [8] was deposited
on the inner beam screen surface by magnetron sputtering using TiZrV twisted wires.
After activation by 24 h thermal annealing at 180 °C in UHV, it acts as a getter
pump with excellent vacuum properties [57, 58] and reaches a low SEY maximum
of ∼ 1.1 (Fig. 2.8a). However, the BSs in the cryogenic regions are surrounded by
magnetic coils and embedded in a cryostat. Therefore, a surface treatment at room
temperature without thermal annealing is required. Graphite has an inherently low
SEY. Therefore, amorphous carbon (a-C) [59] is coated on the inner Cu surface of these
BSs by magnetron sputtering. During the fabrication process, a thin Ti layer (150 nm)
is deposited onto the Cu surface to reduce the outgassing of the BS and to improve the
adhesion of the a-C layer (50 nm) on top. The coating has a SEY 𝛿max ∼ 1 (Fig. 2.8b).
The SEY of the coated surface decreases for a more graphitic structure (conversion
of sp3 hybrids into six-fold aromatic domains of graphite), obtained at higher coating
temperatures. This correlates to smaller band gaps in the electronic structure and
thus higher conductivity [60, 61]. The process is well developed and electron cloud
mitigation has been demonstrated in the SPS at RT [62, 63], at cryogenic temperature
in the COLD bore EXperiment (COLDEX) [64], and in a test bench (vacuum pilot
sector) of the LHC [65]. In addition, high surface adsorption capacity was observed in
the absence of dynamic pressure instabilities [64].

Since the BSs of the cryogenic sectors are installed inside dipole or quadrupole magnet
assemblies, which comprise a cryogenic cooling system and a complex vacuum system,
their removal and replacement is an elaborate and time consuming 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. Therefore, the carbon coating process
was developed for ex situ treatment in the laboratory or in situ in the LHC tunnel.

Figure 2.8: SEY as function of primary electron energy for antimultipacting surface
treatments such as NEG film on Cu before and after thermal activation, amorphous
carbon/Ti coating on Cu, and Laser Engineered Surface Structures (LESS) on copper.
Data taken with permission from Ref. [66].
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2.3 Electron cloud in the vacuum chamber

Figure 2.9: a) Sketch of SEY reduction at grooved surface, b) SEM images of laser-
induced micro- (left) and nanostructure (right) on Cu.

However, the performance of the a-C coating in presence of the cryosorbers installed in
the BS (see Sec. 2.2) is markedly reduced in terms of the resulting SEY. Magnetron
sputtering can only be applied to the entire object, thus a selective treatment of the
curved parts of the BS where cryosorbers are not present is not possible. For these
reasons, laser-based surface modification is investigated as an alternative method to
suppress electron clouds. The following section provides detailed information on the
concept.

Geometrical modification

The concept of reducing the SEY by surface roughness has been developed since the
1930s [67]. Theoretical simulations of triangular and rectangluar grooved structures
showed that a high aspect ratio between the height 𝐻 and width 𝑊 of the structures
efficiently reduces the SEY [68–71]. Figure 2.9a illustrates the principle of secondary
electron suppression by a microstructure. Due to the geometrically modified surface,
the primary electron – perpendicular to the macroscopic surface – now hits the
micro/nanostructure at an oblique angle. As discussed above (Sec. 2.3.1), the electrons
are emitted in a cosine distribution. Thus, if the aspect ratio of the surface geometry
is high enough, the emitted the emitted secondary electrons either repeat the same
process by impinging on neighbouring structures or are absorbed by the geometry. This
way, the angular dependence of 𝛿max (Eq. (2.2)) cancels out. However, these models
only focus on simple surface geometries, and do not account for nano-features on top
of the grooves (visible in Fig. 2.9b). On a microscopic scale, the primary electrons
impinge at an inclined angle on the surface structure. Experimentally, metallic surfaces
were roughened using various techniques such as thermal oxidation [30] or electrical
discharge machining [69]. The breakthrough was the generation of high absorptive [72],
grooved structures using ns pulsed lasers [73–75]. Short and ultrashort pulse laser
processing is an effective method to structure and functionalize surfaces. When the
laser light is scanned across a surface, material is ablated, followed by an expanding
plasma plume, and ejected particles from the plasma plume are partially redeposited on
the surface. This process results in micrometer deep trenches decorated with particles,
as shown in Figure 2.9b, that reduce the SEY to below 1 (Fig. 2.8c). Laser-induced
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surface structures were then proposed for SEY reduction to mitigate electron clouds
in particle accelerators [1]. A laser-treated test surface with SEY ≤ 1 proved the
suppression of electron multipacting in the SPS at CERN [2]. In contrast to other
techniques, the laser processing can be applied at atmospheric pressure, the Cu layer is
directly patterned without adding other materials, and selected areas can be treated.

2.4 Ultrashort pulse laser ablation

This section focuses on ultrashort pulse laser ablation: the laser properties, the laser-
matter interaction, the influence of laser parameters on the surface properties, and
its applications including SEY reduction for electron cloud mitigation in particle
accelerators.

2.4.1 Gaussian beam characteristics

Laser light is primarily a flux of photons described by an electromagnetic wave. It
is a transverse wave where the magnetic and electric fields are located exclusively in
planes perpendicular to the direction of propagation. In the fundamental transverse
mode TEM00 of the laser resonator, the intensity distribution 𝐼(𝑟, 𝑡) of a pulsed laser
is Gaussian in its spatial 𝑟 and temporal 𝑡 property. It is given by [76]:

𝐼(𝑟, 𝑡) = 𝐼0 exp (−2 𝑟2

𝜔2
0

) exp ( − 4 ln (2𝑡2

𝜏2
p

)), (2.3)

with the beam waist 𝜔0, the pulse duration 𝜏p, the maximum intensity 𝐼0 ≈ 2𝐸𝑝
π 𝜏p 𝜔2

0
,

and 𝐸𝑝 being the pulse energy. The temporal Gaussian profile is an approximation and
may vary depending on the laser system used. The integration over the irradiated area
𝐴 results in the power distribution of the laser pulse, which is again Gaussian in time:

𝑃(𝑡) = ∫
𝐴

𝐼(𝑟, 𝑡) 𝑑𝐴 = 𝑃0 exp ( − 4 ln (2𝑡2

𝜏2
p

)), (2.4)

with the peak power 𝑃0 ≈ 𝐸𝑝
𝜏p

. For a pulsed laser with repetition rate 𝑓rep, the time
averaged laser power is defined as:

𝑃 = 𝐸𝑝 ⋅ 𝑓rep. (2.5)

By integrating the intensity of the Gaussian laser beam over time, the fluence 𝐹(𝑟) is
obtained:

𝐹(𝑟) = ∫
+∞

−∞
𝐼(𝑟, 𝑡) 𝑑𝑡 = 𝐹0 exp (−2 𝑟2

𝑤2
0

), (2.6)
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with the peak fluence 𝐹0 = 2𝐸𝑝
π𝜔2

0
.

When a single line in scanned, the number of laser pulses 𝑁 on a spot is:

𝑁 =
𝑓rep ⋅ 2 𝜔0

𝑣
. (2.7)

Consequently, the averaged deposited energy per spot amounts to:

𝐹 = 𝑁 ⋅ 𝐹0
2

=
2 𝐸𝑝 𝑓rep

𝑣π𝜔0
= 2 𝑃

𝑣π𝜔0
. (2.8)

Note that this is an approximation, using an average energy density of 𝐹0/2. As
previously stated, the laser has a Gaussian distribution of intensity.

The number of laser pulses 𝑁acc on a spot of a scanned area with overlapping lines at
distance of 𝛥y is defined as:

𝑁acc =
𝑓rep ⋅ π𝜔2

0

𝑣𝛥𝑦
, (2.9)

and the accumulated laser fluence 𝐹𝑎𝑐𝑐 calculates to:

𝐹𝑎𝑐𝑐 = 𝑁acc ⋅ 𝐹0
2

= 𝑃
𝑣𝛥𝑦

. (2.10)

This averaged quantity cannot be generally used for comparison of effects, but it allows
to follow processing trends within defined parameter limits. For the ps-laser operating
at 100 kHz, it is a useful value if the scanned lines neither overlap too much nor are
too far separated (𝑑/2 > 𝛥𝑦 > 10 ⋅ 2𝜔0). In the case of a stronger overlap, the line
distance 𝛥𝑦 should be replaced by the laser diameter.

When a Gaussian beam is focused, its beam waist 𝜔(𝑧) is minimal in the focal plane
𝜔 (𝑧 = 0) and diverges along the propagation direction 𝑧:

𝜔(𝑧) = 𝜔0 √1 + ( 𝑧
𝑧R

)
2

, (2.11)

with 𝑧R being the Rayleigh length:

𝑧R = π𝜔2
0

𝑀2𝜆
, (2.12)

the laser wavelength 𝜆 and the beam quality factor 𝑀2, which is 𝑀2 > 1 for a non-ideal
Gaussian profile. At the Rayleigh length, the beam radius increases by a factor of

√
2

and the laser intensity drops to 50 %.

Due to its wave nature, the beam is diffraction-limited and can therefore not be focused
to an arbitrarily small spot. To obtain a small spot, the initial beam with a radius 𝜔p
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should be expanded before being focused with a lens of focal length 𝑓. Consequently,
the beam radius in the focal plane 𝜔0 calculates to:

𝜔0 = 𝜆𝑓𝑀2

π𝜔p
. (2.13)

For certain laser systems, the choice of 𝜔p and 𝑓 may be geometrically limited.

The laser radius 𝜔0 can be experimentally determined from the surface profiles engraved
in the material using Liu’s method [77]. For a Gaussian spatial beam profile, the
relation between the trench width 𝐷 and the laser power 𝑃 can be written as:

𝐷2 = 2 𝜔2
0 ln ( 𝑃

𝑃th
), (2.14)

with 𝑃𝑡ℎ being the threshold laser power for material ablation. The laser radius 𝜔0
(defined at the width where the photon intensity is reduced to 1/e2) can be determined
from the slope 𝛥 = 2 𝜔2

0 of a semi-logarithmic plot.

2.4.2 Ultrashort pulse laser-matter interaction

The ultrashort pulse laser interaction with a substrate is influenced by both the sub-
strate (heat conduction, absorption coefficient, electron-phonon coupling) and the
laser properties (pulse duration, wavelength, beam shape). The dominating ablation
mechanism is determined by the deposited laser intensity and its spatial and temporal
distribution. The following is a brief overview of the interaction processes involved
in laser ablation such as (1) laser excitation of electronic states, (2) energy transfer
and phase transitions/melting, and (3) thermal cooling/re-solidification/material re-
moval [76, 78–81]. An overview of the process is given in Figure 2.10a. The main focus
is on ultrashort (fs/ps) laser irradiation of metals, since it is used in this study.

1) Laser excitation of electronic states
When a metal, featuring an electron gas, is irradiated with fs laser pulses, electrons from
the conduction band near the Fermi level absorb photons when they collide with other
charged particles or, in the other words, when they change momentum upon deflection
in the electric field of other particles. This process is called inverse bremsstrahlung.
Commonly these are interband excitations of s/p-band electrons. However, interband
transitions from d-bands to s/p-bands are also probable, if the photon energy is larger
than the distance between the edge of occupied states (d-band) and the Fermi level. In
the case of copper, the d-band is fully occupied ([Ar] 3d10 4s1) and with 2 eV close to the
Fermi level. Inelastic scattering processes between the excited higher energetic electrons
with the remaining electrons in the conduction band lead to a thermalization of the
electronic system on a timescale of a few femtoseconds, approximately equal to the laser
pulse duration. This results in a thermal equilibrium of conduction electrons at higher
temperature, described by a new Fermi-Dirac distribution of elevated temperature.

16



2.4 Ultrashort pulse laser ablation

Figure 2.10: a) Time scales of fs laser ablation process. Figure taken from Ref. [82],
two temperature model molecular dynamics (TTM-MD) simulation of metal (Al)
transformation during b) laser spallation and c) phase explosion, irradiated with fs
laser pulses at fluences of 0.09 J cm−2 and 0.2 J cm−2, respectively. Figure taken with
permission from Ref. [83].

In case of semiconductors and insulators, the photon absorption process is more complex.
Under intense laser irradiation, free electrons are photo-excited from the valence to
the conduction band via single- or multiphoton absorption that is determined by the
ratio of the band gap to the photon energy and/or via tunneling ionization. After the
conduction band is filled with free electrons, they absorb the laser energy by inverse
bremsstrahlung, due to increased collision frequency between charged particles. Now
they can gain enough energy to ionize neutral atoms in collisions. This process is called
avalanche ionization. After the laser pulse, the generated free carriers are gradually or
swiftly recombining to the ground or defect state depending on material type [84].

The generation of free electrons in semiconductors and insulators, excitation of d
electrons in transition metals, and heating of the electrons in the conduction band
cause a dynamic change of the optical material response to laser irradiation. In metals,
the reflectivity is strongly reduced at relatively high laser fluences after single laser
pulses [85, 86].

2) Energy transfer, phase transitions, and melting
The built-up thermodynamic non-equilibrium between the hot electrons (at temperature
𝑇𝑒 ≈ 10 000 K) and the cold lattice of atoms and ions (𝑇𝑙) equilibrates through electron-
phonon collisions on a time scale of picoseconds. The electronic heat conductivity 𝑘,
the heat capacity 𝑐, and the strength of the electron-phonon coupling 𝐺 determine the
energy transport from the hot surface layer to the bulk of the metal, and ultimately
the electron-lattice equilibrium temperature.

To describe the energy transport, the consecutive phase changes (from solid to liquid)
and the resulting ablation depth, hydrodynamic or molecular dynamic (MD) simulation
models are usually combined [87–94]. The basis of which is usually the description of
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the thermodynamic non-equilibrium in one dimension 𝑧 by the two temperature model
(TTM) [95, 96]:

𝑐𝑒
∂𝑇𝑒
∂𝑡

= ∂
∂𝑧

(𝑘𝑒
∂𝑇𝑒
∂𝑧

) − 𝐺 (𝑇𝑒 − 𝑇𝑙) + 𝑆, (2.15)

𝑐𝑙
∂𝑇𝑙
∂𝑡

= ∂
∂𝑧

(𝑘𝑒
∂𝑇𝑙
∂𝑧

) + 𝐺 (𝑇𝑒 − 𝑇𝑙), (2.16)

with the laser source term 𝑆, which simulates the excitation of conduction band electrons.
The latter includes both properties of the laser source (temporal and spatial profile)
and optical properties of the material (absorption/reflectivity, optical penetration
depth etc). A simplified expression for 𝑆 is given by 𝑆 = 𝐼(𝑡)𝐴 𝛼 exp(−𝛼𝑧), with the
temporal laser intensity 𝐼(𝑡), the surface transmissivity 𝐴 = 1 − 𝑅, and the material
absorption coefficient 𝛼 [96]. This however does not consider reflectivity changes of the
material during laser irradiation, that was observed after few ps of laser irradiation [92].
More elaborated expressions for 𝑆 were included elsewhere [92, 93].

3) Thermal cooling, re-solidification, and material removal
Two ablation regimes have been identified for fs laser ablation: spallation and phase
explosion. At fluences slightly above the ablation threshold (0.5 J cm−2 < 𝐹 < 2 J cm−2

for Cu [92, 93] using 800 nm, 120 fs and 1 kHz), the relaxation of the laser-induced
compressive stresses drives heterogeneous nucleation and the growth of subsurface
voids in a subcritical liquid phase, as observed in a two temperature model molecular
dynamics simulation in Figure 2.10b. This process is known as spallation and occurs
in the surface region of the target, resulting in minor ablation.

During phase explosion at fluences well above the threshold (≥ 2 J cm−2 for Cu [92]
using 800 nm, 120 fs and 1 kHz), the liquid regions in the upper part of the expanding
foam structure are surrounded by vapor. The evaporation can occur faster than the
electron-phonon energy transfer and is therefore non-thermal, while in the deeper
regions of the target, large voids are created by a melting front. The explosive removal
of hot matter triggers a strong convective cooling that limits further heat diffusion and
freezes the churned melt front, resulting in the characteristic topographies of churned
melt [97].

The ejected plume is a mix of vaporized atoms at the front part of the plume, followed
by medium sized clusters of atoms and large droplets from the slow process of liquid
decomposition (Fig. 2.10c). The large clusters or droplets from deeper regions have
higher internal temperatures (≈ 4000 K [83]) than the small clusters. The more efficient
cooling of the top part of the plume can be attributed to the explosive decomposition
and fast expansion of the mixture of vapor and small clusters, in contrast to the slower
cooling of the larger clusters in the tail of the ablation plume. Similar observations
have been made in plasma diagnostics, where the plasma plume slits into a fast
component with optical emission characteristic of neutral atoms and a slow component
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with blackbody-like emission, indicating the presence of hot clusters [98–101]. Phase
explosion is usually characterized by a steep increase in ablation depth when the laser
fluence increases [93]. It is the dominating ablation mechanism in femtosecond laser
ablation at high fluences. However, both regimes can occur simultaneously within the
laser spot: phase explosion at the maximum fluence of the spot and spallation in its
periphery [83].

For longer pulse durations (ns), the ablation mechanism changes. The process is
dominated by melting as the thermalization of both electrons and lattice occurs
during the laser pulse. A thermal equilibrium exists, rendering the TTM unnecessary.
Consequently, the process is no longer dominated by explosive pressure changes and
high velocities [102]. These changes in laser-matter interaction result in less precision
on the processed target. The structures are primarily composed of melt and exhibit
a higher degree of roughness [103], rather than sharp edges [96]. Picosecond pulse
durations are in an intermediate regime, leading to a combination of thermal and
non-thermal effects, which also depends on the laser fluence applied [104].

2.4.3 Laser-plasma interaction

During the laser pulse, energy is transferred onto the surface and a plasma is ignited
at a time scale of ns, as shown in Figure 2.10a. The material that is evaporated from
the target forms a thin layer of very dense plasma, consisting of electrons, ions, and
neutrals. The laser beam is absorbed by the plasma, causing an increase in temperature
and pressure. As a result, the plasma expands into the surrounding atmosphere. The
duration of the expansion depends on the laser pulse duration and can last several
hundreds of ns. At sufficiently high energies, plasma splitting occurs, separating the
vapor from heavier species. This is experimentally observed using fast photography
and illustrated in Figure 2.11a. Plasma confinement starts as energy is dissipated by
interacting with the cold surrounding. The cool down phase and particle redeposition
can last several µs (Fig. 2.11).

The plume expands adiabatically and almost collision free in vacuum. A background
gas can be used to reduce the kinetic energy of the plume species and to increase the
number of chemical reactions between the plume and the gas, as well as increasing the
formation of nanoclusters and nanoparticles through inelastic atomic collisions [80].
When processed in air, the particles are oxidized in the plasma phase. This can be
prevented by an inert gas atmosphere.

2.4.4 Consequences on the surface structure

Tuning the laser parameters enables the generation of a variety of laser structures [82,
85] with defined properties, e.g. low reflectivity [72, 105, 106], high emissivity, wettabil-
ity [107–109], tribology [110] or structural coloring [111–113]. The scan pattern defines
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Figure 2.11: Fast photography of plasma expansion process of fs laser irradiated Cu
at an average laser power of a) 760 and b) 112 mW, a repetition rate of 1 kHz, and
scanning speed of 1 mm s−1. The dashed red line indicates the sample surface. The
color code refers the intensity (not normalized). Photography performed by Afaque
M. Hossain.

if pyramids [72], holes [103] or grooves [2] are formed. At laser fluences close to the
ablation threshold, the material transformation is dominated by spallation as discussed
above (Sec. 2.4.2). In this regime, Laser Induced Periodic Surface Structures (LIPSS)
are formed either via the superposition of the incident laser pulse and a plasmon wave
within the irradiated substrate or via self-organization of matter [114, 115]. They are
characterized by sub-µm scale ripples, oriented either parallel or perpendicular to the
laser pulse polarization. Two types of LIPSS are typically distinguished [114]: low
spatial frequency LIPSS (LSFL) with a periodicity 𝛬 close to the laser wavelength 𝜆
(𝜆/2 < 𝛬LSFL < 𝜆) at normal incident laser radiation and high spatial frequency LIPSS
(HSFL) (𝛬HSFL < 𝜆/2) [114].

Ablation depth and volume

A relation between the ablation depth 𝛥𝑧 and the laser power 𝑃 exists [116]:

𝛥𝑧 = 1
𝛼eff

ln ( 𝑃
𝑃th

), (2.17)

with the effective absorption coefficient of the material 𝛼eff and using the Beer-Lambert
law.

In general, the crater depth or the aspect ratio of the crater increases, the more energy
is deposited per surface area [117, 118]. The accumulated fluence can be increased
by increasing the number of pulses 𝑁, increasing the average laser power 𝑃 (pulse
energy 𝐸 and repetition rate 𝑓rep), or decreasing the laser radius 𝜔0 (Eq. (2.8)). The
ablation is dependent on the material and can be influenced by absorption and heat
conduction (Sec. 2.4.2). In semiconductors and insulators, the laser wavelength plays a
significant role in the absorption process, which is based on multiphoton absorption.
The accumulation of multiple laser pulses increases the absorptivity of the material, as
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2.4 Ultrashort pulse laser ablation

the roughening of the spot area reduces the surface reflection, resulting in a decrease
of the ablation threshold due to incubation effects [119–121]. Similar effects can be
achieved when processing in a pre-pulse (burst) mode, leading to an increased ablation
rate [122]. A decrease in ablation efficiency is observed when the laser irradiates the
surface at an oblique angle [123].

Properties of laser-induced nanostructure

The more material is ablated, the more species collide in the plasma plume and the
more particles are redeposited onto the surface. Whether particle generation is desirable
or not, depends on the application. In pulsed laser deposition (PLD) for example, the
ablated particles are condensed on a different substrate to grow films [124–126]. Particle
deposition on the surface is greater when processed in a gas atmosphere compared to
vacuum conditions. This is due to the free expansion of the plasma in vacuum and the
suction of the particles [127–129]. The particle size ranges from few nm (vapor) up to
several hundreds of nm ejected from deeper parts in the material [83].

2.4.5 Applications of laser surface treatments to reduce the SEY

The SEY of laser-treated surfaces is mainly influenced by the surface geometry, namely
the micro- and nanostructures. In particular, surfaces with micrometer deep trenches
of high aspect ratio decorated with cauliflower features had been studied for SEY
reduction [130–132], for which a low SEY of 𝛿max = 0.7 was achieved [131] in laboratory-
scale experiments. These are generated at high average laser power (∼ 1 W) and low
scanning speed (10 mm s−1) [131], resulting in a significant increase of surface roughness.
The SEY decreases with higher aspect ratio between the trench height and width [69,
132]. However, laser parameters were merely changed to minimize the SEY, and no
clear correlations were established between the processing parameters and the changes
in surface composition and topography. The optimization efforts towards low SEY
mainly focused on processing Cu with a green laser, as it was assumed that 532 nm
photons ablate copper more efficiently than 1030 nm photons.

LIPSS structures were also investigated for SEY reduction [133], resulting in a maximum
SEY of 𝛿max = 1.6 [134]. These structures can be fabricated nearly particle-free, which
is advantageous for use in vacuum components of particle accelerators. Cleaning of the
laser-processed surfaces, such as ultrasonication, results in an increase of SEY [2, 132,
135], due to the altered surface morphology. On the other hand, similar tendencies
as for untreated surfaces apply (see Sec. 2.3.3): A contaminant-free surface has a
lower SEY. This was observed by thermal heating [131] or electron conditioning [1,
136]. The oxidation state plays a minor role for SEY reduction compared to the
geometrical modification, as low SEY values (𝛿max ≤ 1) were observed for both CuO-
dominated and Cu2O-dominated surfaces [131]. Processing in a gas atmosphere
minimizes surface/particle oxidation during the plasma phase as opposed to processing
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2 Context of the study

in air. Using N2 resulted in Cu2O-dominated surface instead of CuO obtained in
air with a considerable lower SEY [131]. In addition, laser-processing in an inert gas
atmosphere confines the plasma expansion. This leads to different particle compositions.
At cryogenic temperatures, the SEY increases compared to RT due to molecules that
adsorb on the cold surface [131].

2.5 Requirements and challenges for laser processing the inner
beam screen surfaces of the LHC

2.5.1 Technical requirements

The surface treatment is expected to be applied in cryogenic areas of the LHC near
the interaction points (IR1 and IR5) where the electron cloud density is anticipated
to reach unacceptable values. These BSs are installed in superconducting magnets
(Fig. 2.3a) that will be brought to the surface, without extracting the BSs from the
magnets. Since the in situ a-C coating would damage the cryosorbers, installed on
these BS, an in situ laser treatment of 8 × 10 m BSs is envisaged.

The BS is an up to 15 m long tube with a non-circular cross section (see Fig. 2.3) and
a minimal aperture of only 61 mm (see 2.1) between the flat faces. Its inner surface
must be laser treated. The beam delivery from the laser source to the target surface
is a technical challenge, because the laser beam must be guided over several meters
and focused on the inner surface, where spatial access for the laser optics is limited
due to the small aperture of the BS. This necessitates the use of optical fibers [137] or
similar technologies. In addition, assuming that the light source is positioned on the
longitudinal central axis, the non-circular cross section requires a laser treatment at
variable focal distances, depending on the azimuth angle. Up to now, no industrial
solution is available to process such an object. Considering the length of the BS,
processing is likely to take several days or weeks. It is crucial that the entire system
remains stable during this period, particularly the optical system, which must be in
thermal equilibrium. Moreover, the surface must be uniformly treated. Therefore, a
dedicated laser surface treatment setup, which meets all the mentioned requirements,
has been developed. The system includes a hollow-core photonic crystal fiber for
ultrashort laser pulses combined with a beam delivery system and robot-assisted beam
scanning.
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2.5.2 Treatment requirements

In the vacuum system of the LHC, the surface treatment must meet the following
requirements:

• The SEY maximum should be in the range of 𝛿max ∼ 1.1 – 1.3 to not exceed the
multipacting thresholds (see Sec. 2.3.3) or it should decrease close to 1 upon
electron exposure during beam scrubbing (Sec. 2.3.3).

• The surface modification depth shall not exceed 25 µm to ensure a low impedance
at cryogenic operation temperature (5 - 20 K) of the colaminated 75 µm thick Cu
layer. A higher surface resistance deteriorates the proton beam quality and adds
a contribution to the heat load on the cryogenic system of the surrounding cold
mass of the magnet.

• A Cu2O-dominated surface is preferable to CuO. Oxidation of a Cu surface
cannot be completely suppressed as Cu2O naturally forms in air. However, the
formation of CuO should be avoided as it can lead to charging of the laser-treated
surface at cryogenic temperature [131], causing an additional heat load on the
cryogenic system.

• The quantity and size of redeposited particles resulting from the laser ablation
process must be limited. It has not yet been measured, whether the laser-
generated particles may detach randomly from the surface during LHC operation
or if those at the bottom of the BS may be lifted by the proton beam.

Flying particles that cause beam losses are commonly referred to as unidentified
falling objects (UFOs). Particle beam interactions become critical at a particle
diameter greater than 10 µm. For particle diameters larger than 60 µm, detach-
ment can cause significant damage to machine components or result in a magnet
quench [138]. In such an event, the beam must be extracted from the machine.
Objects that lie at the bottom of the BS are categorized as unidentified lying
objects (ULOs). It is still under investigation whether they can be charged [139]
and lifted by the proton beam.

In addition, the ablated material can deposit on the laser optics during processing
and reduce the light intensity in the interaction zone. Therefore, surface structures
with reduced particle density are of special interest.

• The time, in which all magnets need to be processed, is limited to the duration
of the long shutdown 3 and its technical schedule. A reasonable processing time
for one magnet is one month.
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3 Sample preparation and characterization
methods

This chapter is divided into three main parts. First, the laser setups used for processing
are presented. All flat surfaces were processed using commercial laser setups at Leibniz
Institute of Surface Engineering (IOM) (Leipzig, Germany). The surface properties of
the flat surfaces are discussed in Chapter 4. All curved surfaces and BSs were treated
using two setups built and commissioned at CERN, referred to as in situ setups (532 nm
and 1030 nm). They are designed to treat the BSs installed in the magnet complexes
of the LHC. The treatment will take place on the surface rather than underground.
However, the BSs will not be extracted from the magnets. The in situ setups were
described and characterized in more detail, as they are not standardized. The surface
analysis results of curved surfaces are discussed in Chapter 5, while Chapter 6 covers
the results of BSs. Second, the surface characterization methods are introduced such
as SEY and conditioning measurement. In the third part, the untreated Cu surfaces
were analyzed prior to the laser processing.

3.1 Laser processing of flat surfaces

A Nd:YVO4 pulsed laser (Lumera Super Rapid) was used as photon source with
fixed pulse duration (𝜏p = 12 ps) and repetition rate (𝑓rep = 100 kHz, unless other-
wise defined). The primary (1064 nm), doubled (532 nm), and tripled (355 nm) laser
frequencies were employed. The linearly polarized Gaussian beam (with a quality
factor 𝑀2 = 1.3) was focused on the surface by a f-theta lens with focal lengths of 165
(infrared (IR) and green) and 103 mm (ultraviolet (UV)), and scanned in parallel lines
with distances 𝛥𝑦 of 10 and 50 µm, as illustrated in Figure 3.1. The laser radii were
determined following Liu’s method [77] and were evaluated to be 13.2 (IR), 5.8 (green),
and 14.6 µm (UV), respectively. Laser processing in air was performed varying the
average laser power 𝑃 and the scanning speed 𝑣 from 10 up to 4100 mW and from 1 to
200 mm s−1, respectively.

A solid-state laser (Carbide CB3-40W from Light Conversion), which replaced the
previous laser, has a tunable pulse duration of 238 fs – 10 ps and repetition rates of
100 kHz – 2 MHz. Unless otherwise defined, a pulse length of 10 ps and a repetition rate
of 100 kHz were used for all experiments. The primary (1030 nm), doubled (515 nm),
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3 Sample preparation and characterization methods

Figure 3.1: Schematic of ultrashort pulse laser treatment setup used for the processing
of flat Cu surfaces at IOM.

and tripled (343 nm) laser frequencies were used. Identical focusing lenses were used,
resulting in radii of 23.0 (IR), 13.9 (green), and 15.9 µm (UV).

3.2 Green and infrared in situ laser setups

Since no commercial solutions are available to treat the inner surface of a 10 m long
tube with a minimum cross-sectional diameter of 46 mm, the in situ laser setup was
designed to treat such objects. The setups are described and characterized in more
detail below due to the unique combination of fiber technology and robot-assisted
scanning. The laser processing of small, curved samples was mainly performed on the
green in situ setup, while the IR laser setup, was primarily used to process longer BSs
and tubes. Their working principle is similar, but there are slight differences in the
laser source parameters (Tab. 3.1) and the laser beam properties (diameter, Rayleigh
length), which are discussed in Section 3.2.2.

Table 3.1: Overview of parameters of green and IR in situ laser setups.

Component Parameters Green laser setup IR laser setup

Laser Wavelength 𝜆 532 nm 1030 nm
Pulse duration 𝜏p 12 ps 500 fs
Repetition rate 𝑓rep 200 kHz 500 kHz
Maximum average laser source 25 W 20 Wpower 𝑃
Laser diameter at laser output 5 mm 5 mm

Fiber Mode field diameter (MFD) 26.4 µm 42 µm
Hollow-core diameter 2𝑅core 38 µm 60 µm
Collimated beam diameter 1.5 mm 2.6 mmat output cell 2𝜔𝑝
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3.2 Green and infrared in situ laser setups

3.2.1 Description of the laser treatment setups

An overview of the laser treatment setup is shown in Figs. 3.2 and 3.3. The aim
is to imprint micro- and nanostructures on the Cu surface of the BS. Therefore, an
ultrashort-pulse laser source (Tab. 3.1) was chosen to ablate the surface efficiently.
After the laser source, a beam delivery system (BDS) was installed 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 polarization axis, and a fixed thin film polarizer
to filter out any light not aligned with the polarizer axis. The laser beam diameter is
focused into a 15 m long hollow-core photonic crystal fiber (HCPCF) to a mode field
diameter (MFD) of:

MFD = 2 √𝐴eff/π = {
26 µm (green),
42 µm (IR),

(3.1)

using the approximation of the effective area 𝐴eff =̂ 0.482 π 𝑅2
core for a core radius

𝑅core/𝜆 > 27 as previously proposed [140].

The HCPCF guides the laser pulses to the inner surface of the BS via inhibited coupling
(IC) [141]. Since an ultrashort pulse laser is used, a solid silica fiber is not appropriate
due to alterations in pulse characteristics (such as spectrum broadening and pulse
duration) and deterioration of the beam transmission properties (including damage
and intensity losses along the fiber) [141–143]. These factors can impact the quality of
the processed material due to a change in the laser-matter interaction [102].

Figure 3.2: In situ laser treatment setup composed of an ultrashort pulse laser
source, a beam delivery system (GLOphotonics), a 15 m hollow-core photonic crystal
fiber (GLOphotonics), and an inchworm robot (Waygate Technologies Robotics) that
travels inside the beam screen and irradiates the inner Cu surface. Published in
Ref. [144].
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3 Sample preparation and characterization methods

Figure 3.3: Detailed visual representation of the entire laser treatment system, which
comprises control, monitoring, and supply components. The positions where light
power is measured are highlighted in blue and the laser shutters are indicated in red.
Published in Ref. [144].

The HCPCF is designed with either an 8-tube single ring (green laser) or a 7-cell (the
number of capillaries taken off from the preform to make the core), 3-ring (number
of cladding rings) Kagome structure (IR laser), respectively (Fig. 3.4, top row). The
green fiber has a hollow-core diameter of 2 𝑅core = 38 µm, while the IR fiber has a
larger diameter of 60 µm. The geometry of the IR fiber is considered more robust
and therefore preferred due to its geometry. In contrast, the green fiber features a
single tubular arrangement instead, because small core diameters required for short
wavelengths are difficult to fabricate. The coupling into small core diameters is impacted
by thermal fluctuations that may occur during extended operation time. To address
this issue, the system by water cooling of the critical components involved in light
coupling. In addition, beam drifts are corrected using piezo-actuated mirrors in the
in the BDS. These mirrors adjust the beam position based on feedback from two
4-quadrant photodiodes that continuously monitor beam position offsets. To maintain
the the temporal and spectral shape of the pulse, the fiber is evacuated using a turbo
molecular pump (TMP). The hollow-core of the green fiber is evacuated first and
operated under static vacuum at a base pressure of about 2 mbar, while the IR fiber
is pumped continuously to a base pressure of 1 × 10−3 mbar. The fiber is coiled to
a bending radius of 15 cm for efficient cable management during the targeted in situ
treatment. At the output cell of the HCPCF , the beam is first widened and then
collimated to a spot diameter of 2 𝜔𝑝 = 1.5 mm with ∼ 91 % ellipticity (green) and
2 𝜔𝑝 = 2.6 mm with > 98 % ellipticity (IR) (see Fig. 3.4, bottom row). These values
were chosen to reach similar laser spot sizes for green and IR light and large Rayleigh
lengths (Sec. 3.2.2). The fiber is then inserted into a robot in which the beam is focused
by a plano-convex lens, then deflected by a 45° oriented mirror inside a motorized
rotating unit and directed towards the BS surface through a hollow tube that acts as
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3.2 Green and infrared in situ laser setups

Figure 3.4: a) 532 nm laser setup: cross-sectional photograph of the hollow-core fiber
with eight capillaries and the evacuated hollow-core (black part) and collimated laser
spot profile at the fiber output cell (2 𝜔px = 1.45 mm, 2 𝜔py = 1.6 mm). b) 1030 nm
laser setup: cross-sectional photograph of the hollow-core fiber with 7-cell (the number
of capillaries taken off from the preform to make the core), 3-ring (number of cladding
ring) Kagome structure with the evacuated hollow-core (black part). Collimated laser
spot profile at the fiber output cell (2 𝜔px = 2.66 mm, 2 𝜔py = 2.66 mm). Left column
published in Ref. [144].

nozzle for out-streaming nitrogen gas to minimize both oxidation of the Cu BS surface
and contamination of the optics in the internal part of the robot. This component is
visible in Figs. 3.2 and 3.5a. It rotates at defined speed to perform the treatment. The
robot is designed to scan the laser beam across the surface by crawling (supported
by nitrogen actuated clamps (∼ 4 bar)) inside the BS, whose aperture is as small as
61 mm (Figs. 3.2 and 3.5). Moreover, it can be adapted to smaller BS geometries, such
as those installed in arc dipole magnets of the LHC (BS type 50 A/50 L, see Tab. 2.1).

The gas supply for the pneumatic clamps and the nozzle flow is regulated using fast-
switching valves and pressure sensors located in the pneumatics box. The flow rate is
monitored by a flow meter positioned upstream of the pneumatics box and the robot
is connected to an electronics box as shown in the schematic overview of the setup in
Figure 3.3. During laser treatment experiments in the laboratory, the BS is placed
inside a tube for safety purposes, and a vacuum-based extractor (Weller Laser Line LL
200V) generates a constant airflow to eliminate particles and dust produced during laser
ablation. These particles are collected in a filter unit. The control of all equipment,
including the robot, is managed through an embedded real-time industrial controller
(Compact Rio) from National Instruments, paired with a customized user interface in
LabVIEW. During treatments, the laser shutter remains open, while the delivery and
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synchronization of the beam is controlled by actuating the shutter in the BDS. A more
detailed description of the software integration can be found elsewhere [145].

Figure 3.5: a) Photograph of the robot with indicated components. b) Cross-sectional
3D model visualizing the optical path of the laser light and the optical components
inside the robot. c) Scheme of laser beam collimation at the fiber output cell, focusing
by a plano-convex lens (with focal length 𝑓) installed in the robot, and directing the
beam via a rotating mirror onto the BS surface. Published in Ref. [144].
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Robot-assisted scanning and scan strategies

The robot (Fig. 3.5a) uses a coarse longitudinal motion to move forward in the BS
between treatments and a precise longitudinal motion to move its laser scanning arm
during treatments. The sled is linked to the main body through a linear rail and
precise spindle (pitch 1 mm), enabling accurate control over its position along the linear
axis. Pneumatic clamps on the sled and main body, powered by pressurized nitrogen
(∼ 4 bar), support the rough movement by alternately gripping and advancing the
body/sled. The robot head, which directs the laser, rotates using intermeshing gears
and a pinion. Both rotary and translational axes are driven by brushless direct current
(DC) motors. A magnetic quadrature encoder converts the electronic signals into
precise counts: 4 096 cts/mm on the linear axis and 32 768 cts/rev on the rotational
axis. This results in an encoder resolution of 0.24 µm (translation) and 0.011 degree
(rotation) or 0.62 µm on the curved beam screen surface, respectively.

The theoretical motor top speed is limited by the available voltage of 24 V. For the
surface treatment, it translates into a maximum rotational scanning speed (defined
along the scan line and relative to the BS surface) of ∼ 200 mm s−1 and a maximum
translational 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 since readjusting the clamps of the robot requires
approximately 10 % additional time.

Figure 3.6: Implemented scan patterns that are executed by the robot. The BDS
shutter is open during the line scanning (blue), and closed when moving to the next
line (green) (a, b). During the spiral pattern, the shutter remains open all the time (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). Published
in Ref. [144].

Integrating both linear and rotational motion, a variety of scanning patterns (Fig. 3.6)
were developed and tested for surface processing. These patterns include: a) a lon-
gitudinal line movement (longline), where the line spacing is defined by a rotational
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Figure 3.7: a) Electron cloud spatial distribution simulation [9] for quadrupole magnet.
Figure extracted from Ref. [9]. b) Schematic of BS cross-section for selective treatment
of a quadrupole: laser treatment of 4 corners (black), non-treated zones (orange).

move, b) a circular 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.

Since the electron cloud density in a quadrupole magnet (the ones likely to be laser-
treated) is highest at the four corners of the BS (Fig. 3.7a), it is sufficient to treat only
4 × 7° [146]. To ensure a margin, an angle between 15 and 20 degrees will be always
treated. The selective treatment has the advantage that the cryosorbers, installed on
the flat parts of some BSs, are not affected by the processing, in contrast to the case
of a-C coating. Therefore, a selective treatment was implemented, in which the BDS
shutter and the robot’s movement are controlled to treat only selected parts of the
BS of the standalone magnets of the LHC. This was implemented for the spiral and
longline movement. The concerned zones are located on the curved part of the BS,
which means that there is only one focal point. In summary, only a proportion of the
entire inner BS surface would be treated. This reduces the processing time, impedance
increase, and the risk of particles falling into the proton beam during operation. If not
the entire surface is treated, it is also easier to insert a post-cleaning device into the
pipe without damaging the treated surface.
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3.2.2 Characterization of the setups

In the following, the system was set into operation to characterize the power transmission
and stability, and the laser spot properties.

Power transmission and stability

Four points (Fig. 3.3) of the systems are relevant for monitoring the laser light power:
at the laser output (𝑃laser), at the output of the BDS before the beam injection into
the fiber (𝑃BDS), at the fiber output cell (𝑃fiber), and at the robot head (𝑃robot). The
laser sources provide an average laser output power of up to 𝑃laser = 25 W (green) and
20 W (IR), which was restricted to 11 W for the green laser to avoid any degradation
or local damage of the fiber. Since the power 𝑃BDS that is injected in the HCPCF is
not measured continuously, it was beforehand calibrated for different HWP angular
positions. The measurement was fitted using Malus law [147], to characterize the power
reduction by the combination of HWP and the linear polarizer in both systems. The
results of these measurements are shown in Fig. 3.8a:

𝑃BDS
𝑃laser

= 𝑦0 + 𝐴 ⋅ cos2 ( 2π
360°

(𝐵 ⋅ 𝛼 − 𝛼0)) , (3.2)

where 𝛼 corresponds to the HWP angle, 𝛼0 is the alignment angle relative to the
beam position; 𝐵 is the periodicity of the HWP, which is close to ideally 2; 𝐴 is
the maximum of transmitted intensity, implying < 4 losses for the green and IR (see
Fig. 3.8a) due to reflections/absorption on the optical components; and 𝑦0 represents the
transmitted intensity when the polarization direction behind the HWP is perpendicular
(green)/parallel (IR) to the polarizer axis.

The average laser power at the fiber output 𝑃fiber is not recorded permanently during
processing of the BS 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. 3.8b. The transmissions 𝑇fiber = 𝑃fiber/𝑃BDS
of the fibers were determined at a bending radius of 15 cm and include the coupling
efficiency into the fiber. For the green system, it amounts to ∼ 70 % (−1.3 dB) at low
average input power (∼ 1 W), while it decreases to ∼ 50 % (−3 dB) at higher average
input power (∼ 10 W). The transmission of the IR fiber is nearly constant at 88 %
(−0.52 dB) for various average input powers and decreases slightly to 85 % (−0.64 dB)
at the highest value of 20 W.

The attenuation (propagation losses) over a wide spectral range is shown in Fig. 3.8c.
It was measured at GLOphotonics using a broadband source (supercontinuum from
300 nm to 1800 nm) at low power (< 100 mW) to couple into the fiber, and an optical
spectrum analyzer (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 of 25 cm bending radius. The attenuation of the green fiber

33



3 Sample preparation and characterization methods

Figure 3.8: Power characterization of 532 nm (left column) and 1030 nm (right
column) setups: a) Measured (black) and fitted (green/red) transmitted laser power
(%) through the attenuator in the BDS as a function of HWP 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 fiber age stage than d) and a bending
radius of 15 cm. c) Attenuation of the 15 m HCPCF coiled to a bending radius of
25 cm in the spectral range of 450 nm – 650 nm (left column) and 750 nm – 1250 nm
(right column), measured by the cutback method. The wavelengths of 532 nm and
1030 nm (used in the setups) are indicated by the red vertical line. d) Long-term
power stability test over 70 h (left column) and 100 h (right column). The average
laser power at the fiber output cell was measured using an external power sensor
(Coherent PM30 (green) and PM Spiricon 1000W-BB-34 (IR)). The actual average
power is 4.7 % (𝑃fiber in), 4 % (𝑃fiber out) higher for the IR laser. This is due to the
use of a water-cooled power sensor, which reduces thermal heating but is less precise.
Left column published in Ref. [144].
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amounted to 25 dB km−1 at the wavelength of 532 nm (see Fig. 3.8c), which corresponds
to 0.375 dB (92 % transmission) for a length of 15 m. The attenuation of the IR fiber
is 15 dB km−1 at 1030 nm, or 0.225 dB (95 % transmission), respectively.

Transmission losses in the setup are generally a sum of propagation losses (−0.375 dB
(green), −0.225 dB (IR)), coupling losses at the fiber injection (−0.2 dB) and bending
losses of −1.1 dB (0.05 (green) and 0.02 (IR) 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
estimated loss of about 1.675 dB (green) and 0.777 dB (IR), corresponding to an
estimated transmission of 68 % (green) and 83 % (IR), which roughly fits the measured
transmission as discussed above. Bending losses in the green system have therefore a
major impact on the transmission quality. The compromise found is to set the operating
wavelength (532 nm) to the fifth quarter (wavelength-wise) of the transmission band (see
Fig. 3.8c), which results in good beam quality but rather bend-sensitive transmission
of the fiber. Moreover, the shorter the laser wavelength is, the smaller is the required
core diameter of the fiber to reduce Rayleigh scattering at the surface roughness. The
fabrication of small core diameter HCPCF remains challenging due to the difficulty in
maintaining a thin, homogeneous microstructure along the fiber during the drawing
process. Therefore, an infrared laser + fiber was selected for the new version of the in
situ setup. The larger core diameter facilitates to couple the laser beam into the fiber
and the transmission mode of the fiber (see Fig. 3.8c) is wider than for the green fiber,
making it less sensitive to bending losses.

It has to be further noted that the 5 % losses caused by the optical components in the
robot (lens, mirror, nozzle) are minor in both setups (Fig. 3.8b).

The setup was designed to perform large-scale surface treatments that can last several
days or weeks. Therefore, the beam coupling must be reliable and robust to environ-
mental variations in temperature and humidity without degrading the fiber to achieve
a uniform laser treatment. A continuous measurement (at an early fiber age stage)
over 70 h (green) and 100 h (IR) (Fig. 3.8d) showed a stable transmission of about
60 % and an average power at the fiber output of 𝑃fiber = 5.9 ± 0.1 W (green) and
85 % at an average power at the fiber output of 𝑃fiber = 16 ± 0.1 W (IR). Both setups
provide power stability over long periods with marginal fluctuations of about 2 % of
the nominal average laser power. However, the IR system is expected to last longer in
long-term use because of its higher light transmission, which means less power loss/heat
that can damage the fiber structure.

Laser spot characteristics at the beam screen surface

The theoretical Gaussian laser diameter 2 𝜔0 in the focal point (𝑧 = 0) at the BS
surface increases with larger wavelength 𝜆, smaller laser diameter at the fiber output
cell 2 𝜔p and larger focal length 𝑓 of the convex lens installed in the robot, according
to Eq. (2.13). For the focusing, some geometrical limitations exist in the robot. To
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Table 3.2: Beam characteristics for various lens & beam screen configurations.

Configurations (1) (2) (3)

Wavelength 𝜆 532 nm 1030 nm 1030 nm
Laser frequency 200 kHz 500 kHz 500 kHz
Collimated beam at fiber output 2 𝜔𝑝 1.5 mm 2.6 mm 2.6 mm
Quality factor 𝑀2 1.3 < 1.3 < 1.3
Focal length 𝑓 90 mm 84 mm 75 mm
BS type (dimensions Tab. 2.1) 74 50 L / 50 A 50 L / 50 A

Spot diameter 2𝜔0 52.8 µm 55.1 µm 49.2 µm
Rayleigh length 𝑧R 3.2 mm 1.8 mm 1.4 mm

avoid striking internal walls, the laser diameter at the fiber output should not exceed
2.6 mm. Additionally, the available space for the lens position in the robot is limited to
a maximum of 28 mm, which excludes certain focal lengths. The length of the optical
path of the laser light from the fiber output cell to the BS surface depends on the type
of BS to be treated. Taking all of these factors into consideration, three distinct convex
lens configurations were chosen whose beam characteristics are outlined in Tab. 3.2:
(1) 𝑓 = 90 mm for a large BS aperture (type 74) and 532 nm, (2) 𝑓 = 84 mm, and
(3) 𝑓 = 75 mm for small BS diameters (type 50 L/50 A) and 1030 nm. According to
Eq. (2.11), the theoretical beam waists in the focal point 𝜔 (𝑧 = 0) are:

2 𝜔 (𝑧 = 0 mm) = 2 ⎛⎜
⎝

𝜔0 √1 + (𝑧𝜆𝑀2

π𝜔2
0

)
2
⎞⎟
⎠

=
⎧{
⎨{⎩

(1) 52.8 µm (𝜆 = 532 nm),
(2) 55.1 µm (𝜆 = 1030 nm),
(3) 49.2 µm (𝜆 = 1030 nm).

(3.3)

However, the 1030 nm beam diverges stronger as visualized in Figure 3.9a, resulting
in a smaller Rayleigh length than the one for 532 nm (Tab. 3.2). At the maximum
available average laser power at the robot exit of the green laser setup (5 W) and the
laser frequency of 200 kHz, the peak fluence of a single pulse is 2.3 J cm−2 (configuration
1). Due to the higher frequency of 500 kHz used in the IR laser setup, the peak fluences
at the same average laser power of 5 W are (2) 0.8 J cm−2 and (3) 1.1 J cm−2, which
is 35 % (config. 2) and 48 % (config. 3) compared to the peak fluence of the green
laser, as shown in the Gaussian distribution in Figure 3.9b. To reach similar peak
fluences with the IR laser, the average laser power must be increased to (2) 13.6 W
or (3) 10.9 W, respectively. This corresponds to pulse energies of (2) 27.2 µJ and (3)
21.8 µJ.
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3.2 Green and infrared in situ laser setups

Figure 3.9: a) Calculated beam waist along focal axis z (according to Eq. (3.3)), b)
Energy density (according to Eq. (2.6)) at 𝑧 = 0 of a single pulse at an average laser
power of 5 W and laser frequencies of 200 kHz (532 nm) and 500 kHz (1030 nm). The
full parameter settings are given in Tab. 3.2.

Since the perimeter of the BS is non-circular, the focal point is not always on the
surface (Fig. 3.10a). The lens in the robot is mounted to a screw-in housing and cannot
be moved during processing, i.e. no automatic focus corrections are applied. The focal
point was set on the curved part of the hippodrome-shaped BS, as it is more defined
and since the focal point on the flat part gradually changes. In addition, only the four
corners of the curved part would need to be processed for a selective treatment. Setting
the focal point on the curved part, would result in a defocused beam on the flat part,
as indicated in Fig. 3.10a. The distance between the closest and the furthest part is
4.85 mm. At 4.85 mm defocus, the spot diameters increase to:

2 𝜔 (𝑧 = 4.85 mm) =
⎧{
⎨{⎩

(1) 96.6 µm (𝜆 = 532 nm),
(2) 159.9 µm (𝜆 = 1030 nm),
(3) 175.2 µm (𝜆 = 1030 nm),

(3.4)

and the theoretical peak fluence of the Gaussian laser beam reduces to (1) 30 %, (2) 12 %
and (3) 0.1 % (Eq. (2.6)). The laser beam waist 𝜔 diverges more for larger wavelengths
𝜆. This is why the intensity drop is more significant for 1030 nm, even if the laser
diameters 2 𝜔0 are comparable. At 𝑧 = 4.85 mm and an average laser power of 5 W,
the peak fluence of the green laser (config. 1) is still above the ablation threshold of
Cu (0.24 J cm−2 [132] for 532 nm, 10 ps and 200 kHz), while the IR laser (config. 2) at
an average laser power of 13.6 W is at the ablation threshold value (0.27 J cm−2), and
configuration 3) at an average laser power of 10.9 W is below (Fig. 3.10b), not allowing
any surface modification. However, the maximum average output power of the IR in
situ setup is 16 W at the robot exit. Thus, there is still some margin to compensate.

In conclusion, comparable energy densities in the focal point can be reached for 532 nm
and 1030 nm (Fig. 3.9), but intensity losses are more significant for the IR configurations
when operating out of focus.
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Figure 3.10: a) Cross-sectional illustration of the BS geometry. The gas flow though
the nozzle of the robot and the focal point position are indicated. Dimensions of the
BS (type 50 L) and the distance between the flat and the curved part is highlighted
(in blue). Published in Ref. [144]. b) Calculated fluence distribution for an average
laser power of (1) 5 W (green) and (3) 10.9 W (IR) in the focal point (black), at the
Rayleigh length (orange), and at the offset between the curved and the flat part of
the BS (blue).

Figure 3.11: a) Trench width profile (averaged over blue marked range) engraved on
a curved copper surface at 𝑃 = 3.1 W and 𝑣 = 5 mm s−1 using 532 nm light. b) Laser
diameter evaluation of 532 nm and 1030 nm laser using Liu’s method (Eq. (2.14)).
Published in Ref. [144].
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3.2 Green and infrared in situ laser setups

The laser spot diameter was experimentally evaluated using Liu’s method [77]. To
do so, laser lines of various average power 𝑃 were engraved on the curved surface
whose spatial profile approximately reflects a Gauss function. The widths 𝐷 of the
trenches, where material was ablated, were measured from 3D topographies (example
in Fig. 3.11a) acquired with a white light interferometer (Veeco Nt3300).

From the slopes of the semi-logarithmic plot in Fig. 3.11b, the Gaussian diameters
(defined at the width where the photon intensity has fallen to 1/e2) for 532 nm (con-
figuration 1) and 1030 nm (configuration 3) were determined using Liu’s method
(Eq. (2.14)):

2 𝜔0 = {
(1) 61.7 µm (𝜆 = 532 nm),
(3) 54.5 µm (𝜆 = 1030 nm).

(3.5)

Deviations from the theoretical values (Tab. 3.2) 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. The ablation threshold laser powers 𝑃th are 0.56 W (green laser) and
0.71 W (IR laser), extrapolated from the linear fit in Figure 3.11b. The corresponding
threshold fluences are 0.19 J cm−2 (532 nm, 10 ps, 200 kHz) and 0.12 J cm−2 (1030 nm,
1 ps, 500 kHz). This is consistent with values reported in literature (0.24 J cm−2 [132]
for 532 nm, 10 ps and 200 kHz).

Scan precision

The implemented scan patterns shown in Figure 3.6 were tested for accuracy on
curved copper samples. Each scan line should be separated by 50 ± 5 µm to generate
homogeneous surface structures. For the processing tests, an average laser power of
𝑃 = 4 W, a scanning speed of a) 𝑣 = 5 mm s−1, b) 15 mm s−1 and c) 15 mm s−1 and
a nominal line distance of 𝛥𝑦 = 50 µm were applied. The ultrashort laser pulses
imprinted micrometer deep trenches aligned with the laser scanning direction. The
samples were laterally polished and ground to obtain a cross-sectional view, which is
shown in Figure 3.12. The distances between each valley of the trenches were measured
with an optical microscope at 5 different points along the cross-section.

The average distances amounted to a) 50.0 ± 3.6 µm for longline, b) 48.0 ± 3.6 µm for
the circle and c) 49.3 ± 3.0 µm for the spiral movement, which confirms the precision
of the robot movement in both the translational and rotational axis. A deviation of
∼ 3 µm for the different actuation procedures is acceptable for the intended large-scale
surface roughening and could be minimized calibrating the control software settings, if
required. It is worth noting that surface structures created using the longline movement
are aligned parallel to the beam propagation direction in the LHC, potentially keep
the surface resistance low.
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Figure 3.12: Cross-sectional optical microscopy images of laser-processed copper
samples using a) longline, b) circular, and c) spiral movement at a nominal line
distance of 𝛥y = 50 µm, an average laser power of 𝑃robot = 4 W, and scanning speeds
of a) 5 mm s−1, b) 15 mm s−1, 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. Published in Ref. [144].

3.3 Surface characterization methods

In the following, the most important methods used to characterize the surface properties
are presented.

The topography of laser-processed surfaces was characterized by field emission scanning
electron microscopy (FE-SEM) (ZEISS Sigma 500 and ZEISS Gemini Ultra 55 system),
white light interferometry (white light interferometry (WLI)) (Veeco Nt3300), and
cross-sectional ablation depth measurement. For the latter, the samples were embedded
in a transparent resin and mechanically ground on a silicon carbide paper, and then
polished using a diamond polishing paste in water based solution. Once the cross-section
had been dissected, the maximum ablation depth, defined as the distance between the
surface of the untreated regions and the groove valley (Fig. 3.13c), was measured using
a digital optical microscope (Keyence VHX-6000).

Figure 3.13: Definition of ablation depth z of grooved surface.

3.3.1 Secondary electron yield (SEY) measurement

As introduced in the previous Chapter (Sec. 2.3.1), the SEY 𝛿 is defined as the ratio
of emitted secondary electrons (𝐼sec) and primary impinging electrons (𝐼prim). Two
methods are commonly used to determine these two quantities: a) the sample-bias
method and b) the collector-based method, both illustrated in Figure 3.14. Using
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Figure 3.14: a) Principle of SEY measurement using a) the sample bias method,
b) the collector-based method. c) Schematic of electron-irradiation experiments
(conditioning).

the sample-bias method (a), the SEY is determined in two steps. First, a positive
voltage is applied to the sample and the current measured at the sample 𝐼+𝑉 is equal
to 𝐼prim. The primary electron energy is varied between 50 and 1800 eV. Second, the
voltage at the sample is inverted. The current measured at the sample 𝐼−𝑉 includes
the primary electrons impinging on the sample and the emitted secondary electrons
that are attracted by the sample. The SEY 𝛿 is calculated:

𝛿(𝐸) = 𝐼sec(𝐸)
𝐼prim(𝐸)

=
𝐼+𝑉(𝐸) − 𝐼−𝑉(𝐸)

𝐼+𝑉(𝐸)
. (3.6)

The SEY of all samples was always measured using the sample-bias method in a
commercial UHV system with a base pressure below 8 × 10−10 mbar (SPECS Surface
Nano Analysis GmbH, Berlin, Germany). An electron beam of ∼ 2 nA (𝐼prim) generated
by a Kimball Physics ELG-2 electron gun at a distance of 2 cm from the sample was
focused to a spot diameter of 1 mm on the surface. Primary electrons between energies
(𝐸) of 50 and 1800 eV impinge at normal incidence on the surface. A sample bias
of ±47.1 V was used, and the sample current (𝐼sec) was measured using an optical
isolation amplifier with a gain of 108 V/A in combination with a 6517B electrometer
(Keithley Instruments, Inc., Cleveland, USA).

The collector-based method (b) is performed in a single step. The collector, placed
between the electron gun and the sample holder, is positively biased (+45 V) and the
sample negatively biased (-18 V). This repels the secondary electrons to the collector.
The collector current 𝐼col is equal to 𝐼sec and the sample current is 𝐼sa = 𝐼prim − 𝐼sec.

𝛿(𝐸) = 𝐼sec(𝐸)
𝐼prim(𝐸)

= 𝐼col(𝐸)
𝐼col(𝐸) + 𝐼sa(𝐸)

. (3.7)

This method was used in all conditioning measurements, as the system described
below is a collector-based SEY setup. The relative experimental error of the SEY
measurement setups amounts to 0.05.
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3.3.2 Electron irradiation measurements (Conditioning)

The conditioning measurements were performed in a second UHV system (base pressure
of 2 × 10−10 mbar). It comprises two electron sources: a flood gun (FG15/40 SPECS
Surface Nano Analysis GmbH, Berlin, Germany) that irradiates the surface at an
electron energy of 250 eV (Fig. 3.14c) and a second electron source (Kimball Physics
ELG-2 electron gun) to measure the SEY after exposure to defined doses up to
10−2 C mm−2, using the collector-based method (Fig.3.14b). For comparison, a much
lower dose of 1.1 × 10−7 C mm−2 is deposited on the surface during a single SEY
measurement.

3.3.3 X-Ray photoelectron spectroscopy (XPS)

When an electron within some material absorbs the energy of a photon and acquires
more energy than its binding energy, it is ejected as a photoelectron. An unoccupied
electron state (hole) in the core shell of the atom remains. If the hole is occupied again
by an electron from an outer shell, the energy released can be transferred to another
electron of the same atom so that it leaves the atom as an Auger electron.

The chemical properties of the surfaces were measured using x-ray photoelectron
spectroscopy (XPS) in the same UHV system (SPECS) used for the standard SEY
measurements. A monochromated AlK𝛼 x-ray source (XR50M, ℎ𝜈 = 1486.7 eV) is
directed onto the sample surface. As a result of the x-rays interaction with the atoms
both photoelectrons and Auger electrons are detected through a hemispherical electron
energy analyzer with 9 channeltrons (Phoibos 150). The energy scale of the analyzer is
regularly calibrated using sputter-cleaned polycrystalline Cu, Ag, and Au foils. The
penetration depth of x-rays is a few microns, but the detection limit of XPS is only a
few nanometers (∼ 10 nm), due to the short mean free path of electrons in solids.

All surfaces studied were copper-based. Copper exists in various oxidation states such
as Cu2O (naturally formed in air) or CuO (formed by heating), or mixtures including
hydroxides. These compounds can be identified through the peak positions of binding
energies obtained in the XPS spectra, which is discussed in Section 3.4.3.

3.3.4 Centrifugation tests

As a result of the laser ablation process, particles are redeposited on the processed
surface which could be loosely bound and potentially detach when a force is acting
on them. During operation of the LHC, particles may fall into the proton beam and
trigger beam losses. For this reason, it is important to quantify the number of detaching
particles. The maximum force acting on the BS surface is during a quench, in which
the magnet surrounding the BS looses its superconductivity within a few hundred
milliseconds. Rapid changes in the magnetic field induce eddy currents and Lorentz
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Figure 3.15: Sketch of eddy current, Lorentz force and deformations of the beam
screen in a dipole field during a quench. b) Beam screen in a quadrupole field during
quench with superposed field of Lorentz forces. Figure taken from Ref. [148].

forces in the conductive BS, as shown in Figure 3.15 for a dipole and quadrupole.
The maximum force density acting on the BS surface was determined in a previous
work and amounted to ∼ 30 N mm−3 [148]. In this study, a static force was applied
on the laser-treated surfaces put in a centrifuge (Beckman Coulter Optima L-100 XP
ultra-centrifuge with Beckman Coulter 70 Ti rotor, University of Geneva) to quantify
detaching particles. The procedure was developed and detailed in Reference [148].
Since in the event of a magnet quench, the proton beam is anyway extracted from
the accelerator, the further falling particles would be irrelevant for the beam quality.
Therefore, a lower force density of 3 N mm−3, 10 % of the maximum force density, was
selected for this study to estimate the possible maximum number of particles released
during operation of the LHC, and potentially inducing beam losses or dumps.

The centrifugal force density acting on a mass that is rotating on an axis is given by:

𝐹vol(𝑟) = 𝜌cu𝑟𝜔2, (3.8)

with the density of copper 𝜌Cu = 8960 kg m−3, the rotational speed 𝜔 = 2π RPS, and
the distance 𝑟 = 0.076 15 m from the axis of rotor to the sample surface.

To perform the tests, the samples were mounted in a sample holder with a carbon sticker
in front of the treated surface to collect the detached particles (Fig. 3.16). The sample
holder was installed in the rotor with the treated surface facing outward and at an
inclined angle of 23° so that inertia forces act perpendicular to the macroscopic surface
as visualized in Figure Fig. 3.16. The centrifuge was balanced with a counter part
installed on the opposite side of the sample holder. The counter weight was balanced
with water drops with a precision of 0.0001 g. The RPM was set to 20 000 for the tests,
which corresponds to a force density of 3 N mm−3. After centrifugation, the detached
particles on the carbon sticker were analyzed with automated particle analysis (APA),
which is an automated particle identification and quantification algorithm integrated in
the SEM operation software. In the software, the particles were considered circular in
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Figure 3.16: Centrifugation setup used for particle detachment tests. Left: Photograph
of sample holder with laser-treated curved sample (bottom) and carbon sticker to
collect detached particles (top). Right: Schematic of sample holder installed in the
rotor, the angle of the sample with respect to the tube axis allows the sample to be
placed vertically once the assembly is installed in the rotor. Schematic of centrifugal
force acting on the surface topography.

projection and mainly Cu. The lower APA detection limit is 1 µm in particle diameter.

3.4 Preliminary characterization of untreated copper surface

In this section, surface properties of the untreated Cu samples were characterized for
flat oxygen-free electronic grade (OFE) Cu, curved OFE Cu and colaminated Cu on
stainless steel (BS-type), to obtain reference measurements. All samples were cleaned
at CERN using a standard procedure for UHV cleaning, comprising wet-chemical
degreasing with a commercial detergent and subsequent rinsing in de-ionized water.

3.4.1 Topography of copper

SEM micrographs in Figure 3.17 show the topography of the untreated OFE Cu and a
BS sample (laminated Cu on SS). It is apparent that the grain size of the BS sample
is larger (30 – 50 µm) than that of the OFE Cu (∼ 8 µm). This can be attributed to
the lamination process used to fabricate the BS, which involves cold rolling a 150 mm
thick OFE Cu sheet onto an austenitic stainless steel coil, which deforms the original
grains. The difference in grain size may influence the ablation efficiency during laser
processing, which is discussed in Section 4.4.
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Figure 3.17: Topography of flat, freshly degreased a) BS-type Cu and b) OFE Cu
using SEM backscattered electron detector.

3.4.2 Reflectivity of copper

The ablation efficiency is influenced by the photon wavelength of the laser (UV, green or
IR) and the optical properties of the material. Hence, the total and diffuse reflectivity
of untreated Cu surfaces was evaluated at three distinct positions on the samples using
a UV/VIS spectrometer with an integrating sphere from 250 to 850 nm. Degreased
laminated Cu (BS-type) and degreased OFE Cu were measured after three months of
storage. It is known from literature [149] that Cu generally reflects more than 90 %
of photons in the IR (> 700 nm) and less than 60 % in the visible range (< 550 nm).
Figure 3.18a shows that the degreased OFE Cu follows similar values as the reference
Cu (data taken from Ref. [149]), while the total reflectivity of degreased BS-type Cu
is about 10 % lower in the visible range and ∼ 5 % in the IR. The standard deviation
of the three different spots on the sample surface amounted to 0.5 %. The spectra of
specular and diffuse reflectance provide additional evidence (Figure 3.18b, c). The
laminated Cu exhibits a lower diffuse reflectivity than OFE Cu, which matches with the
larger grain size (30 - 50 µm) obtained on the BS sample, indicating a smoother surface.
The specular reflectivity of the two samples is similar for wavelengths < 600 nm and
higher for the BS sample at wavelengths ≥ 600 nm.

Figure 3.18: UV/VIS reflectivity measurement of untreated Cu: a) total, b) specular,
and c) diffuse reflectivity of degreased laminated Cu and degreased OFE Cu, stored in
paper after degreasing for three months, and reference values for Cu from [149]. The
dashed gray lines indicate used photon wavelengths in experiments: 355 nm, 532 nm,
1064 nm.

45



3 Sample preparation and characterization methods

3.4.3 Surface chemical properties of Cu and its oxides and hydroxides

Regardless of whether a copper surface has been recently cleaned, a layer of few
nanometer of oxide Cu2O and hydroxide Cu(OH)2 spontaneously forms upon exposure
to air [150, 151] or in water-based cleaning baths. Therefore, the XPS spectrum of an
air-exposed Cu surface typically includes contributions of a mixture of the metallic
state, oxides, and hydroxides. Figure 3.19 displays XPS spectra of freshly degreased
OFE Cu (measured 1 h after cleaning), degreased OFE Cu after 17 days of storage in
aluminum foil, a CuO surface, and a degreased OFE Cu stored for 7 months in humid
air. The characteristics of the spectra and their elemental identification are further
elaborated below. The OFE Cu that was degreased and stored in aluminum foil for
17 days is representative of the samples used for laser processing.

The freshly degreased OFE Cu surface has a main peak at a binding energy of 932.4 eV
in the Cu 2p3/2 spectrum in Figure 3.19 (blue line). Typically, it is used for elemental
identification. The measured binding energy of 932.4 eV is characteristic for both
metallic copper Cu0 and Cu+ oxide [152]. To distinguish between metallic copper and
Cu2O, the kinetic energy of the Auger transition is used. The Cu LMM transition
occurs at a kinetic energy of 916.6 eV, compatible with Cu2O, while the reported
transition in literature for Cu0 occurs at 918.4 eV [153]. The main peak of the O 1s
spectra occurs at 530.4 eV, which is assigned to Cu2O [153]. The shoulder at higher
binding energy is a mixture of adsorbed hydrocarbons (C𝑥H𝑦) and hydroxide bonds
OH– . Most metals have a native oxide with a topmost layer of adventitious carbon that
forms directly or the surface may form a hydroxide in the presence of water molecules
that then adsorbs the CO2 from the air. Adventitious carbon contains different types
of carbon depending on the storage time and conditions of the sample. In the C 1s
spectrum of Figure 3.19, the primary peak is present at a binding energy of 284.8 eV on
all surfaces shown, and is assigned to hydrocarbons (C−H, C-C). The second maximum
appears at a binding energy of 288.5 eV, which corresponds to O–C=O species [152].

The spectra of CuO are represented in red in Figure 3.19. The Cu 2p3/2 spectrum
of the CuO surface has the main peak at a binding energy of 933.6 eV and a satellite
feature between 940 and 945 eV. The satellite feature is characteristic for materials
with an open 𝑑 shell (3d9 for Cu2+) in the ground state [154]. If an ion is left in a
specific excited energy state a few eV above the ground state after photoionization, the
kinetic energy of the emitted photoelectron is reduced, which is observed as a “satellite”
peak at a higher binding energy than the main line. The corresponding Auger line is
at a kinetic energy of 917.8 eV. The O 1s spectrum has the main peak at 529.5 eV,
ascribed to CuO. The shoulder around 531 eV is due to contributions of hydroxide
bonds and hydrocarbon adsorbates. The generation of CuO during the laser treatment
is however not desired, as it can lead to charging effects at cryogenic temperature [2].
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Figure 3.19: XPS spectra (Cu 2p3/2, Cu LMM, O 1s, C 1s) of degreased OFE Cu
(after 1 h), degreased OFE Cu after 17 days of storage in aluminum foil, CuO, and
degreased OFE Cu stored in humid air for 7 months (Cu(OH)2).

Table 3.3: Summary of specific binding (BE)/kinetic (KE) energies of the XPS spectra
shown in Figure 3.19.

BE Cu 2p3/2 (eV) BE O 1s (eV) KE Cu LMM (eV)

OFE Cu (1 h) 932.4 530.4 916.6
OFE Cu (17 days in Al) 932.4 531.0 916.6
CuO 933.6 531.2 917.8
OFE Cu in humid air 934.7 531.5 916.7
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The OFE Cu stored in humid atmosphere (Figure 3.19, black line) has the main peak at
934.7 eV, identical to the value reported in literature for Cu(OH)2 [155]. Together with
the Auger transition at 916.7 eV, the modified Auger parameter – the sum of the kinetic
energy of the Auger transition and the binding energy of the core level – amounts
to 1851.4 eV, which confirms the presence of Cu(OH)2 [155]. A second maximum is
observed at 932.6 eV, which features the original oxidized character (Cu2O) of the
surface. The satellite feature of the 2p3/2 level is at binding energies between 942 and
945 eV. The satellite shape of Cu(OH)2 has only one bump that flattens for lower
binding energies, while the CuO satellite has two characteristic bumps [155]. This in
combination with the Auger parameter can be used to distinguish the two species. The
Auger transition of Cu(OH)2 is at kinetic energy of 916.7 eV. The O 1s spectrum has
a maximum at 530.8 eV, assigned to OH−.

In the spectrum of the OFE Cu sample after 17 days of storage (Figure 3.19, green line),
the Cu 2p3/2 peak remained at a binding energy of 932.4 eV and the Auger transition
at a kinetic energy of 916.6 eV, assigned to Cu2O. However, a shoulder of the main
peak in the Cu 2p spectrum developed at 934.7 eV, together with a satellite feature
between 943 and 946 eV, which is assigned to a formation of copper hydroxide phases
(Cu(OH)2) at the surface. The O 1s peak is located at a binding energy of 531.0 eV,
which is slightly shifted to higher binding energy, compared to the freshly cleaned OFE
Cu. The shift towards the peak of OFE Cu, stored in humid atmosphere, is associated
with an increase in OH− contribution. This is compatible with the increase in Cu(OH)2,
usually observed for aging, together with the increase in carbon content. In summary,
the surfaces used for laser processing are primarily Cu2O with a proportion of Cu(OH)2.
The specific binding energies of the surfaces discussed above are summarized in Tab.
3.3.

3.4.4 Secondary electron yield

Three types of degreased Cu samples were analyzed after storage in aluminum foil:
flat OFE Cu (stored for 3 months), curved OFE Cu (stored for 3 months), and flat
laminated Cu onto SS (stored for 6 months). The SEY of the samples was measured for
primary electron energies ranging from 50 to 1800 eV, using the sample bias method
(see Sec. 3.3). The curves in Figure 3.20 represent the average SEY of the three
different locations of the sample. The SEY maxima 𝛿max amounted to 2.1 (flat OFE
Cu), 2.3 (laminated Cu), and 2.1 (curved OFE Cu) at a maximum energy of 250 eV.

The SEY maximum of a freshly cleaned Cu surface amounts to 1.8, while it is known
to increase upon time and under certain storage conditions, due to the formation of
hydroxide and the adsorption of hydrocarbons [29, 31, 33, 156, 157]. Given the storage
time of 3 to 6 months in aluminum foil, the obtained SEY values are expected. The
slightly higher SEY of the laminated Cu sample is attributed to the aging of the sample
rather than the different material. This is supported by the lower values measured on
a BS in Section 3.21.
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3.4 Preliminary characterization of untreated copper surface

Figure 3.20: SEY measurement of untreated degreased Cu after storage in aluminum
foil for 3 months (flat), 3 months (curved), and 6 months (laminated Cu).

3.4.5 Conditioning

A comprehensive study on the conditioning of copper surfaces has been conducted
previously [156], to which the reader can refer for further information. The following
example briefly outlines the key aspects of conditioning a freshly degreased OFE Cu
and BS-type Cu at RT. The surfaces were irradiated with 250 eV electrons up to a
total dose of ∼ 2.6 × 10−2 C mm−2 and the SEY was measured before the start of
the conditioning and after each conditioning step as shown in Figure 3.21. The as
received 𝛿max = 2 of the OFE Cu was higher than 𝛿max = 1.8 of the BS sample. The
difference in SEY maximum is related to the aging of the samples. The SEY maximum
of both samples decreased strictly monotonic, but non-linear, upon electron dose, until
it saturates at electron doses of 2 × 10−2 C mm−2.

Figure 3.21: SEY measurement of a) Cu OFE and b) laminated Cu on stainless steel
before the start of the conditioning and after a dose of a) 2.55 × 10−2 C mm−2 and b)
2.65 × 10−2 C mm−2. c) SEY maximum after each conditioning step of laminated Cu
and OFE Cu.

49



3 Sample preparation and characterization methods

Both samples saturated at 𝛿max = 1.1 and the maximum energy shifted by about 100 eV
(OFE Cu) and 125 eV (BS-type Cu), respectively. The decrease in SEY is ascribed to
the removal of adsorbed molecules by electron-stimulated desorption as well as chemical
surface reactions. Typically, surface cleaning is observed by the removal of O–C=O
carbon, which is associated with the vanishing of the peak at 288.5 eV B.E. in the C
1s spectrum (see Fig. 3.19) and a peak shift in the O 1s spectra towards 530.6 eV,
because of the decrease of the OH– contribution. In addition, Cu(OH)2 is converted
into Cu2O and the adventitious carbon layer graphitizes, usually witnessed by a shift
of the C 1s peak at 285 eV towards lower binding energies. A comprehensive study on
the conditioning of copper surfaces has been conducted previously [156], to which the
reader can refer for further information.
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4 Fundamental dependencies of the surface
properties on the laser parameters

The present Chapter is dedicated to the understanding of the fundamental influences of
the laser processing parameters on the surface properties, since the SEY of laser-treated
surfaces is highly dependent on the structural modification. Various laser parameters,
including the wavelength, laser power, scanning speed, line distance, pulse duration
and diameter, were varied to investigate their impact on the surface structure and SEY
performance by satisfying the modification depth, chemical properties, and particle
coverage requirements relevant for application in the LHC (Sec. 2.5.2).

For this purpose, flat OFE Cu surfaces were processed at IOM with a commercial
laser setup (12 ps, 100 kHz), where the primary laser frequency (1064 nm) can be
doubled (532 nm) or tripled (355 nm). Different focal lengths are used to focus the
beam on the surface, resulting in different laser diameters for each wavelength: 26.4
(IR), 11.6 (green), and 29.2 µm (UV) (details in Sec. 3.3). On the second setup, the
laser wavelengths are slightly different: 1030 nm, 515 nm and 343 nm. A pulse duration
of 10 ps and a repetition rate of 100 kHz were used, unless otherwise specified. All
surfaces presented in this Chapter were processed in air.

4.1 Influence of accumulated fluence and wavelength

4.1.1 Structural modification

When ultrashort laser pulses are scanned across the surface in parallel lines at defined
distances, material is removed and micrometer-deep trenches are created. Some of
the ejected particles are redeposited onto the surface. At low average laser power
(fluences near the ablation threshold), the laser-matter interaction is dominated by
spallation, resulting in minor surface modification (Fig. 4.1e). As the average laser
power increases, the energy transferred to the surface increases and ablation is driven
by rapid phase transitions, explosive pressure and temperature changes, resulting in
greater material ejection and trenches up to 100 µm deep, as shown on a cross-sectional
view of the laser-treated surfaces in Fig. 4.1 (left). Reducing the scanning speed also
results in similar deep trenches, as the number of accumulated laser pulses per surface
is increased (Fig. 4.1, right). For non-overlapping scan lines (line spacing ≥ laser
diameter), the trenches are well defined and separated from each other, as shown in
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4 Fundamental dependencies of the surface properties on the laser parameters

Figure 4.1: Surface topography of 532 nm laser-treated copper at a line distance
of 𝛥𝑦 = 50 µm. Left: cross-sections of varied average laser powers a) 1640 mW,
b) 1500 mW, c) 1210 mW, d) 860 mW and e) 510 mW and constant scanning speed
of 1 mm s−1. Published in Ref. [158]. Right: Cross-sectional profiles and top-view
SEM micrographs processed at constant average laser power (1640 mW) and various
scanning speeds: a) 1 mm s−1 (𝐹acc = 3280 J cm−2), b) 5 mm s−1 (𝐹acc = 656 J cm−2)
and c) 20 mm s−1 (𝐹acc = 164 J cm−2). Published in Ref. [159]. The two dashed lines
in a) indicate how the maximum ablation depth measurement from the valley of the
deepest trench to the untreated region.

topview SEM photographs and on a cross-sectional view in Figure 4.2. In contrast,
for overlapping lines (line spacing < laser diameter), the trenches almost disappear
and only the nanostructure remains. The overlapped line scanning (line distance 𝛥y
= 10 µm) resulted in a deeper modification depth for the same average laser power
and scanning speed applied, as observed in the the cross-sectional measurement in
Figure 4.2 (bottom row). This is evident, as the accumulated energy per surface area
was higher. Line distances as small as 10 µm slow down the laser processing time
compared to a line distance of 50 µm.

Three quantities (average laser power 𝑃, scanning speed 𝑣, line distance 𝛥y) are
represented in the accumulated fluence 𝐹acc = 𝑃

𝑣𝛥𝑦 . Figure 4.3 shows that the ablation
depth in general increases with increasing accumulated fluence for all laser wavelengths
used (UV, green, IR). While the ablation depth is approximately the same for green
and IR laser light, using the 355 nm laser mode resulted in about 50 % deeper grooves
at similar fluences. It should be noted that the 2.5 × smaller focus area of the green
laser produced only a small overlap of the raster-scanned lines, while UV and IR
scanned lines overlapped by more than 10 µm (Fig. 4.3). However, the laser diameter
is not considered in the definition of accumulated fluence. Understanding the extent
of ablation is relevant, because the modification depth must not exceed 25 µm and
the ejected volume determines the quantity of redeposited nanoparticles, which is an
additional limitation for application in the LHC.

As the laser diameters were not equal in the previous test, they were equally set here
to investigate the ablation volume independently. Therefore, the laser radii 𝜔0 in the
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4.1 Influence of accumulated fluence and wavelength

Figure 4.2: a) Non-overlapping (𝛥y = 50 µm) and b) overlapping (𝛥y = 10 µm)
line scanning using an IR laser with a laser diameter of 26 µm, a scanning speed
of 1 mm s−1 and an average laser power of 4.1 W. SEM photographs (top row) and
cross-sectional view on the surface structures and ablation depth measurement using
an optical microscope (bottom row).

Figure 4.3: Measured ablation depths of micro trenches generated with 1064 nm,
532 nm, and 355 nm ps laser pulses at a line distance of 10 µm. Plotted as a function
of the accumulated fluence on a double-logarithmic scale. The corresponding plot in
linear scale is shown in the Appendix (Fig. A.1). The dashed line at 25 µm refers to
the maximum acceptable ablation depth for use in the LHC. Published in Ref. [158].
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4 Fundamental dependencies of the surface properties on the laser parameters

Figure 4.4: Linear fit for laser diameter determination in the focal plane (𝑧 = 0 mm),
according to Eq. (2.14) for 1030 nm (red data points), 515 nm (green data points),
and 343 nm photons (blue data points).

focal point as well as the beam waists 𝜔(𝑧) along the focal plane 𝑧 were analyzed.
Since the beam waist increases when moving out of focus, the laser diameters were
adjusted to the same size by shifting the 𝑧 plane, thus shifting the focal point above
the sample surface. To determine the laser radii 𝜔0 in the focal plane (𝑧 = 0 mm),
single laser lines were inscribed on the Cu sample at different average laser powers 𝑃
for all three wavelengths. The widths 𝐷 of the lines were measured using an optical
microscope and linearly fitted on a semi-logarithmic plot (Fig. 4.4), following Liu’s
method (Eq. (2.14)).

From the slope 𝛥 = 2𝜔2
0 of the linear fit in Figure 4.4 the laser radii 𝜔0 in the focal

plane (𝑧 = 0 mm) amounted to:

𝜔0 =
⎧{
⎨{⎩

23.0 µm (𝜆 = 1030 nm),
13.7 µm (𝜆 = 515 nm),
15.9 µm (𝜆 = 343 nm).

(4.1)

The determination of the beam waist followed a similar strategy. Single laser lines
were inscribed on the Cu at different laser powers 𝑃 and different distances 𝑧 from the
focal plane. The widths 𝑤 of the grooves were measured using an optical microscope
and were plotted against the displacement of 𝑧 (see Fig. 4.5). The data points were
y-shifted to 𝜔0 that was investigated above and fitted using the relation of the beam
waist as a function of 𝑧 (Eq. (2.11)). Consequently, the green and UV lasers were
z-shifted to obtain equal radii of 𝜔 = 23 µm (Tab. 4.1).

The ablation volume was determined by integrating the negative volume of the generated
trenches of individual scanned lines from 3D profiles. Figure 4.6 shows that the UV
laser ablated the most material per pulse, namely 2.17 ± 0.06 µm3 µJ−1, then green
1.17 ± 0.03 µm3 µJ−1, and IR marginally less than the green with 1.11 ± 0.02 µm3 µJ−1.
Considering the error ranges, the ablation efficiency of 1030 nm photons is almost
identical to 515 nm photons. The result is comparable to the tendency obtained for
the ablation depth using different diameters (see Fig. 4.3). This demonstrates that the
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4.1 Influence of accumulated fluence and wavelength

Figure 4.5: Measured line widths and fitted beam waists along the focal plane
𝑧 according to Eq. (2.11) for 1030 nm, 515 nm, and 343 nm laser light and a pulse
duration of 260 fs.

Table 4.1: Displacement 𝑧 from the focal point (𝑧 = 0 mm) for IR, green and UV
laser to obtain equal radii of 23 µm and Rayleigh lengths determined from the fits in
Figure 4.5.

1030 nm 515 nm 343 nm

z 0 mm 1.08 mm 0.89 mm
𝑧𝑅 2.79 mm 1.46 mm 1.14 mm

ablation efficiency is not primarily determined by the linear reflectivity of the material,
which is 60 % for green and more than 90 % for the IR wavelength at room temperature
(see Fig. 3.18a). Instead, thermal diffusion within the material plays a supplementary
role.

After the ablated material is explosively ejected from the surface, the nanoparticles
partially redeposit on the microscopic trenches shown above (Figs. 4.1 and 4.2). The
morphology of the nanostructures is strongly influenced by the applied scanning speed
and the average laser power, as can be seen in Figure 4.7. For 355 nm laser pulses,
different surface features were obtained and classified into four groups: (a) compact,
dense cauliflower-head nanostructures (𝑃 ≥ 400 mW, 𝑣 ≤ 10 mm s−1, marked red), (b)
non-compact filament-shaped nanostructures (𝑃 ≤ 140 mW, 𝑣 ≤ 2 mm s−1, marked
green), (c) molten and resolidified spherical structures (𝑣 ≥ 10 mm s−1, size < 1 µm,
marked yellow), and (d) a minor modified surface (𝑃 ≤ 760 mW, 𝑣 ≥ 5 mm s−1,
size < 150 nm, marked blue). At high average laser power and slow scanning speed
(category a), the ablation process is characterized by high temperature gradients, a
high recoil pressure and explosive material removal (phase explosion), resulting in
high surface roughness of the trenches. Most-likely, plasma splitting occurs in this
regime, decoupling the vapor from heavier species. In the cooling phase, the high
fraction of heavier nanoparticles initially redeposits and is thus covered with vapor,
creating the cauliflower structures. The low scanning speed results in an additional
laser tempering of the ablated material, which likely contributes to the formation of
the compact nanostructure at the surface.
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4 Fundamental dependencies of the surface properties on the laser parameters

Figure 4.6: Ablated volume per pulse for UV, green, and IR laser at a pulse duration
of 260 fs, and a laser radius of 𝜔 = 23 µm. Volume measured with WLI and linearly
fitted.

Figure 4.7: Array of surface morphology of 355 nm laser-treated Cu for various
average laser powers 𝑃 and scanning speeds 𝑣, and a line distance of 10 µm. The
calculated laser fluence 𝐹 and number of laser pulses 𝑁 are shown in gray. The four
identified categories are highlighted in color. Published in Ref. [160].
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4.1 Influence of accumulated fluence and wavelength

Figure 4.8: Array of surface morphology of 343, 515 and 1030 nm laser-treated Cu
(𝜏p = 260 fs, 𝛥𝑦 = 50 µm, 𝜔0 = 23.0 µm) for various average laser powers 𝑃 and
scanning speeds 𝑣. Equivalent color-coding as in Fig. 4.7 is used for the highlighted
categories.

The closer the average laser power is to the ablation threshold, the shallower are the
resulting trenches and the less material is deposited (category b). At higher scanning
speeds (𝑣 ≥ 10 mm s−1, category c), melting processes mainly dominate the surface
modification. The surface tension and the laser-induced temperature gradient lead to a
mass flow of the liquid and results in the solidification of the micro- and nanostructures
on the Cu surface after cool-down. At low average laser power and high scanning
speed, only minor surface modification is observed (category d). Figure 4.8 shows
SEM micrographs of UV, green and IR laser light at a radius of 23.0 µm. On a smaller
variety of scanning speed and average laser power, similar categories for all wavelengths
were observed: a) compact cauliflower structures, and d) minor surface modification.
Category c) exhibits molten and resolidified spherical structures for 343 nm similar to
Figure 4.7, but is also dominated by LIPSS formation, especially at 515 nm. LIPSS can
be generated at all wavelengths, but are not visible in the parameter settings selected
for 343 nm photons.

4.1.2 Surface chemical properties

The process of surface transformation and plasma plume formation, along with the
resulting chemical reactions, is significantly impacted by the ambient conditions during
laser ablation [131, 134]. In the following tests, the laser treatment was performed
in ambient air, allowing oxidation to occur. To study the influence of laser exposure
on the composition of the copper surface, XPS analyses were conducted on specific
samples processed at various photon wavelengths and accumulated fluences. Notably,
a progressive alteration in the surface composition was observed in the Cu 2p3/2 and
Cu LMM spectra, as depicted in Figure 4.9. For fluences exceeding 2000 J cm−2, the
binding energies of the Cu 2p3/2 and O 1s core levels were measured at 933.7 and
529.6 eV, respectively. Furthermore, the kinetic energy associated with the Cu LMM
Auger transition was identified as 917.7 eV, resulting in a modified Auger parameter
of 1851.4 eV. The spectral features of copper resembled those of copper oxide (CuO),
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4 Fundamental dependencies of the surface properties on the laser parameters

Figure 4.9: X-ray photoelectron spectra: Cu 2p3/2 state and Cu LMM x-ray excited
Auger emission of Cu irradiated in air, using a variety of accumulated fluences
between 90 − 6120 J cm−2) and laser wavelengths of 1064 nm (color-coded in red),
532 nm (green), and 355 nm (blue). Published in Ref. [158].
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4.1 Influence of accumulated fluence and wavelength

discussed in Sec. 3.4.3. The peak energies of samples exposed to very low accumulated
fluence, on the other hand, exhibited different characteristics: 932.4, 530.3, and 916.8 eV
for Cu 2p3/2, O 1s and Cu LMM, respectively, with a corresponding modified Auger
parameter of 1849.2 eV. Consequently, the surface is mainly composed of Cu2O. In
addition, there are surface adsorbates present, including hydrocarbon species and
oxygen-containing molecules, with distinct features such as a shoulder at around
531.4 − 531.5 eV in the O 1s state (shown in the Appendix Fig. A.2). These features
are similar to the analyses of the untreated copper surface (Fig. 3.19, green line). In
the intermediate fluence range, there is evidence of copper hydroxide surface species,
detected in the Cu 2p3/2 spectrum at 934.3 eV and by a slight shift of the LMM Auger
line of Cu. The XPS spectra series (Fig. 4.9) clearly shows a gradual transition from
predominantly pure CuO at high laser fluence, to a mixture of CuO and Cu2O in the
intermediate range, and finally to a surface dominated by Cu2O at low fluences. In
correlation with the changes in surface topography, this transition can be attributed
to the interaction between the laser light and the material. When a metallic surface
is exposed to femto- or picosecond laser pulses, the material absorbs photon energy
through inverse Bremsstrahlung. This results in a thermal non-equilibrium between
the heated electrons and the cold lattice. The energy transfer to the lattice begins on
a picosecond timescale due to electron-phonon coupling and heat conduction. Material
removal can occur through phase explosion or thermal vaporization, creating trenches
in the shape of the laser beam. The interaction of the laser beam with the evaporated
material generates an expanding plasma, which then interacts with the surrounding air,
leading to the formation of shock waves. Following electron-ion recombination, particles
and clusters are ejected from the plasma and redeposited onto the surface, forming
nanostructures [80, 161]. For the experimental conditions used, high accumulated
fluences (𝐹acc > 1000 J cm−2) result in the formation of CuO nanoparticles in the
plasma plume, which are most-likely oxidized due to the oxygen-containing ambient
conditions. It is also possible that particles formed from the melt during laser plasma-
target interactions plays an additional role, although their significance cannot be
determined based on the available data.

4.1.3 Secondary Electron Yield

As analyzed in Section 3.4.4, the typical primary electron energy dependence of the
SEY for untreated OFE Cu, that underwent surface degreasing, exhibits a maximum
SEY 𝛿max at 250 eV between 1.8 and 2.3, variability ascribed to the “aging” and
adsorbate uptake of the sample. Figure 4.10 shows 𝛿max(E) after laser treatment at
accumulated fluences ranging from 65 to 4500 J cm−2 and employing the three different
laser wavelengths. The data shows that the SEY decreased to 1.2 and below at a
primary electron energy of 250 eV. Simultaneously, the maximum energy E(𝛿max)
shifted to higher values (between 1200 and 1800 eV), and the SEY values surpassed
those of degreased copper, particularly at lower fluences and higher electron energies.
The electrons with energy ≤ 500 eV [162] contribute to multipacting in the vacuum
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4 Fundamental dependencies of the surface properties on the laser parameters

Figure 4.10: SEY in dependence of primary electron energy of laser-irradiated copper
samples at wavelengths of 355 nm (blue), 532 nm (green), and 1064 nm (red). The used
accumulated fluence is indicated in the legend and the corresponding morphologies
are shown in Fig. 4.11 (right side). Published in Ref. [158].

tube of the LHC. The results presented in Figure 4.10 demonstrate that treating the
surface with ultrashort pulse lasers effectively reduces the SEY by generating grooves
and covering the surface with nanoparticles, as shown in Fig. 4.11 (right column).
When primary electrons hit the inclined surface regions at an angle, they are scattered
forward and trapped in the structures, leading to a decrease in emitted electrons.

The SEY maxima of various samples, shown in Figure 4.11, decrease as the accumulated
laser fluence increases for all three laser wavelengths. There are two distinct regimes
observed: for low fluences (< 1000 J cm−2), the SEY maximum is influenced by the
wavelength, with the highest value obtained for 1064 nm pulses, and changes with
fluence. In the high fluence range (𝐹acc ≥ 1000 J cm−2), all three curves converge to a
minimum 𝛿max of 0.7 – the lowest value achieved in the experiments reported here. The
variation in SEY with fluence is attributed to changes in the surface topography and
chemical composition. Processed samples typically exhibit micro grooves (Fig. 4.1),
decorated with nanoscale features. At high fluences, a layer of nanoparticles forms
on the surface in a cauliflower-like pattern due to redeposition of ablated particles.
Samples treated with green laser light show more spherical particles. Lower laser
fluences result in shallow ablation depths and low density of surface particles (Figs.4.7
and 4.8). At high fluences, a layer of nanoparticles forms on the surface in a cauliflower-
like pattern due to redeposition of ablated particles (Fig. 4.11, right-bottom row).
Samples treated with green laser light show more spherical particles. Lower laser
fluences (𝐹acc ∼ 100 J cm−2) result in shallow ablation depths and low density of
surface particles (Fig. 4.11, right-top row). In this regime, UV or IR laser irradiation
lead to the formation of spherical structures from resolidified molten copper, while
green laser light created ripples resembling LIPSS decorated with nanospheres. A
detailed gradual variation of the surface morphology from low to high fluence using UV

60



4.1 Influence of accumulated fluence and wavelength

Figure 4.11: Left: SEY maximum in dependence of the accumulated fluence for UV
(355 nm), green (532 nm), and IR (1064 nm) picosecond laser pulses. Right: scanning
electron micrographs of selected samples that had been created at low (top row)
and high (bottom row) accumulated laser fluence (indicated by the dashed boxes,
the corresponding SEY curves are shown in Fig. 4.10). The white scale bars in the
micrographs correspond to a length of 400 nm. Published in Ref. [158].

laser irradiation as an example is illustrated in Figure 4.7. and a more comprehensive
comparison of the morphology of surfaces processed with different photon wavelengths
and the same laser diameter is shown in Figure 4.8.

The XPS and SEY data indicate, that a saturation fluence exists. Above 2000 J cm−2,
the amount of CuO on the surface does not increase any further, and the SEY does not
decrease any further. This phenomenon can be explained by two factors. First, at high
accumulated fluence, corresponding to slow scanning speeds during processing, the
number of laser pulses per unit area increases to a point where the laser pulses self-limit
their effectiveness. This is because the plasma plume, created by the previous pulse,
may not have fully decayed by the time the next pulse arrives, leading to a shielding
effect that reduces the intensity of the laser reaching the target surface. In addition,
at higher power levels, the electron density in the plasma plume increases, making
it more opaque and resulting in absorption of the laser radiation through various
mechanisms [163]. As a result, the ablation rate is typically limited due to plasma
shielding. However, in some cases, such as the example shown, the ablation depth does
not fully saturate at very high fluences, but a decrease in slope is observed (Appendix
Fig. A.1). When considering the SEY trend vs. accumulated fluence (Fig. 4.11), it
is clear that creating very deep trenches does not significantly reduce the SEY, as
electrons do not reach these depths. Second, SEM images of samples processed at
high fluence show a high concentration of nanoparticles covering the entire surface.
The capacity of the surface to trap redeposited particles may be limited, causing
additional particles to not adhere anymore. The effects mentioned above can help
explain the existence of a minimum SEY limit for all three wavelengths and emphasize
the importance of the surface nanoparticle layer in reducing SEY. It is noteworthy
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4 Fundamental dependencies of the surface properties on the laser parameters

that the low SEY was not obtained due to the presence of CuO. In contrast, a CuO
surface without structure has a higher SEY compared to non-structured Cu2O. This
indicates that CuO is not necessary to achieve a very low SEY, as processing in a
nitrogen atmosphere, which inhibits the formation of CuO, also results in low values.
Moreover, surfaces dominated by CuO are not ideal for use in particle accelerators,
as they can cause surface charging at cryogenic temperatures and do not effectively
reduce the SEY upon electron irradiation.

A gradual decrease in fluence from 1000 to 100 J cm−2 results in a reduction in the
density of redeposited particles on the surface. This decrease is directly observable
through microscopy and can also be indirectly traced by observing the diminishing CuO-
related contributions in the Cu 2p3/2 XPS spectrum. As a result of this gradual change
in surface properties, the SEY increases. At very low fluences, the ablation threshold
of the materials becomes significant. In such cases, while the surface topography may
still transform, there is neither a significant removal nor redeposition of material. The
laser treatment only causes a slight modification in the surface composition, as there
is a minimal amount of surface hydroxide and hydrocarbon adsorbates. In general, it
is observed that at low fluences (𝐹acc ≤ 1000 J cm−2), the effectiveness of the IR laser
light for surface structuring and reducing the SEY is lower. This trend is reflected
in Figures 4.10 and 4.11. A higher fluence of IR light is required to achieve similar
surface properties obtained with green or UV-processed surfaces, due to the higher
efficiency of shorter wavelengths. The absorbance of the material partially plays a role
in this behavior, with the reflectivity of a smooth copper surface being lower for longer
wavelengths at RT (Sec. 3.4.2).

Considering the essential requirements for in situ laser processing of LHC BSs, a
comparison between Figures 4.3 and 4.11 is crucial. At the maximum acceptable
ablation depth of 25 µm, the accumulated fluence required is 900 J cm−2 (IR), 750 J cm−2

(green), and 380 J cm−2 (UV). The corresponding maximum SEY values at these fluences
are 0.85 (IR), 0.8 (green), and 1.0 (UV). These fluences represent the maximum values
that can be applied to achieve a 𝛿max of around 1 with an ablation depth below 25 µm.
The lower limit for fluence is determined at the fluence where 𝛿max = 1.0, namely,
650 J cm−2 (IR), 130 J cm−2 (green), and 380 J cm−2 (UV). At these lower limits, the
processing time is 95 s cm−2 (UV), 32.5 s cm−2 (green), and 162.5 s cm−2 (IR) at an
average laser power of 4 W. All three laser wavelengths meet the necessary criteria,
however, the acceptable fluence range for the green laser is the widest and requires
the shortest processing time. Despite the high efficiency in material removal of UV
processing, it may not be ideal for preserving the copper layer on the BS surface due to
its deep ablation depth. The in situ setup, presented in Sec. 3.2), is designed for laser
processing BSs up to 15 meters in length. It includes a long optical fiber, a laser-fiber
coupling system, and an inchworm robot. Technological advancements have made
it possible to transmit high-power picosecond pulses through a fiber for green and,
particularly, IR lasers, but such solutions are not yet available for UV light.
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4.1 Influence of accumulated fluence and wavelength

4.1.4 Conditioning

The change in SEY, induced by electron radiation, was evaluated by exposing the
surfaces to an electron beam. The measurement process plays an important role
in determining and validating the surface treatment. The conditioning test aims to
replicate the gradual change in surface properties induced by the electron cloud buildup
in the scrubbing cycles of particle accelerators [52, 54] and their ongoing operation [65].
When an air-exposed copper surface is irradiated with electrons, molecules that are
adsorbed on the surface are removed through electron-stimulated desorption and
chemical reactions on the surface are induced [31, 32].

Here, the chemical transformation during conditioning at RT of a laser-processed
surface (𝜆 = 1064 nm, 𝐹acc = 85 J cm−2) was investigated and are shown in the XPS
spectra of Figure 4.12. The laser-processed sample was stored in a plastic box for
two months before conditioning. The XPS spectrum prior to the conditioning was
dominated by Cu(OH)2 as the Cu 2p3/2 peak is at 935 eV binding energy and a
pronounced satellite feature is visible between 938 and 948 eV. The O 1s spectrum has
a maximum at 531.8 eV, which is assigned to OH− and is compatible with Cu(OH)2.
The modified Auger parameter of 1850.7 eV confirms the predominant presence of
Cu(OH)2. The spectra in Figure 4.12 are more dominated by hydroxide than the
surfaces processed with equivalent accumulated fluences in Figure 4.9. Compared to
the AlK𝛼 source (XR50M, ℎ𝜈 = 1486.7 eV) used in the other analysis, the Mg 𝐾𝛼
x-ray source (ℎ𝜈 = 1253.6 eV) used in this analysis is more sensitive to the topmost
surface layer. The spectra clearly changed after the conditioning with 250 eV electrons
up to a dose of 2.6×10−2 C mm−2: The Cu 2p3/2 peak shifted to 933.2 eV (mod. Auger
parameter: 1848.9 eV), the satellite feature almost vanished, and the O 1s maximum
shifted to metal oxide at 530.8 eV, all pointing to a transformation from Cu(OH)2 to
Cu2O.

Figure 4.12: Chemical properties before and after conditioning up to a dose of
2.6 × 10−2 C mm−2 of a 1064 nm laser-processed surface (𝐹acc = 85 J cm−2). XPS
spectra of Cu 2p3/2, O 1s, and C 1s. The corresponding SEY decrease is shown in
Figure 4.13 (dotted red line, 85 J cm−2).
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Figure 4.13: SEY maximum of laser-generated surface structures in dependence of
electron dose during conditioning at RT with 250 eV electrons. Surface were processed
with different accumulated fluences (indicated in the legend) and different wavelengths
of 355 nm (blue), 532 nm (green), and 1064 nm (red color-coded). The SEY of 1
(targeted for electron cloud mitigation) is indicated by the dashed horizontal line and
the dotted vertical line refers to an electron dose of 5 × 10−4 C mm−2. Published in
Ref. [158].

In summary, both the dissociation of hydroxide and the removal of carbon adsorbates,
witnessed by the decrease of carbon content in the C 1s spectrum (Fig. 4.12), result
in a surface cleaning effect. The atomic composition shows that the carbon content
decreased from 21.1 to 4.1 %. Concomitantly, the oxygen content decreased (50.6 to
35.5 %) and the percentage of metallic Cu increased (28.3 to 60.5 %). The observed
surface changes are similar to those of an air-exposed flat Cu surface during conditioning,
as explained in section 3.4.5 or studied in detail in Ref. [156]. Concomitantly, the SEY
maximum of the surface decreased from 1.55 to 0.97, as shown in Figure 4.13 (dotted
red line), and discussed below.

Laser-treated samples with varying initial SEY maximum values between 0.8 and 1.8
were exposed to 250 eV electrons to study their behavior as the electron dose increased
gradually. The results, shown in Figure 4.13, revealed that the maximum SEY (𝛿max)
changed significantly up to a dose of about 3 × 10−2 C mm−2, indicating a conditioning
effect influenced by alterations in surface properties. Generally, surfaces with lower
initial 𝛿max values exhibited a lower final value after conditioning. Samples starting
with a value below 1.6 reached a final value below 1, while those with an initial SEY
maximum above 1.6 remained above 1 even at high electron doses of approximately
10−2 C mm−2. These trends suggest that the laser treatment process can be tailored to
effectively mitigate electron cloud effects by balancing very low SEY with reductions in
surface particle density, ablation depth, and increased processing speed. This finding
allows for more versatility in choosing laser processing parameters and wavelengths,
expanding the spectrum of fluence where the surface meets the SEY and ablation depth
criteria. Processing at lower fluence proved to be advantageous due to the fact that the
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modification depth is significantly reduced (Fig. 4.3), the surfaces show less oxidation
(Fig. 4.9), and are covered by a lower amount of particles (Fig. 4.11). By taking into
account the findings from electron conditioning experiments and the limitations of
scrubbing campaigns, it is possible to strike a good balance for achieving satisfactory
conditioning performance in accelerator applications. This can be achieved by aiming
for a treatment that results in an initial maximum removal depth of 1.4 – 1.5, which
then decreases to values below 1 at electron doses of approximately 5 × 10−4 C mm−2.
During the ramp-up phase (scrubbing run) of the LHC, the SEY of such a surface
would condition below 1, which is below the threshold values at which the heat load
induced by the electron clouds becomes detrimental (see Sec. 2.3).

4.2 Influence of pulse duration

The influence of pulse duration on the SEY of the laser-treated surface was evaluated
by varying the pulse duration from 238 fs to 10 ps using the IR laser (𝜆 = 1030 nm,
𝑓rep = 100 kHz, 𝜔0 = 23.0 µm). As the repetition rate was kept constant, the peak
power 𝑃0 ranged from 180.7 MW for 238 fs to 4.3 MW for 10 ps at similar pulse energy
𝐸p = 43 µJ. The analysis of the ablation behavior was conducted on individual
copper lines engraved at a scanning speed of 200 mm s−1 for pulse durations of 238 fs,
1 ps and 10 ps. Figure 4.14 illustrates the ablation depth, measured with WLI, as
a function of the average laser power. It is generally observed that shorter pulse
lengths lead to greater material ablation. The relation between the ablation depth
𝛥𝑧 and the average laser power 𝑃 was used to fit the data (Eq. 2.17). From the fit
parameters, the ablation threshold power 𝑃th(𝑁 = 23) and the effective absorption
coefficient 𝛼eff were derived and listed in Table 4.2. The highest ablation threshold
(𝐹th(𝑁 = 23) = 1.49 J cm−2) was obtained for a pulse duration of 10 ps and it decreased
for shorter pulses. The value is relatively high compared to the ablation threshold of
Cu for green laser (0.24 J cm−2 [132] for 532 nm, 10 ps and 200 kHz), but comparable
values were obtained elsewhere [164] for 800 nm, 100 fs and 80 MHz on copper. The
obtained absorption coefficients are two orders of magnitude higher than the value of
6.3×107 m−1 reported in literature and slightly higher than in a comparable study [164].
It should be noted that the coefficients evaluated here include 23 laser pulses and the
threshold fluence decreases the more pulses (higher accumulated fluence) are applied
due to the incubation effect [120]. The absorption coefficient increased slightly for
shorter pulses, which is consistent with the trend of the ablation threshold and the
smaller slope in Figure 4.14. This behaviour is also attributed to the higher peak power
that was used for shorter pulses. In the case of Cu, the electron-phonon relaxation
time is approximately 10 ps, which is defined by the electron-phonon coupling constant
of the material. Therefore, it takes at least 10 ps for the electron gas and the lattice
to reach thermodynamic equilibrium, which is necessary for heat transfer to occur.
Longer pulse durations are expected to result in more significant differences in the
ablation mechanism.
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Figure 4.14: IR laser-irradiated Cu surfaces using various pulse durations and a
constant scanning speed of 𝑣 = 200 mm s−1. Ablation depth measured with WLI
(squares) in dependence of the average laser power and fit according to Eq. (2.17).

Table 4.2: Ablation threshold and absorption coefficient of copper for 𝑁 = 23 infrared
pulses at a repetition rate of 100 kHz obtained from the fit in Fig. 4.14.

𝛼eff 𝑃th(𝑁 = 23) 𝐹th(𝑁 = 23)

238 fs 7.2 × 105 m−1 0.93 W 1.12 J cm−2

1 ps 7.4 × 105 m−1 1.13 W 1.36 J cm−2

10 ps 9.9 × 105 m−1 1.24 W 1.49 J cm−2

Figure 4.15: Left: Maximum SEY for various pulse durations between 238 fs and
10 ps. Published in Ref [165]. Right: XPS analysis of OFE Cu samples processed in
air at an average laser power of 4.33 W and pulse durations of 238 fs, 1 ps and 10 ps.
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Figure 4.16: SEY maximum of copper surfaces processed at pulse durations of 238 fs
and 10 ps. The scanning speeds were varied from 1 to 200 mm s−1 for average laser
powers up to 4.3 W and a line distance of 50 µm.

The laser processing at high accumulated fluence of 𝐹acc = 4330 J cm−2 (𝑃 = 4.33 W,
𝑣 = 2 mm s−1, 𝛥𝑦 = 50 µm) resulted in the typical cauliflower structures as obtained
in the previous experiments. In the SEY measurement in Figure 4.15, values as low as
𝛿max = 0.67±0.02 were obtained for all pulse lengths used. In the previous experiments
in Section 4.1, this was the lowest SEY achieved, and the SEY maximum was in the
saturation regime at an accumulated fluence of 4330 J cm−2. Thus, the SEY maximum
does not change for shorter pulse lengths. The effect of the pulse duration on the
SEY may be more significant at low accumulated fluence, as studied below. The
chemical properties at this high fluence were also evaluated by XPS measurements.
Figure 4.15 shows similar features in the Cu 2p3/2 spectrum of surfaces processed
with pulse durations of 238 fs, 1 ps, and 10 ps: The main peak at 933.6 eV and the
satellite feature between 938 and 948 eV point to the presence of CuO, which matches
the previous results, where the chemical composition gradually transformed from
Cu2O to CuO upon increasing accumulated fluence (see Figure 4.9). On a wider
parameter range, the scanning speed was varied from 1 up to 200 mm s−1 and the
average laser power from 0.2 up to 4.3 W at a line distance of 50 µm. The decrease
of the SEY maximum upon increasing accumulated fluence obtained in Figure 4.16
is identical to the results of the IR laser in Fig. 4.11. For the surfaces processed at
low accumulated fluences (< 1000 J cm−2), ps pulses resulted in a slightly lower SEY
maximum. However, the deviation is within the accuracy of the SEY measurement.
Therefore, it can be concluded that the SEY in this range of pulse length and the
energy per pulse is independent of the pulse duration. It is noteworthy that the SEY is
similar for the applied pulse lengths, although the ps laser ablated less material. This
further demonstrates that the SEY is not mainly influenced by the microstructure but
also by the nanofeatures. Due to the laser-matter interaction, shorter pulses produce
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less debris (less roughness) [96], which could explain the comparable SEY maxima.
This is supported by SEM images in Ref. [165], where the surface morphology of Cu
processed with a variety of scanning speeds and average laser powers was compared for
238 fs and 10 ps laser pulses.

4.3 Influence of defocusing

Defocusing may play a role in laser processing on the non-circular cross-section of
the inner beam screen surface and will be analyzed in this section. To investigate
the influence of defocusing on the ablation efficiency, single lines were engraved using
515 nm photons in a 1 mm thick Cu sample at various focal plane positions 𝑧 ranging
from +5 to −5 mm. Figure 4.17 shows the ablation depth as well as the beam waist
at various focal displacements. The graph was normalized to the maximum ablation
depth at 𝑧 = 0 mm. At a positive displacement 𝑧, the focal point was within the
sample or below it. At −𝑧, the focal point was located above the sample surface.
According to Eq. (2.11) and Fig. 4.17 (black dots), the laser diameter widens as 𝑧
increases. Concomitantly, the energy density per irradiated area decreases, resulting in
less material removal. At the Rayleigh length of 𝑧 = 1.5 mm (Tab. 4.1), the ablation
depth is approximately 60 % of the maximum depth that was obtained when processing
in focus. At displacements of 𝑧 = 0, −1.08, −2.24 and −3.21 mm, the beam waists
amounted to 13.7, 23, 46, and 69 µm, respectively.

Figure 4.17: Normalized ablation depths along the focal plane 𝑧 measured with WLI
and calculated beam waist of 515 nm laser, according to the fit in Figure 4.5. The
maximum ablation depth at 𝑧 = 0 corresponds to an ablation depth of 9.64 µm for a
scanning speed of 50 mm s−1, an average laser power of 2.5 W, and a pulse duration
of 260 fs.
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Figure 4.18 shows SEM photographs of surfaces processed at accumulated fluences of
1046 and 210 J cm−2 at the four points of displacement. For green laser irradiation,
the SEY maximum of a surface processed at 1046 J cm−2 was in the saturation regime
and approximately 0.8, and the ablation depth amounted to 30 µm. The topography is
characterized by trenches of high roughness and the typical cauliflower nano-features,
as visual in Figure 4.18 at 𝑧 = 0. At a lower accumulated fluence of 210 J cm−2,
a SEY maximum of 1.1 was obtained and a depth of ≈ 4 µm (compare Figs. 4.11
and 4.3). The morphology is a mixture of less compact cauliflower features and LIPSS
structures. Out of focus, the deposited energy is less localized, reflected in the surface
structures that become more chaotic at 1046 J cm−2, the higher z is. At the maximum
displacement of 3.21 mm (d), less defined and shallower trenches are observed and
the surface is primarily dominated by LIPSS instead of the compact cauliflowers.
According to Figure 4.17, the ablation depth reduces to 35 % of the maximum depth.
This corresponds to a depth of ≈ 10.5 µm at 𝑧 = 3.21 mm. In addition, the aspect
ratio of the trench profile decreases, as the laser diameter increased. At low fluence, as
shown in the right column of Figure 4.18, the defocusing resulted in shallower trenches.
The LIPSS structure remained, but with almost no particles present.

Figure 4.18: SEM images of surfaces processed with 515 nm photons and accumulated
fluences of 1046 J cm−2 (left) and 210 J cm−2 (right) at various offsets 𝑧 with respect
to the focal plane: a) 𝑧 = 0 mm, 𝜔0 = 13.7 µm; b) 𝑧 = 1.08 mm, 𝜔0 = 23 µm; c)
𝑧 = 2.24 mm, 𝜔0 = 46 µm; d) 𝑧 = 3.21 mm, 𝜔0 = 69 µm.
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4.4 Comparison of laser processing of Cu OFE bulk and
colaminated Cu

In the above experiments, laser processing was performed on OFE copper surfaces.
However, the laser treatment of the inner surface of the BS will be performed on Cu that
was laminated onto stainless steel. In the preliminary analysis of the untreated surfaces,
slight differences in the materials were observed. Specifically, the specular reflectivity
of the colaminated Cu was higher (see Sec. 3.4.2), and the analysis of the topography
revealed a larger grain size of the beam screen material (Sec. 3.4.1). Therefore, the
SEY of the two processed materials is compared in the following. The surfaces were
irradiated at various accumulated fluences ranging from 51 to 10 184 J cm−2 using an
IR laser (1030 nm, 1 ps, 500 kHz). Figure 4.19 depicts the measured SEY maxima
as a function of accumulated fluence. A general decrease of 𝛿max was observed with
increasing accumulated fluence. The values of the colaminated Cu were generally lower
than those of OFE Cu. However, the difference in SEY of the materials was less than
0.1, which is within the experimental error of the SEY measurement. In conclusion,
the material difference is negligible and does not affect the laser processing or the SEY.
Therefore, the findings on the OFE copper sample can be applied to the processing
of beam screen surfaces. For the sake of simplicity, the treatments on curved surfaces
described in Chapter 5 were also performed on OFE Cu, before scaling up the treatment
(Chapter 6).

Figure 4.19: SEY maxima of OFE Cu and colaminated Cu on stainless steel (BS-
type Cu) processed using an IR laser (1030 nm, 1 ps, 500 kHz) at various accumulated
fluences. The error bars refer to the standard deviation of the averaged SEY measured
at the different locations on the sample.
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4.5 Conclusions

The influence of wavelength (covering the range from UV to IR), pulse duration, and
accumulated fluence on the structuring of copper via ultrashort pulse laser irradiation
at a 100 kHz repetition rate was investigated to study their effect on SEY reduction.
For analysis of the surface structures, parameters such as the ablation depth, the
surface morphology, the SEY, and the chemical composition were considered in relation
to the average laser power, the scanning speed, and the line distance at a specific focal
spot size. Independent of the laser wavelength and pulse duration, two important
relations were found. First, the ablation depth showed an increase with higher laser
fluence. Second, the resulting SEY maximum is reduced for increasing accumulated
fluence to an ultimate limit of 0.7. When comparing the three laser wavelengths, it
was observed that UV and green lasers were more effective in reducing the SEY at
lower laser fluence, compared to IR laser radiation. However, above a certain fluence
threshold, similar SEY values and surface morphologies were achieved.

For processing BSs up to 15 m in length, fast scanning speeds and a low surface
particle density are targeted. All three laser wavelengths offer the flexibility to optimize
processing parameters based on the correlation between accumulated fluence and
resulting surface characteristics, directly impacting SEY. A gradual reduction in SEY
was observed with increasing laser fluence, and electron conditioning proved effective for
laser-structured copper samples, allowing for a trade-off between antithetical physical
and technical requirements. Notably, green laser irradiation resulted in the lowest
SEY at an acceptable ablation depth, while considering cost-effectiveness and system
reliability, an IR laser could be a viable alternative to meet the technical requirements
of transmitting high-power light pulses through long fibers.
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5 Robot-assisted laser processing of curved
surfaces

In this chapter, the laser processing was performed in the BS using the in situ setup,
in which the laser beam is guided into the tube via a hollow-core fiber, and the beam
travelling and scanning is performed by a robot (detailed description in Sec. 3.2).
Laser processing in a tube, as the BS, is more complex than processing flat surfaces
in an open model system: Precise optical alignment is required to couple the laser
beam into the hollow-core fiber, the focal point is more difficult to align with the
BS surface as the BS may deform, and the careful alignment of the optical path in
the robot determines the quality of the processing. In addition, a number of factors
contributing to intensity loss must be considered, ranging from the laser coupling into
the hollow-core fiber to the sensitivity of the robot’s optics that can get contaminated
and trigger intensity losses, as detailed in Sec. 3.2. In the following, only curved OFE
Cu inserts flush with the BS surface (shown in Fig. 5.1) were treated rather than the
entire circumference so that only particles from the treated insert redeposit on the
surface. The scaling to longer BSs and scanning strategies are discussed in the next
Chapter 6. Two main aspects differ from the studies on flat surfaces. First, all model
studies were conducted in air, where oxidation is not suppressed. In the in situ setup,
a nitrogen flow though the nozzle of the robot is directed towards the interaction zone,
which is indispensable to protect the optics in the robot from particle contamination
and to minimize oxidation to prevent charging at cryogenic temperature. Second,
particle generation in the confined space of the BS is a critical source of contamination

Figure 5.1: 50 cm BS (type 74) used as a test bench for the laser processing in this
chapter. Curved OFE Cu samples were inserted in the BS holes and fixed with a
metal ring so that the surface is flush with the inner BS surface. The clamps hold the
BS in a fixed position.
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of the optics in the robot, as opposed to processing flat surfaces in an open model
system. In addition, the amount of redeposited particles on the treated surface may
be higher due to the quasi-enclosed space of the tube. The fraction of loosely bond
particles must be limited because they could potentially detach from the surface during
operation of the LHC. This is critical as it can lead to beam losses. The more tightly
bound particles form the nanostructure and are crucial to reduce the SEY.

In the following, the surface properties resulting from an in situ processing are presented
and compared with the results on flat surfaces. Moreover, the processing parameters
are optimized to achieve the treatment requirements for use in the LHC magnets,
namely a maximum SEY ≤ 1 after conditioning, an ablation depth of less than 25 µm, a
Cu2O-dominated surface instead of CuO, and the limitation of loosely bound particles.

5.1 Influence of the inert gas nozzle

In the in situ setup, nitrogen is supplied through a pipe connected to the robot and
blown locally into the reaction zone through a nozzle, which is also where the laser
beam exits. The N2 flow directed towards the surface may influence the built-up of the
plasma plume, and consequently the resulting surface properties (morphology, chemical
composition). In previous studies, a CuO-dominated laser-processed surface charged up
upon electron exposure at cryogenic temperature, while processing in N2 atmosphere
suppressed oxidation, which prevents charging [2]. Therefore, the N2 supply via the
nozzle of the robot was investigated and optimized in this section to obtain Cu2O
(instead of CuO) by varying the flow conditions (laminar/turbulent) using various
nozzle designs and varying the N2 volume flow. Furthermore, the surface characteristics,
such as the topography, chemical properties and SEY, of curved samples processed on
the in situ setup in air (without additional flow through the nozzle) and in local N2
flow were compared to the model studies in air.

5.1.1 Influence of the flow speed using various nozzle designs

The aim is to suppress oxidation and to limit the redeposition of particles on the surface.
Therefore, the speed of the flow 𝑣 was changed using different nozzle designs (Fig. 5.2,
top row) at a constant volume flow of ̇𝑉 = 4 L min−1. Three different geometries
were chosen, providing either laminar or turbulent flow, distinguished by the Reynolds
number of a tube:

𝑅𝑒 = 𝜌𝑣𝑑
𝜂

{
≥ 2300 turbulent flow,
< 2300 laminar flow,

(5.1)

with the fluid density 𝜌N2
= 1.16 kg m−3, the tube diameter 𝑑, the dynamic viscosity

of the fluid 𝜂 = 1.75 × 10−6 kg m−1 s−1 and the speed 𝑣 = ̇𝑉
π(𝑑/2)2 .
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Figure 5.2: SEM of samples processed at an accumulated fluence of 2000 J cm−2

at a N2 flow rate of 4 L min−1 using a) a hollow thin tube (1.5 mm inner diameter)
generating turbulent flow, b) a larger tube with an internal structure, and c) a hollow
large tube (5 mm inner diameter) generating laminar flow. Flow speeds of a) 38 m s−1,
b) 21 m s−1, and c) 3 m s−1 were applied.

The following nozzles were used (Fig. 5.2): a) a hollow thin tube with an inner
diameter of 𝑑 = 1.5 mm, providing turbulent flow (𝑅𝑒 = 3751), b) turbulent flow
(𝑅𝑒 = 2813) close to the critical Reynold number 𝑅𝑒crit = 2300 through a larger
diameter tube with an internal grid (grid opening 2 mm), and c) a hollow large tube
with 𝑑 = 5 mm providing laminar flow (𝑅𝑒 = 1125). The grid structure of b) was
designed to prevent vortices formation in a turbulent flow. The surfaces were all
processed at high accumulated laser fluence of 2000 J cm−2, at which CuO was formed
when processing flat samples in air (see XPS measurements in Fig. 4.9).

SEM images of the treated surfaces in Fig. 5.2 indicate that the morphology is influenced
by the gas supply: a) turbulent flow through the thin nozzle resulted in a random
redeposition of a large number of particles, consisting of clusters of molten spheres
and dust, b) the structure in the nozzle possibly created turbulences that pushed the
molten spheres aside resulting in less particle coverage than using the hollow thin tube,
and c) reducing the speed resulted in the absence of the molten spheres, possibly due to
the low speed of 3 m s−1. The morphology resembles the cauliflower structure, obtained
when processing in air.

Depending on the flux regime, distinct features in the Cu 2p3/2 spectra and different
modified Auger parameters were found in XPS analysis shown in Fig. 5.3, suggesting
different oxidation states. Processing at a high flow speed of 38 m s−1 (a, using the
thin nozzle) resulted in a Cu 2p3/2 peak position at 932.5 eV B.E. (modified Auger
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Figure 5.3: XPS spectra of Cu 2p3/2, Cu LMM Auger excitation, and O 1s of laser-
processed curved copper surfaces in local nitrogen flow at speeds of 38 m s−1 (blue),
21 m s−1 (gray), and 3 m s−1 (red), using the nozzles shown in Fig. 5.2.

parameter 1849.1 eV), at intermediate speed of 21 m s−1 (b, large nozzle with structure)
at 932.4 eV B.E. (modified Auger parameter 1849.7 eV) and at low speed of 3 m s−1

(c, large nozzle) at 933.6 eV B.E. (modified Auger parameter 1851.5 eV). The satellite
feature between 938 and 948 eV B.E. together with the shoulder of the main peak at
934 eV – obtained in turbulent flow – is assigned to Cu(OH)2. For the larger diameter
nozzles a second bump of the satellite was observed between 938 and 942 eV B.E.,
which is more pronounced for the laminar flow c). The satellite feature together
with the modified Auger parameter of 1851.5 eV and the O 1s peak at a binding
energy of 529.5 eV indicates the presence of CuO for the low flow speed of 𝑣 = 3 m s−1.
Exclusively the turbulent flow using the thin nozzle suppressed oxidation efficiently,
resulting in Cu2O. The processing using the large nozzle with internal structure resulted
in an intermediate state of CuO, Cu(OH)2 and Cu2O. No nitrogen incorporation was
detected in any of the three samples.

Figure 5.4 shows that the SEY decreased to below 1 for primary electron energies
between 50 and 1800 eV. The SEY has a maximum of 𝛿max = 0.68 at 1800 eV for
turbulent flow, which increases to 𝛿max = 0.87 at 1400 eV for turbulent flow through the
nozzle with structure, and 𝛿max = 0.92 at 850 eV for laminar flow, while 𝐸(𝛿max) shifts
to lower energies. The shift of the maximum energy might be related to the Cu(OH)2
concentration, which was highest on this sample or more likely linked to the different
surface morphology where especially the trenches in Fig. 5.2b are decorated with smaller
nano-features (less roughness) and sharper trenches that reflect electrons more easily.
The lowest SEY, achieved when applying a turbulent flow, can be either assigned
to the high surface roughness which is no longer dominated by the microtrenches,
but predominantly by the nanostructures that absorb especially low-energy electrons
efficiently.

In conclusion, a more focused N2 flow through the thin nozzle increased the number of
redeposited particles, but minimized surface oxidation, and allows reaching the lowest
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Figure 5.4: Secondary electron yield measurement of samples processed at an accu-
mulated fluence of 2000 J cm−2 in local nitrogen flow of 4 L min−1 using the nozzles
visualized in Fig. 5.2.

SEY, especially at primary electron energies < 1000 eV, as opposed to laminar flow.
Thus, the thin nozzle was used throughout the remaining experiments.

5.1.2 Variation of the nitrogen volume flow

Using the same laser parameter settings (𝐹acc = 2000 J cm−2), the nitrogen flow was
varied from 2 to 5 L min−1 using the thin nozzle tube (Fig. 5.2a) of 1.5 mm inner
diameter. The corresponding Reynold numbers are 𝑅𝑒 = 1876 and 4689, respectively.

The XPS spectra in Fig. 5.5 point to a similar oxidation state at all flow rates with the
Cu(I) peak of the Cu 2p3/2 spectra at 932.4 eV B.E., Cu LMM transition at 916.7 eV
K.E. (modified Auger parameter: 1849.1 eV), and O 1s at 531.3 eV B.E., which is
assigned to Cu2O. The shoulder at 934.4 eV B.E. and the flattening satellite feature
between 948 and 938 eV B.E. indicates the presence of Cu(OH)2. Solely the flow rates
2 and 5 L min−1 incorporated nitrogen into the surface, which could explain the lower
Cu(OH)2 proportion (Fig. 5.5, at 934.4 eV) and carbon content from the quantification
of the XPS elemental composition (Tab. 5.1).

The most important result is the appearance of Cu2O at all flow rates, instead of CuO.
In this way, no CuO is generated even at the lowest flow rate of 2 L min−1. On one hand,
low flow rates increase the risk of particles entering the robot and contaminating the
mirror. On the other hand, a high flow rate (> 5 L min−1) should be avoided to reduce
the N2 consumption during long-term processing. As a compromise for the application,
a nitrogen flow rate of 4 L min−1 was used throughout the remaining experiments.

77



5 Robot-assisted laser processing of curved surfaces

Figure 5.5: XPS Cu 2p3/2 spectra, Cu LMM Auger excitation, O 1s, and C 1s state
for samples processed at various nitrogen flow rates and at an accumulated fluence of
2000 J cm−2.

Table 5.1: XPS surface composition (at. %) of samples processed at various N2 flow
rates (see Fig. 5.5).

N2 flow rate C N O Cu

2 L min−1 11.3 0.7 44.3 43.7
3 L min−1 14.8 - 49.1 36.2
4 L min−1 15.9 - 44.6 39.5
5 L min−1 8.4 0.3 47.3 44.0

5.1.3 Processing in air vs. with support of nitrogen flow

At high average laser power (5 W) and slow scanning speed (5 mm s−1), corresponding
to an accumulated laser fluence of 2000 J cm−2, the ps laser pulses engraved micrometer
deep trenches in the Cu surface that are covered with nanometer-sized structures, as
shown in Figure 5.6. The laser-processing in air resulted in typical cauliflower-head
nanostructures, which were previously obtained on flat surfaces without the fiber and
the robot (Sec. 4.1.1) and in related studies [131, 132]. Instead, when applying the
nitrogen flow (4 L min−1) through the nozzle of the robot, the expanding plasma is
confined and pushes particles expelled from the ablation zone partially back to the
surface. The morphology is characterized by fine molten and re-solidified spheres of a
few hundreds of nanometers in diameter (Fig. 5.6), which tend to cluster on the formed
trenches and create a surface topography that is more undefined than that resulting
from processing in air without nitrogen flow. These redeposited spherical clusters are
loosely bound to the surface and were removed in a subsequent CO2 snow-jet cleaning.
The remaining surface features reveal the cauliflower structure (Fig. 5.7), similar to
the one obtained in air (Fig. 5.6). Under similar processing conditions in a flooded
nitrogen chamber instead of a local nitrogen flow, the cauliflowers were also obtained in
the absence of the molten spheres [131]. Consequently, the nanospheres origin from the
interplay of the flow through the nozzle and the plasma plume and not from the gas.
The influence of particle removal on the SEY is discussed in the next Section 5.2.2.
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Figure 5.6: SEM images of micro- (top row) and nanostructures (bottom row) of
laser-processed Cu in air without flow (red) and with local N2 flow of 4 L min−1 (blue)
at an accumulated laser fluence of 2000 J cm−2. Published in Ref. [144].

Figure 5.7: Morphology before and after CO2 snow-jet cleaning of surface processed
at 2000 J cm−2.
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Figure 5.8: XPS spectra of Cu 2p3/2 state, Cu LMM Auger excitation, and , O 1s state
of laser-processed curved copper surfaces in air (red) and nitrogen flow of 4 L min−1

(blue). Published in Ref. [144].

The flow of gas through the nozzle creates a nitrogen-rich environment locally, which
helps prevent particle oxidation during the plasma phase, as demonstrated by the XPS
measurements in Figure 5.8. The processed surface was found to be predominantly
composed of Cu2O, as indicated by the Cu 2p3/2 main state at a binding energy of
932.4 eV and the Cu LMM Auger transition at a kinetic energy of 916.7 eV (modified
Auger parameter of 1849.1 eV). In addition, the presence of Cu(OH)2 was detected
from 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. [153, 155, 166], with no
detectable nitrogen on the surface. The formation of Cu2O under nitrogen flow aligns
with previous studies, conducted in nitrogen or argon atmospheres [131]. 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). In contrast,
laser processing in air led to particle oxidation due to interactions with reactive species
in the laser-induced plasma plume, resulting in a CuO-dominated surface. The Cu
2p3/2 state is found at a binding energy of 933.7 eV, the Cu LMM Auger transition
at a kinetic energy of 917.5 eV (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 [154, 155, 167].
Considering the used accumulated fluence of 2000 J cm−2, the CuO-dominated surface
obtained in air matches in the compositional surface transformations found on flat
surfaces (Sec. 4.1.2).

Figure 5.9 compares the primary electron energy dependence of SEY (3-spot average)
between 50 and 1800 eV of the two samples that had been either laser-treated in air or
with the support of the nitrogen flux. A significant SEY reduction was found in the
entire energy range and the SEY maximum 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 (Fig. 3.20). The generated micrometer
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Figure 5.9: Secondary electron yield measurement of laser-processed copper in air
(red) and local nitrogen flow (blue). Published in Ref. [144].

trenches and nanostructure efficiently absorb the low energy 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. The efficient
absorption at low primary electron energies is advantageous for the application since
the majority of electrons, that impinge on the inner BS surface in the LHC, have kinetic
energies smaller than 500 eV in a dipole magnet [162]. A small difference of the SEY
in dependence of primary electron energy was found for the treatments in air and in
nitrogen, only slightly above the relative experimental error of 0.05 of the measurement
setup. This variation is attributed to the differences in surface topography, particularly
in the sub-micrometer scale (see Fig. 5.6), and the surface composition (Fig. 5.8).
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 [131].

5.2 Setting the parameter space of in situ processing

Following previous results on flat surfaces, the entire range of average laser power (1.5 –
5 W) and scanning speed (5 – 200 mm s−1) of the green in situ setup is explored in the
following section and processing parameters are optimized with respect to the ablation
depth, SEY and particle generation.
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5 Robot-assisted laser processing of curved surfaces

Figure 5.10: a) SEY measurement of curved samples processed on 532 nm in situ
setup at an average laser power of 𝑃 = 3.4 W and a line distance of 𝛥𝑦 = 50 µm
and various scanning speeds, b) SEY maximum comparison of laboratory scale flat
samples processed at IOM and curved samples processed on the in situ setup in
dependence of accumulated fluence.

5.2.1 Screening of processing parameters

Increasing the scanning speed from 5 to 200 mm s−1 resulted in an increase of SEY
at all primary energies, as demonstrated in Fig. 5.10a. It is noteworthy that E(𝛿max)
shifts from 1800 eV (at 5 mm s−1) to 750 eV (at 200 mm s−1), as opposed to flat surfaces
(Fig. 4.10), where the SEY maximum was always at high energy. Compared to the
green laser at IOM (diameter: 11.6 µm, repetition rate: 100 kHz, available average
laser power: ∼ 2.5 W), the laser diameter of the in situ setup is larger (53 µm) and
the repetition rate higher (200 kHz), which would result in lower peak fluence, which
is however compensated by the higher available average laser power of 5 W. A larger
laser diameter increases the width 𝑤 of the grooves. Thus, at high speeds or lower
accumulated fluences, where the ablation depth 𝑧 is rather small (∼ 10 µm), the aspect
ratio (𝑧/𝑤) decreases, making it easier for low energy electrons to be backscattered
from the surface and increasing the SEY at low energies. As a function of accumulated
fluence, the trend of the SEY maximum on curved surfaces matches well the one
observed on flat samples using 532 nm photons (Fig. 5.10b): The SEY maximum
decreases with increasing accumulated fluence and reaches an ultimate low 𝛿max of 0.7
in the saturation regime at high accumulated fluence.

5.2.2 Particle mitigation through post-cleaning

In Section 5.1, processing using a dense N2 flow through a thin hollow tube minimized
oxidation the most, but the surface structures were covered by clusters of molten
nanospheres, which are detrimental for operation in the LHC, because detaching
particles could interact with the proton beam. Therefore, a simple cleaning, which is
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5.2 Setting the parameter space of in situ processing

Figure 5.11: SEM at various magnifications of surfaces processed with the green in
situ laser at different accumulated fluences before (left) and after post-cleaning (right
columns) using a gas jet.

applicable in the BSs installed in the magnet complexes, needs to be applied to remove
lightly bound particles. Conventional rinsing or ultrasonic cleaning are not suitable,
because it cannot be performed in situ. A N2 gas jet with a flow of ∼ 30 L min−1 was
passed over the laser-processed surfaces. This process is referred to as “post-cleaning”
throughout the document. The surfaces were visibly liberated from particles after the
cleaning as observed in the photographs in Figure 5.11. Clusters of vapor located on
top of the trenches were mainly removed. On surfaces processed at 2000 J cm−2, the
cauliflower structure revealed, similar to the snow-jet cleaning (Fig. 5.7), indicating
that those particles are stronger bound to the surface. However, the post-cleaning did
not remove all particles; especially those in the valley of the trenches remained.

The features in the Cu 2p3/2 spectra in Fig. 5.12 show that the removal of particles did
not change the chemical properties of the surface, neither for samples processed at low
nor at high accumulated laser fluence: The main peak at B.E. 932.4 eV (modified Auger
parameter 1849.2 eV) indicates the presence of Cu2O and the shoulder at 934.4 eV as
well as the flattening satellite between 948 and 938 eV remained, indicating Cu(OH)2.
Compared to previous treatments in Sec. 5.1, here the nitrogen incorporation was
observed in the N 1s spectra (Fig. 5.12). Perhaps the particles that were removed
during post-cleaning were initially farther from the reaction zone before redepositing.
The remaining surface features must have been within the reaction zone, where nitrogen
gas pressure and temperature were high, which is why they remain attached.

Since the role of the nanoparticles has been shown important for efficient SEY reduction,
the SEY is expected to increase after particle removal in the post-cleaning process. For
surfaces treated at high accumulated laser fluence (𝐹acc > 1000 J cm−2), the cleaning
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5 Robot-assisted laser processing of curved surfaces

Figure 5.12: XPS spectra of Cu 2p3/2, Cu LMM Auger excitation, O 1s, and N 1s of
as received and post-cleaned curved copper surfaces processed at various accumulated
fluences.

Figure 5.13: SEY measurement of surfaces processed at different accumulated fluences
and wavelengths before and after post-cleaning using a gas jet.
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5.2 Setting the parameter space of in situ processing

Figure 5.14: SEY maximum of as received and post-clean laser-treated curved samples,
and ablation depth as a function of accumulated fluence for green in situ setup.
Acceptable fluence range for installation in the LHC is shaded in gray.

had a positive effect on the SEY, as 𝛿max slightly decreased by 0.1 (Fig. 5.13). As
observed in Fig. 5.11, the post-cleaning removed only the molten nanospheres, but not
the cauliflower structures. Thus, the surface roughness remains and the cauliflowers
seem more effective for SEY reduction. For intermediate fluences (200 < 𝐹acc <
1000 J cm−2), 𝛿max increased after removal of the majority of particles, the lower the
accumulated fluence. Thus, the SEY is dominated by the microstructure, which seems
to trap electrons less efficiently. For fluences below 200 J cm−2, the SEY maximum
is 𝛿max ≥ 1.4. A 𝛿max = 1.5 (Fig. 5.13, 𝐹acc = 67 J cm−2) before cleaning results in
SEY values close to untreated Cu after post-cleaning and is therefore not eligible for
the application. In these cases, the SEY values exceeds that of untreated Cu at high
primary electron energies. The relative increase in SEY after cleaning was observed
for surfaces processed with 532 nm and 1030 nm photons. The absolute SEY value
using the IR laser is higher than for the green laser at similar accumulated fluences as
discussed in Sec. 4.1.

The increase in SEY after cleaning must be considered when choosing the processing
parameters, since it narrows the available laser parameter range where all treatment
requirements are fulfilled. An overview of processing limitations for the green in situ
setup is given in Fig. 5.14. It includes the SEY maximum of laser-treated surfaces before
and after cleaning and the corresponding ablation depth as a function of accumulated
fluence. As introduced earlier (Sec. 2.5.2), the max. acceptable ablation depth is 25 µm
to keep the surface resistance low and the maximum SEY should amount to 𝛿max ≤ 1
or decrease to such values upon electron exposure. In the studies on flat surfaces, it
was found that a laser-processed surface with initial 𝛿max < 1.5 satisfies this condition
at an acceptable electron dose of 5 × 10−4 C mm−2 (Fig. 4.13). This defines a final
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5 Robot-assisted laser processing of curved surfaces

range between 200 and 400 J cm−2 (highlighted in gray in Fig. 5.14) in which SEY
and ablation depth requirements are fulfilled. The lower limit set by the SEY after
post-cleaning and the higher one by the ablation depth. In this range, the scanning
speed and the average laser power can be adjusted to be within the accumulated
fluence ranges. For instance, at the maximum available average laser power of the
green laser system (5 W), speeds of speeds between 25 - 50 mm s−1 can be selected to
obtain accumulated fluences of 200 to 400 J cm−2.

The post-cleaning process removed the critical number of loosely bound particles.
However, Figure 5.11 shows that there are still some that could detach from the surface.
Therefore, particle detachment tests were performed to quantify the number of particles
that could potentially interact with the proton beam once detached from the surface.

5.3 Quantification of particle detachment by centrifugal forces

In this section, flat (treated in air) and curved (treated in N2 flow of 4 L min−1) post-
cleaned Cu samples were subjected to centrifugal forces. The selected force density
of 3 N mm−3 is 10 % of the maximum force density acting on the BS surface when a
magnet looses abruptly its superconductivity (magnet quench) [148]. In such a case,
the beam is already dumped. The operation forces are less than 10 %. The curved
samples were treated on an insert of the BS, whereby only the sample and not the
entire circumference of the tube was treated. Thus, only particles from the treated area
were deposited on the surfaces used for the tests. In addition, they were post-cleaned
with a N2 jet, as this revealed necessary (see previous section) to reduce the number of
loose redeposited particles on the surface.

Two sets of sample series were selected that were laser-treated with different accumulated
fluences and thus have different morphology and SEY values: three flat samples
processed in air with 𝛿max ranging from 1.8 to 0.8, five curved + post-cleaned samples
processed in N2 (4 L min−1) with 𝛿max between 1.8 and 0.9, and one curved + post-
cleaned sample processed in air, making the link between the two sample series. The
selected surfaces and the details of processing parameters are summarized in Tables 5.2
and 5.3.

At high accumulated laser fluence (a, 𝐹acc ≥ 650 J cm−2), deep grooves with cauliflower
structure were generated with 𝛿max ≤ 1.0. The cauliflower structure appears to be
more compact on the samples processed in air than in N2, since in the latter some of
the fine molten spheres remained on the surface after the post-cleaning. The curved
sample processed with the IR laser is characterized by LIPSS on top of the grooves, and
decorated with a non-negligible number of particle clusters. At intermediate fluence (b,
100 J cm−2 ≤ 𝐹acc < 450 J cm−2), pronounced LIPSS covered with particulates emerged
on the flat sample, agglomerations of molten nanospheres (< 1 µm) were found mainly
at the bottom of the grooves of the curved samples, resulting in 𝛿max = 1.5 (flat), 1.4
(curved) and 1.1 (curved). Samples of this category lie within the previously defined
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range, in which the surface requirements are met (see Fig. 5.14). Surfaces with SEY
maximum of 1.8 processed at low accumulated laser fluence (c, 𝐹acc ≤ 100 J cm−2),
were characterized by weakly pronounced LIPSS on the flat sample and shallow grooves
decorated with individual molten spheres on the curved sample.

After centrifugation at 3 N mm−3 (see details in Sec. 3.3), the detached particles –
collected on a carbon sticker – were analyzed in terms of their equivalent circular
diameter (ECD) (assuming spherical particles) and the size distribution using APA. In
addition, the total mass 𝑀 of detached particles was calculated:

𝑀 =
𝑁

∑
𝑖

𝑉𝑖(𝐸𝐶𝐷) ⋅ 𝜌Cu ⋅ 𝑁𝑖, (5.2)

with the density of copper 𝜌Cu = 8.96 g cm−3, 𝑁 the number of detached particles per
cm2 and a spherical volume 𝑉 of the particles:

𝑉 = 4
3

π (𝐸𝐶𝐷
2

)
3

. (5.3)

The results discussed in the following are summarized in Tabs. 5.2 and 5.3. Starting
from the samples in category a) that exhibit the lowest SEY (𝛿max < 1), no particles
were detached from the flat sample processed in air at 𝐹acc = 1000 J cm−2. The curved
and post-cleaned sample treated in air globally detached 249 particles per cm2, with
an average ECD of 1 µm (Tab. 5.2), which is also the minimum detection limit of
APA. It is therefore possible that smaller particles have detached from the other flat
sample, but could not be detected. The corresponding total detached mass amounted
to 0.01 µg cm−2. The equivalent sample processed in local N2 flow using the robot,
detached in comparison a particle number of 146 122 cm−2, corresponding to a mass of
32.07 µg cm−2 (Tab. 5.3), which is significantly more than for the samples processed
in air. As evaluated in Section 5.1, the redeposition of particles in local turbulent N2
flow is higher than when processing in air. The post-cleaning removed particles, but
some of the molten spheres remained on the surface as observed in the SEM images
in Tab. 5.3. Thus, the overall particle coverage on the curved samples is higher. In
addition, the small molten spheres redeposit at the final stage of the ablation process,
resulting in a longer cool-down phase and lower bond energy. The total detached
mass 𝑀 = 32.07 µg cm−2 fits the previous findings, where a total mass of ∼ 50 µg cm−2

detached at the same force density of 3 N mm−3 [148]. It has to be noted that the sample
in the test here was post-cleaned as opposed to previous tests. The curved sample
processed with the IR laser detached less particles (32 000 cm−2), but the average ECD
was 3 µm compared to ∼ 1 µm for the rest of the samples. The larger average ECD
becomes evident when reviewing the SEM photograph of the surface as the structures
are less compact compared to the curved sample processed with 532 nm photons. The
total detached mass of ∼ 1.2 mg cm−2 (Tab. 5.3) was accordingly higher.
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5 Robot-assisted laser processing of curved surfaces

Figure 5.15: Globally detached particles from curved post-cleaned surfaces processed
in local N2 subjected to a centrifugal force density of 3 N mm−3 as a function of
maximum SEY.

As the accumulated fluence is decreased (category b)), the SEY increases and less
particles detached from the surface. The samples (flat and curved) with 𝛿max = 1.1−1.5
did not loose any particles. It is worth mentioning that samples of category b), for
which low/no detachment was observed, fulfill the treatment requirements (SEY and
ablation depth). No particles were detected on the curved sample of category c) with
𝛿max = 1.8, but a small number of 644 cm−2 (0.06 µg cm−2) detached globally with an
average ECD of 1 µm (Tab. 5.2) from the flat sample.

In summary, processing at c) low and b) intermediate fluences ablates a smaller volume
and the surfaces are therefore intrinsically covered with fewer particles, which leads to
marginal or no particle detachment. These surfaces are associated with 𝛿max ≥ 1.0. In
particular, the non-detachment of particles from surfaces processed at intermediate
fluence with 𝛿max = 1.4 must be emphasized, since this range is of interest for the
treatment of BSs in magnets of the LHC. Solely when increasing the accumulated
fluence to a) 𝐹acc ≥ 650 J cm−2, particles detached with an average particle diameter of
1 µm and 3 µm for the IR sample. This trend is visualized in Figure 5.15. The majority
of detached particles were < 15 µm in diameter, which is less than the critical diameter
of 60 µm at which the particle beam interaction can affect the operation of the LHC.
The global detached masses 𝑀 were ≤ 1.2 mg cm−2. Particles of flat surfaces processed
in air seem to adhere better than on the curved samples processed in N2, because these
surfaces are free of the redeposited molten sphere clusters.
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5.4 SEY reduction via electron irradiation (conditioning)

Figure 5.16: Electron irradiation at RT up to doses of a) 1.8 × 10−2 C mm−2 and b)
2.0 × 10−2 C mm−2. SEY measurement after each conditioning step of curved laser-
treated (𝜆 = 532 nm) a) as received and b) post-cleaned samples. c) SEY maximum
in dependence of electron dose on flat (according to Fig. 4.13) and curved surfaces.

5.4 SEY reduction via electron irradiation (conditioning)

In the model studies on flat surfaces (Fig. 4.13), an upper limit of initial 𝛿max ≤ 1.5
was found up to which the SEY of laser-treated surfaces decreased upon electron
exposure to values of 1 or below. Curved laser-processed (as received/post-cleaned)
surfaces with initial 𝛿max = 1.4 − 1.5 were selected for conditioning at room and
cryogenic temperatures, the latter because charging effects – which should be avoided
for beam screen surfaces in the LHC magnets – have previously been observed at low
temperatures [2]. The measurements in Section 5.4.1 were conducted at RT in the
collector-based SEY setup described in Section 3.3.2. The conditionings in Section 5.4.2
were also performed on a collector-based SEY setup where the sample can be cooled to
15 K [168, 169].

5.4.1 Conditioning at room temperature

Two samples processed with the 532 nm in situ setup at a) 𝐹acc = 200 J cm−2 and b)
𝐹acc = 330 J cm−2 were selected. The latter was post-cleaning. Both SEY prior to the
start of the conditioning amounted to 𝛿max = 1.5, and the corresponding maximum
energy of the as received sample is at 1100 eV, while that of the post-cleaned sample is
at 450 eV. This difference is due to the removal of particles, that absorb low-energy
electrons more efficiently than just the remaining grooves. Figure 5.16 shows the SEY of
a) as received and b) post-cleaned samples measured at RT between 50 and 1800 eV after
each electron exposure step. The SEY of the as received laser-treated sample (Fig. 5.16a)
decreased to 1 at all primary electron energies at a dose of 8.3 × 10−4 C mm−2, and
ultimately saturated at 𝛿max = 0.9. The maximum electron energy remained between
1000 and 1200 eV at all conditioning steps. The SEY of the post-cleaned sample reached
1 at a lower electron dose of 2.1 × 10−4 C mm−2 (Fig. 5.16c). The slope of 𝛿max vs.
electron dose is particularly steeper at low electron doses ≤ 10−5 C mm−2. E(𝛿max)
shifted from initially low primary electron energy (450 eV) to 750 eV (Fig. 5.16b) at the
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5 Robot-assisted laser processing of curved surfaces

Figure 5.17: Surface conditioning at RT (red) and cryogenic temperature (blue) of
identical curved laser-treated (1030 nm, 𝐹acc = 385 J cm−2) and post-cleaned samples.
The error bars represent the standard deviation of the maximum SEY in three different
locations of the samples.

ultimate 𝛿max = 0.8. The conditioning on curved surfaces is consistent with the overall
findings on flat surfaces (Fig. 5.16c, gray curves). It is noteworthy that the post-cleaned
sample performs similarly to a surface with initial 𝛿max = 1.2 − 1.3, especially at low
dose. The post-cleaning has not only a positive effect on particle reduction, but also
on SEY reduction upon electron irradiation.

5.4.2 Conditioning at cryogenic temperature

Two equally laser-treated (𝜆 = 1030 nm, 𝐹acc = 385 J cm−2, N2 flow = 4 L min−1) and
post-cleaned, curved samples were irradiated with 250 eV electrons – one at RT and
one at cryogenic temperature (15 K) – on a different experimental setup, described in
detail in Refs. [168, 169]. Both samples had a maximum initial SEY of 1.4 at RT. One
of the samples showed an increase in SEY by 0.1 at cryogenic temperature. This is
attributed to the adsorption of residual gas molecules on the cold sample surface. As a
result, more electrons are reflected at the surface adsorbates instead of penetrating into
the material when the surface is irradiated with electrons. The SEY maxima of the two
samples decreased upon electron dose as shown in Figure 5.17. The one at cryogenic
temperature saturated at a maximum SEY value of 1 at a dose of 1 × 10−2 C mm−2,
while the SEY at RT reached 1 at a lower dose of 4×10−3 C mm−2. No saturation of the
SEY maximum was observed up to a dose of 3 × 10−2 C mm−2. In this measurement,
the SEY of 1 was reached at higher electron doses compared to the conditionings
described in Sec. 5.4.1.

Before the start of the conditioning, the chemical state of the surface was dominated by
Cu2O and Cu(OH)2 (Fig. 5.18). It is noteworthy that the Cu(OH)2 proportion here is
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Figure 5.18: XPS of curved laser-treated (1030 nm, 𝐹acc = 385 J cm−2) and post-
cleaned samples after each conditioning step a) at RT, and b) cryogenic temperature.
Atomic concentration of the different elements at different steps of conditioning c) at
RT and d) 15 K.

higher than on the reference setup used for all other XPS measurements. This is because
the reference setup contains an AlK𝛼 (ℎ𝜈 = 1486.7 eV) x-ray source. The spectra
shown in Fig. 5.18 were measured with a MgK𝛼 source (ℎ𝜈 = 1253.6 eV) instead, which
is more sensitive to the topmost surface layer. During RT conditioning, the spectra and
calculated surface stoichiometry in Fig. 5.18a indicate a reduction of Cu(OH)2 to Cu2O
(no Cu 2p satellite, O 1s, and Cu LMM lines at 530.4 eV and 916.7 eV, respectively),
and a reduction of the carbon content (Fig. 5.18c), as expected for RT conditioning
(compare with Fig. 4.12). At cold temperature, the carbon decreased to very low values
< 5 % (Fig. 5.18d), together with a conversion of Cu(OH)2 into CuO (Cu 2p satellite,
maximum of the O 1s and Cu LMM intensity at 529.6 eV and 917.8 eV, respectively).
Thus, deoxidation is hindered at low temperature, which could also explain why the
SEY reaches one at a higher dose. This conversion had already been observed on
installed Cu BSs in cryogenic sectors of the LHC, where the beam-induced heat load is
high [55, 56]. However, in these cases the SEY of the CuO surface saturated during RT
conditioning at 𝛿max = 1.2 [55] and in conditioning at 15 K 𝛿max = 1.3 [169]. A positive
aspect is that no charging effects were observed in the measurements at 15 K, which
was observed elsewhere [131] for a CuO-dominated laser-treated surface with initial
SEY < 1. In that case, an increase in SEY during the conditioning was observed [131],
contrary to the decrease shown in Figure 5.17.
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5.5 Concluding considerations on parameter selection for the
processing of beam screens

In this chapter, the laser parameter space of mainly the green in situ setup was explored
on curved OFE Cu samples to identify optimized processing conditions for the inner
surface of BSs of the LHC. Unlike in the model studies on flat surfaces, laser processing
was performed in a local N2 atmosphere, which influences the laser-plasma interaction
and the resulting surface morphology and chemical properties. At high accumulated
laser fluence (2000 J cm−2) and turbulent N2 flow, numerous fine, molten spheres
redeposited in addition to the cauliflower structures that form when processing in air.
Turbulent flow suppressed oxidation as opposed to laminar flow, but favored particle
redeposition and clustering. Therefore, post-cleaning of the treated surfaces via a N2 jet
was applied as particle mitigation strategy. As a consequence, loosely bound particles
were removed. However, this led to an increase in the SEY, particularly on surfaces
that were processed at low accumulated fluence and especially in the low primary
electron energy range. When applying centrifugal forces, a considerable number of
particles detached from post-cleaned, curved samples with 𝛿max ≤ 1 processed at high
acc. fluence (≥ 650 J cm−2). However, the particles are small (1 – 2 µm in diameter)
and low in weight ≤ 1.2 mg cm−2. Particularly, surfaces processed at low acc. fluence
(∼ 200 J cm−2) and 𝛿max = 1.4 − 1.5 did not release particles, and are therefore of
interest. These surfaces have a higher SEY, that however decreased to one or below
during conditioning at room and cryogenic temperature, similar to the results obtained
on flat surfaces.

In the global picture of the laser parameter space (Fig. 5.14) processing at accumulated
fluence of 200 – 400 J cm−2 results in a surface treatment that fulfills the requirements.
Finally, the laser power and scanning speed during processing can be adjusted. At the
maximum average laser power (5 W) and line distance in the range of the laser diameter
(50 µm), the scanning speed can be varied between 25 and 50 mm s−1, corresponding to
a minimum processing time of 80 s cm−2 and 40 s cm−2, respectively. This translates
into 33 or 16.5 hours per meter of the complete circumference of a 50 L type BS (see
dimension in Tab. 2.1), excluding core steps for readjustment of the robot (see in situ
setup description in Sec. 3.2.2). When scaling-up the processing of BSs, fluctuations
in laser intensity can occur with longer processing times, particles may contaminate
the optics in the robot, the optical fiber can be damaged at average laser powers near
the limit of the setup, and mechanical components of the robot may experience wear
when operating at high scanning speeds. Processing at low accumulated fluence is
advantageous regarding the treatment requirements. When the accumulated fluence is
reduced, the SEY is no longer in the saturation regime, but gradually increases (see
Figs. 4.11 and 5.14). A SEY maximum of 1.1 (1.4 after post-cleaning) is aimed for.
In this range, processing is more susceptible to intensity fluctuations due to the steep
SEY increase.
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6 Large-scale treatments of beam screens

This Chapter is devoted to applying the knowledge developed on flat (Chapter 4) and
small curved surfaces (Chapter 5) to the treatment in the laboratory of real-life objects
such as BSs and vacuum chambers aiming to scale up and speed up the process, and
to solve practical problems that may occur during days- or weeks-long operation. The
first processing was performed using the green in situ setup (Sec. 6.1), followed by the
transition to the IR in situ setup, which provides higher beam stability. The treated
BSs varied in size and length to achieve different objectives: defining the scan strategy
(selective treatment vs. full circumference, longline vs. spiral scanning), scaling up
the length of the small geometry BS (type 50 L) to 2.2 m, providing test tubes for
surface impedance measurements at cryogenic temperature and finally the large-scale
processing of a tube up to a length of 3.1 m for particle-beam interaction measurements
in the LHC, which is one of the most critical aspects of the laser treatment and has
never been tested before. The BSs in the Q5 magnets of the LHC are 10 m long and
of type 50 L (small BS size, details in Tab. 2.1). During the long shutdown of the
LHC in 2026, it is proposed to treat four BSs of this type with an available time of
approximately six months.

6.1 Test of scan strategy on a 50 cm long beam screen (type
74)

Hereafter, a selective treatment (shown in Fig. 6.1) was tested on a 50 cm long BS and
compared with the treatment of almost the entire circumference (300°) of the BS. The
idea of the selective treatment is to process only the curved parts, where the electron
cloud density is highest in quadrupole magnets during operation (Fig. 6.1a). An
electron cloud simulation study showed that a selective surface treatment of about 7° of
each corner is sufficient to reduce electron cloud multipacting in a quadrupole magnet of
the LHC [146]. This way, critical parts such as cryosorbers located above the flats part
of the BSs of the standalone magnets are excluded and the processing time is reduced,
because only ∼ 8 % of the total surface area has to be treated. In addition, different scan
patterns (see Fig. 3.6) were selected, that generate microgrooves oriented either parallel
or perpendicular to the BS axis, which is an aspect relevant for the surface impedance.
The following schemes were applied (Fig. 6.2): a) a four corners selective treatment using
the longline sequence, b) a 300° spiral movement, c) a four corners spiral movement,
and d) a 360° spiral movement at higher scanning speed. A cryosorber was installed
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6 Large-scale treatments of beam screens

Figure 6.1: a) Electron cloud spatial distribution simulation. Figure extracted from
Ref. [9]. b) Schematic of BS cross section for selective scanning: laser treatment of 4
corners (black), non-treated zones (orange). The cryosorbers, indicated in blue in the
schematic, are excluded in the selective treatment.

on the BS in the area of 300° spiral treatment (b), as shown in Figure 6.2 (top row),
to investigate whetherb) to investigate whether the laser treatment could cause any
damage. The treatment was performed on the green in situ setup at high accumulated
laser fluence of 2000 J cm−2 (𝑃 = 5 W, 𝑣 = 5 mm s−1, 𝛥𝑦 = 50 µm) for a), b), and
c), and at low fluence of 100 J cm−2 (𝑃 = 1.5 W, 𝑣 = 30 mm s−1, 𝛥𝑦 = 50 µm) for d).
The processing parameters were selected to test the robot capability, contamination
effects, damages of cryosorbers rather than to test the final processing parameters.
The focus was adjusted with the curved part of the BS, as it was the main area of
treatment. After the processing, the BS was cut for analysis (Fig. 6.2, top row). The
dark laser-treated areas appeared homogeneous in color along the full BS length, except
for two corners during the a) longline sequence. During the treatment of these corners,
the fiber was not sufficiently fixed to the robot, causing it to move and the beam to
hit the nozzle exit. Consequently, the beam became diluted and required realignment.
This problem was identified by observing the treatment through a camera. Area d) was
brighter, because of the lower applied fluence. SEM images in Fig. 6.2 (bottom row) of
the treated areas a), b) and c) revealed deep microtrenches covered with redeposited
nanoparticles, consistent with previous treatments on 12 × 15 mm curved surfaces at
2000 J cm−2 (compare with Fig. 5.6). It is noteworthy that b) the 300° spiral treatment
resulted in barely discernable trenches with higher particle coverage than the selective
treatments (a and c). The nanostructures of a) - c) were dominated by agglomerations
of the molten spheres, which is expected for a non-cleaned surface. Closer inspection of
Figure 6.2a reveals the cauliflower structure beneath the molten spheres. In contrast,
the surface treated at low fluence close to the ablation threshold (d) resembles an
untreated Cu surface. At higher magnification, LIPSS formation is visible.

A cut segment of the BS (location indicated in Figure 6.3, yellow) was post-cleaned
with a gas jet. This removed the molten spheres and dust on the laser-treated surface
and the cauliflower structure appeared (Fig. 6.3), which was similarly observed for
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6.1 Test of scan strategy on a 50 cm long beam screen (type 74)

Figure 6.2: Photograph of 50 cm long cut BS (type 74): dark areas were laser-treated,
shiny areas are the non-treated colaminated Cu (top row). SEM images of micro-
(middle row) and nanostructure (bottom row) of a) four corner selective treatment
(𝐹acc = 2000 J cm−2), b) 300° spiral movement (𝐹acc = 2000 J cm−2), c) four corners
spiral movement (𝐹acc = 2000 J cm−2), and d) a 360° spiral movement at higher
scanning speed (𝐹acc = 100 J cm−2). Yellow dashed area was used for a cleaning test
(see Fig. 6.3).
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6 Large-scale treatments of beam screens

Figure 6.3: SEM analysis of surface morphology before (left) and after post-cleaning
with a gas jet (right), defined in Sec. 5.2.2. Laser-treated BS surface with a) four corner
longline selective treatment applying 𝐹acc = 2000 J cm−2 (top row) and untreated Cu
surface (bottom row). Extracted location of the BS is indicated in yellow in Fig. 6.2.

the cleaning of small curved laser-treated surfaces (previous Chapter, Fig. 5.11). The
foamy dust tends to adhere not only to the treated surface, but also to the non-treated
Cu at the top flat part of the BS, as visible in the SEM photograph in Figure 6.3. It
vanished after the cleaning process. This foam is loosely bound and may detach due to
mechanical forces acting on the BS and interact with the beam during operation of the
LHC.

During the laser treatment, the particles were extracted from the tube by a strong
suction flow in the direction of the treated surface. SEM and energy dispersive x-ray
spectroscopy (EDX) were used to analyze the particles that adhered to adjacent surfaces
outside the BS during suction. The extracted mass consisted of foamy dust and molten
spheres (Fig. 6.4a and b) that also redeposited on the treated surface. EDX was
performed using a low acceleration voltage of 3000 kV to limit the analysis depth to
the area of interest and to avoid any influence from the underlying substrate. This
way, the electron transitions of Cu L𝛼, O K𝛼 and C K𝛼 were detected in the spectra of
Figure 6.4a. Both features were mainly composed of Cu (spherical particle: 94 %, dust:
86 %) and a smaller portion of oxygen and carbon. The dust contains a 7 % higher
carbon concentration than the nanospheres. The size of dust agglomerations ranged
from 8 to 150 µm (Fig. 6.4c).

Finally, the cryosorber segment, placed on top of the BS during the 300° spiral sequence
(indicated in Figs. 6.1 and 6.2), was analyzed. The pumping slots on the flat parts
of the BS allow laser light to irradiate the component during treatment. The SEM
analysis of the component after the treatment (Fig. 6.5) shows that the metal, to which
the carbon fibers are attached, was laser-treated and the typical groove profile was
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6.1 Test of scan strategy on a 50 cm long beam screen (type 74)

Figure 6.4: Analysis of particles extracted during processing by a strong suction flow
during the laser treatment: a) chemical composition (EDX) of extracted particles
stuck on an aluminum component outside of the BS, b) SEM images of dust (red)
and molten nanospheres (yellow), c) dimension of particles that stuck to adjacent
surfaces out the tube during suction.
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6 Large-scale treatments of beam screens

Figure 6.5: a) Photograph of cryosorber that was mounted on top of the flat BS
during the 300° spiral treatment, b) SEM of cryosorber after the laser treatment, c)
SEM of carbon fiber (blue) and Cu shield (red).

engraved (Fig. 6.5b, red zone). The fibers are decorated with nanoparticles (Fig. 6.5c,
blue) and some of them were cut (Fig. 6.5, red). The laser has caused significant
damage on the cryosorber and it is most likely no longer functional. This leads to a
decrease in the surface area available for pumping. More importantly, the cut fibers
could fall into the BS and trigger beam losses. Therefore, it is inevitable to exclude
such regions from the laser processing, e.g. by selective treatment.

SEY measurements were performed on each treated area (a – d). All surface treatments
at high accumulated fluence (2000 J cm−2) resulted in a SEY below 1 (Fig. 6.6a), as
expected for the processing parameter setting. The values were slightly higher (by
0.1 − 0.2) compared to those on the curved insert test samples in Chapter 5, due to the
increased amount of dust remaining in the tube. The SEY maximum 𝛿max decreased by
0.1 - 0.2 after post-cleaning the surface (Fig. 6.6b). No major differences between the
SEY of a), b) and c) were observed. In addition, the SEY was 𝛿max = 0.95 ± 0.05 and
constant over the length of the treated zones, except from the area, where the fiber was
misaligned in the robot. In this case, the beam was diluted, causing a loss of intensity.
This resulted in a minor modification of the surface and a high SEY value of 𝛿max = 1.94.
The comparison between the flat and the curved treated surfaces unexpectedly resulted
in similar SEY values at high and low accumulated fluence (Fig. 6.6c). As the flat part
was expected to be 4.85 mm out of focus, the peak laser intensity should have decreased
to 30 %, according to the calculation in Sec. 3.2.2. Therefore, the SEY was expected
to be higher on the flat part. However, the experimental laser beam characterization
on the curved part revealed a diameter slightly larger than theoretically expected
(Sec. 3.2.2). Thus, the focal point was likely located between the curved and the flat
parts of the BS.
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6.1 Test of scan strategy on a 50 cm long beam screen (type 74)

Figure 6.6: a) SEY measurement on the different treated areas, b) SEY measurement
of laser-treated sample (longline) before and after post-cleaning, c) SEY 𝛿max on
different treated areas along the 50 cm BS.

Finally, it is evident that intensity drifts, which occurred towards the end of the
treatment (visible by distinct brown hues in the photograph shown in Fig. 6.6c) at low
fluence, have a greater influence on the surface structure (see Fig. 6.2). Despite the
high number of particles generated during the treatment, no degradation of optical
components in the robot (lens, mirror) was observed. This is important because it
ensures that the surface is treated efficiently without any intensity losses.
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6 Large-scale treatments of beam screens

6.2 Large-scale treatment of a 2.2 m long beam screen (type
50 L)

In the following experiment, the processing was scaled up to a length of 2.2 m. For the
first time, a 50 L type BS (small BS size) was treated, which is the same type installed
in the Q5 magnets of the LHC. Therefore, the robot was adapted to the small size and
the beam was focused on the curved BS surface to a spot size of 54.5 µm using a convex
lens of 75 mm focal length. In this configuration (see details Tab. 3.2), the theoretical
Rayleigh length is only 𝑧R = 1.4 mm, which makes the processing very sensitive to
intensity losses due to defocusing. Defocusing occurs when the distance between the
convex lens in the robot and the BS surface is not equal to the focal length of the lens
(Fig. 3.5). This can be caused by the following scenarios:

• The lens position requires manual adjustment. Therefore, the convex lens in the
robot may not be in the perfect position to match the focal point with the BS
surface. Thus, it can be slightly shifted inside or outside of the BS.

• The robot is not perfectly centered in the BS. Thus, one side may be closer to
the BS wall while the opposite side is further away. Ideally, the legs at the side
of the robot keep it in a centered position. However, adjusting the legs of the
small robot configuration on the BS surface can be challenging, resulting in a gap
between the legs and the surface. To minimize this uncertainty, a modification of
the robot is necessary, which involves using flexible legs supported by a spring.
This is an improvement approach as a result of the present test and is currently
being developed, but was not yet used in this study.

• The clamps that fix the BS shape (see Fig. 5.1) may be not equally tightened
along the length of the BS.

In addition to difficulties with defocusing, processing narrow geometries presents a
greater challenge. Particle generation is more significant, due to the shorter distance
between the laser interaction zone and the rotating mirror, which is sensitive to
contamination. Moreover, the body of the small robot is closer to the BS walls
compared to the big configuration, resulting in a reduced extraction flow. Since the
selective treatment proved to be beneficial (Sec. 6.1), it was applied over the entire
length using the longline sequence.

The objective was to process in “optimized conditions”, in which the surface modification
fulfills at best the treatment requirements (see details in Sec. 2.5.2). In the ideal case,
low SEY, low ablation depth and a surface free of particles is desired. However, the
laser parameters dependence on the surface properties investigated in the previous
Chapter 4 are as follows: Increasing the accumulated fluence decreases the SEY, while
the ablation depth and the number of loose redeposited particles increases. Thus, the
compromise is to generate a surface with slightly higher SEY that conditions to below 1
after electron irradiation. The “optimized processing parameters” result in a maximum
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6.2 Large-scale treatment of a 2.2 m long beam screen (type 50 L)

Figure 6.7: a) SEY measurement and b) SEM images of insert OFE Cu samples
processed with the IR in situ setup at 330 J cm−2 (I) reduced beam quality due to
particle contamination on the mirror in the robot and (II) high beam quality.

SEY of 1.4 after post-cleaning, which is the higher SEY acceptance limit (Chapter 5).
As the IR laser was used, the parameters were adapted using the dependencies of the
maximum SEY vs. accumulated fluence (Fig. 4.11) on flat surfaces. The scanning
speed of 𝑣 = 30 mm s−1 was chosen as a compromise between avoiding degradation of
the robot when operating at the maximum linear speed (50 mm s−1) and minimizing
the processing time. Therefore, an average laser power of 5 W was selected. Test on
the curved OFE inserts on the BS confirmed a 𝛿max = 1.1 after the treatment and
1.4 after post-cleaning (Fig. 6.7a) with an ablation depth of 18 µm. Using the same
parameter setting, a second test sample was processed at which the beam quality was
reduced due to particle contamination on the mirror. Consequently, a higher SEY of
𝛿max = 1.7 after post-cleaning was obtained. The differences in SEY are also reflected
in the surface roughness. The SEM images in Figure 6.7b show that the trenches of
sample (I), with higher SEY, are less pronounced (∼ 10 µm) and decorated with fewer
particles compared to sample (II). This finding is consistent with previous observations.
The reduced beam quality decreases the energy deposited per surface area, resulting in
a shallower surface modification.

The laser processing of the 2.2 m long BS was performed within 8 days (technical
stops included) with an average treatment efficiency of 56 mm per hour or 195 s cm−2,
respectively. Technical stops included the modification of the software control that
slowed down the processing time, refill of the nitrogen supply and the extraction of
the robot for light intensity measurement (after 1 m and at the end of the 2.2 m) as
no power measurement during processing, neither at the fiber output nor at the robot
exit, is available (see Sec. 3.2). At these stages, the intensity was stable (intensity loss
within 2 %), confirming the reliability of the coupling system into the fiber. Before
cutting the BS into smaller pieces for subsequent surface analysis, a special cleaning
tool (Fig. 6.8a) was inserted into the tube to remove redeposited particles by blowing
N2, which is likely to be used in the BSs installed in the magnets.
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6 Large-scale treatments of beam screens

Figure 6.8: a) Cleaning tool, which was inserted in the BS to blow N2 on the surface.
N2 flow indicated in blue. b) Cutting of the selectively treated BS using longline
sequence.

The treated surface of the cut BS was bluish (Figs. 6.8b and 6.9a), which usually
indicates the formation of LIPSS. The SEM photographs in Figure 6.9c confirmed
the appearance of LIPSS, particularly on the walls of the trenches. The SEY 𝛿max
of 1.8 − 2.0 measured along the BS length (Fig. 6.9c) was accordingly higher than
targeted, but in line with what is expected for LIPSS [134]. The ablation depth of
the cross-sectional surface profile in Figure 6.9d amounted to ∼ 9 µm, which is half
of the one of the test sample (18 µm). The difference in ablation depth and SEY
between the OFE test sample and the BS treatment is not assigned to the difference in
material, since the SEY maximum of both surfaces was identical when comparing the
laser processing of the two materials (Sec. 4.4). It is rather possible that the observed
phenomenon is attributed to defocusing, given that the morphology of the treated BS
was dominated by LIPSS. This was also observed when processing flat surfaces with
an intentionally defocused laser beam in Sec. 4.3. It is difficult to determine the exact
cause or the combined influence of defocusing factors mentioned above. Defocusing
induced by the robot’s position has been observed in other treatments. This resulted
in a 𝛿max difference of approximately 0.25 for a comparable parameter setting and the
robot in its small configuration. However, it is important to note that the Rayleigh
length was 1.8 mm instead of 1.4 mm. Additional causes may origin from the alignment
of the fiber in the robot.

The gas jet cleaning of the untreated Cu surfaces of the previous test on the type 74
BS (compare Fig. 6.3) was more effective than using the cleaning tool inside the BS
(Fig. 6.8a), because in the latter the N2 flow was not strong enough. Consequently many
particles remained on the non-treated Cu surface, as visible in Fig. 6.9b. In addition,
these particles increased the SEY of the Cu surface in the high energy range, because
electrons would be scattered on the deposited dust of the non-treated zones instead
of penetrating into the material. The dust agglomerations on the untreated zone of
the BS may be prone to detachment. This can be critical, if those agglomerations are
large in diameter and detach during operation of the LHC. In the worst case, they can
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6.2 Large-scale treatment of a 2.2 m long beam screen (type 50 L)

damage machine components or trigger a magnet quench due to the interaction with
the proton beam. Therefore, a centrifugation test was performed similar to the previous
particle detachment tests (Sec. 5.3). No particles were detached during centrifugation
at a force density of 3 N mm−3. Nonetheless a more effective cleaning is necessary to
avoid an increase of the SEY of the non-treated region.

In summary, the scale-up test provided valuable insights. It highlighted the importance
of precision and the need for a margin in case of defocusing. Consequently, the convex
lens of 75 mm focal length could be replaced by an 84 mm lens to increase the Rayleigh
length from 1.4 to 1.8 mm. This compensates for intensity losses due to defocusing.
Furthermore, the treatment provided impulses for optimizing the scale-up of processing,
including the improvements to the cleaning strategy and the control system.

Figure 6.9: a) Photograph of cut 2.2 m BS (type 50 L) after post-cleaning. Four
dark stripes represent the laser-treated parts using longline selective movement. b)
Untreated Cu region with deposited particles after post-cleaning and SEY measure-
ment. c) Laser-treated surface (𝐹acc = 330 J cm−2) at 1 m and SEY measurement at
three positions along the length of the BS after post-cleaning. d) Ablation depth
measurement of the surface structure processed at 330 J cm−2 and 1030 nm using
WLI.
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6 Large-scale treatments of beam screens

6.3 40 cm long laser-treated beam screens (type 50 A) for
impedance measurement

The laser-induced micro groove structure increases the surface resistance compared
to a smooth Cu surface [170]. A previous study on laser-treated flat surfaces has
shown that grooves orientated perpendicular to the current increase the impedance
more than grooves oriented parallel [171]. However, the impedance on laser-treated
BSs has not yet been measured. In the following, 3 × 40 cm long BSs (type 50 A)
were processed using the IR in situ setup to measure impedance at a frequency of
400, 800 and 1200 MHz at cryogenic temperature (5 K) with the setup described in
Ref. [172]. One BS was treated with the spiral movement of the robot (1) and one using
the longline sequence (2). On both the complete surface was treated at a relatively
high accumulated fluence of 1133 J cm−2 (𝑃 = 8.5 W, 𝑣 = 15 mm s−1, 𝛥𝑦 = 50 µm),
intending to engrave deep grooves. The third BS (3) was selectively treated (4 × 20°)
using the longline sequence at a lower accumulated fluence of 520 J cm−2 (𝑃 = 5.2 W,
𝑣 = 20 mm s−1, 𝛥𝑦 = 50 µm), that complies with the “optimized processing conditions”
that can be applied in the Q5 magnets of the LHC.

After each treatment, witness samples were processed on a similar BS to analyze the
surface properties. The results and photographs of the treated BSs are shown in
Figure 6.10. The inner surface of the BSs (1) and (2) appears darker compared to
(3), because they were treated at higher accumulated fluence. Due to the geometry
and design of the impedance measurement system, mainly the curved parts of the BS
contribute to the measured quantity. Therefore, the laser light was focused on the
curved part, while the flat area was defocused up to 4.8 mm. For this configuration,
a focusing lens with 𝑓 = 84 mm was used, providing a spot diameter of 55.1 µm with
Rayleigh length 𝑧R = 1.8 mm. As a result, the flat parts in the photographs appear
brighter, because they were barely modified due to the intensity loss caused by the
defocus. The spiral treatment (1) engraved trenches that appear like holes along the
trenches with a minimum depth of 38 ± 2 µm and a maximum of 57 ± 3 µm. The holes
on the surface are a result of inconsistent rotational speed caused by the actuation
system of the robot and its control loop. The origin is unclear. The longline treatment
generated more homogeneous trenches. The ablation depth of (2) amounted to 57 ±
2 µm, expected for a treatment at 1133 J cm−2 and (3) 15 ± 2 µm on the BS treated
at 520 J cm−2. The SEY follows the fluence trend resulting in 𝛿max = 0.66 (1) 0.86 (2)
and 1.28 (3) after post-cleaning.

In summary, the treated BSs (1) and (2) resulted in comparable deep trenches, which
was the objective to investigate the influence of groove orientation on impedance. The
slight differences are assigned to the hole structure of the grooves generated by the spiral
movement. The selectively treated BS (3) is expected to have the lowest impedance
due to the smaller treated area, the shallower trench depth, and the trenches that are
oriented parallel to the length of the BS.
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Figure 6.10: Top row: photograph of processed BSs at (1 and 2) 1133 J cm−2 and (3)
520 J cm−2 using the 1030 nm in situ setup. The dark stripe in the center of the right
curved part represents the sawtooth profile. Middle row: 3D profile of the surface
structure of witness samples and ablation depth measurement of the cross-sectional
profile using WLI. The depth profile of the spiral treatment is rotated by 90° compared
to the others to show the orientation of the engraved microgrooves in the BS. Bottom
row: SEY measurement of post-cleaned witness samples.
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6 Large-scale treatments of beam screens

6.4 Laser-treated 3.1 m long Cu tube for beam loss
measurement in the LHC

Since the presence of particles in the vacuum pipes of accelerators is considered harmful
as particles could potentially detach from the surface and cause beam losses, the
objective here is to install a laser-treated Cu tube in a RT long straight section of the
LHC right of point 6, where beam loss monitors (BLMs) are installed to detect particle-
beam interactions. The location in the RT sector was chosen because components such
as cryogenic magnet complexes are far away and are not susceptible to damage in the
event of harmful particle-beam interactions. For this purpose, a 3.1 m long Cu tube
with a circular cross-section of 80 mm was prepared using the optimized (regarding
treatment requirements) laser processing parameters. To cope with the circular cross-
section of the tube, metal adapters were inserted at the top and bottom of the tube
to allow activating the clamps of the robot, rendering this area unsuitable for laser
treatment. Additionally, excluding the top area prevents particles from falling directly
into the proton beam and is representative of the treatment to be applied in quadrupole
BSs. Thus, a selective treatment of 2 × 110° was applied (illustrated in Fig. 6.11a)
using the longline movement. The large geometry of the tube required to use the
robot in its large (type 74 BS) configuration and a convex lens with large focal length
(𝑓 = 100 mm) was used to focus on the inner tube surface. Consequently, the laser
diameter 2𝜔0 = 65.6 µm and the Rayleigh length 𝑧R = 2.5 mm (according to Eq. (2.12))
were larger compared to the 50 L configuration (2𝜔0 = 49.2 µm, 𝑧R = 1.4 mm) used
for the 2.2 m treatment in Section 6.2, where similar surface properties were targeted.
As the laser diameter increases, the peak fluence decreases for the same average laser
power. To achieve similar processing conditions as on the previous 50 L BS processing,
the average laser power was increased to 𝑃 = 11 W to remain well above the ablation

Figure 6.11: a) Cross-sectional schematic of 3.1 m Cu tube. Zones for laser treatment
(2 × 110°) indicated in black, excluded Cu zones in orange. b) Average laser power
adaption from 50 L configuration in Sec. 6.2 (using a focusing lens with focal length
𝑓 = 75 mm, orange) to 80 mm large configuration (focal length 𝑓 = 100 mm, green
and blue).
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6.4 Laser-treated 3.1 m long Cu tube for beam loss measurement in the LHC

Figure 6.12: Surface morphology of the 3.1 m long Cu vacuum chamber processed
at 𝐹acc = 880 J cm−2 after a) cleaning with N2 blowing and b) wiping with tissue
moistened in isopropanol. c) SEY measurement of laser-treated surface after N2
blowing and N2 blowing + wiping.

threshold, as shown in Figure 6.11b. Due to the high SEY values on the 2.2 m treated
BS, the scanning speed was reduced to 𝑣 = 25 mm s−1 (instead of 𝑣 = 30 mm s−1).

The processing lasted a total of three weeks (including all technical stops), with an
average processing speed of 20 mm per hour or 117 s cm−2, respectively. Witness samples
were processed on an identical shorter tube using identical processing conditions. Two
of those samples were selected for surface properties analysis. Both were post-cleaned
with blowing N2 and one underwent an additional cleaning step, in which the surface
was wiped with a tissue soaked in isopropanol. The surface morphology of both samples
is depicted in Figure 6.12. The processed surfaces have the typical groove structure
decorated with redeposited spherical nanoparticles. After the N2 blowing, a fine foamy
structure still remained on the surface, which was however removed during the wiping.
The SEY of those surfaces exhibited the same 𝛿max = 1.1. However, the maximum
energy shifted from 1000 eV after N2 blowing to 600 eV after the wiping, which is
assigned to the removal of particles at the top of the trenches.

As a pre-particle analysis, the wiped witness sample was centrifuged under similar
conditions as the particle detachment tests in Chapter (see Sec. 5.3). The results are
summarized in Table 6.1. During centrifugation, a particle number of 407 cm−2 was
released. In comparison, a surface with the same SEY did not show any detachment
in the previous tests on small curved surfaces and a second surface with 𝛿max = 1
detached 32 000 cm−2, which were both not wiped. The diameter of the majority of the
detached particles amounted to 1 µm. However, a few larger clusters were detected, with
diameters ranging from 20 to 212 µm. Photographs of these large-diameter particles
are shown in Figure 6.13. Some rough clusters may origin from the laser treatment
(6.13a), others have a smoother shape (6.13b) and may have deposited during the
cutting process of the tube, as no such particles were detected in previous centrifugation
tests. The particle mass of 466.7 µg cm−2 is relatively large due to the presence of
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6 Large-scale treatments of beam screens

Table 6.1: Summary of particle detachment via centrifugation of witness sample of
3.1 m laser-treated OFE Cu vacuum chamber, where a selective treatment (2 × 110°)
was applied.

Sample properties Cut from curved OFE Cu tube
Post-cleaned (N2 blowing) + wiped

Treated in N2 (4 L min−1)
Laser wavelength 1030 nm
Acc. fluence 𝐹acc 880 J cm−2

SEY 𝛿max of treated part 1.1

Force density 3 N mm−3

Average ECD 2 µm
Max. ECD 212 µm
Glob. detached particles N 407 cm−2

Tot. detached mass 𝑀 466.7 µg cm−2

few large-diameter particles. Since the installed tube has not been cut, there are
no particles resulting from the cutting process. The detachment of particles with a
diameter more than 60 µm could trigger a critical particle-beam interaction event on
the BLMs, at which the beam is possibly dumped.

The final laser-treated and cleaned tube is shown in Figure 6.15a. Before installation
in the LHC, vacuum acceptance tests of both the laser-treated and the Cu (untreated)
reference tube were conducted, in which the specific outgassing rate and mass spectra
of the residual gas in the vacuum chamber were measured at RT. Typically, the vacuum
chambers in the RT sectors of the LHC undergo a bake-out process to reduce outgassing
and to activate the NEG coating thermally, which is applied to the majority of the RT
vacuum chambers. However, neither the Cu reference nor the laser-treated tube were
baked-out, since the laser-treatment is intended to be applied in magnets that operate at
cryogenic temperature, and that therefore do not allow a bake-out. The mass spectra in
Figure 6.14 were recorded after the chambers were evacuated for 24 h. The ion current
measured by the residual gas analyzer is proportional to the partial pressure of the
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6.4 Laser-treated 3.1 m long Cu tube for beam loss measurement in the LHC

Figure 6.13: SEM micro graphs of detected particles after centrifugation at a force
density of 3 N mm3. The centrifuged surface was a witness sample of the 3.1 m long Cu
vacuum chamber processed at 𝐹acc = 880 J cm−2 after wiping with tissue moistened
in isopropanol. a) Particle clusters from the laser treatment, b) particles that could
origin from the cutting of the tube into small samples.

molecules. The main peaks in the spectrum correspond to hydrogen (𝑚 = 2), carbon
(𝑚 = 12), methane (𝑚 = 15, 𝑚 = 16), water (𝑚 = 18), carbon monoxide/nitrogen
(𝑚 = 28) and carbon dioxide (𝑚 = 44). As typical for an unbaked chamber, water
has the highest contribution in both chambers, to which the spectra were normalized.
The higher signal on masses 31, 45 and 46 are assigned to traces of ethanol C2H5OH
(𝑚31 – 100 %, 𝑚45 – 34.4 %, 𝑚29 – 23.4 %) and propanol C3H7OH (𝑚45 – 100 %, 𝑚43
– 16.6 %, 𝑚27 – 15.7 %), that were used for cleaning the flanges and the inner surface,
respectively. However, it is not critical for the installation in the LHC. The signal of
higher masses 50 - 100, which are typically high in case of a contamination of a chamber,
were below the critical threshold. The specific outgassing rate 𝑄 was measured using
the throughput method [173], in which the chamber is continuously pumped and the
rate 𝑄 = 𝑝 ⋅ 𝑆eff/𝐴 is determined via the pressure decrease 𝑝, considering the fixed
pumping speed 𝑆eff of the system and the surface area of the chamber 𝐴. The outgassing
rate of the Cu chamber was with 2.3 × 10−10 mbar L s−1 cm−2 in the expected range
for an unbaked metal surface. The outgassing rate of the laser-treated chamber was
8.7 × 10−10 mbar L s−1 cm−2. This is expected, as the effective laser-textured surface
is larger, due to the roughness, than the smooth Cu surface. Thus more molecules
can adsorb/desorb from the surface. The roughness factor is not included in the
determination of the outgassing rate. However, a previously laser-treated vacuum
chamber (unbaked), which was installed in a cryogenic sector of the SPS at CERN,
exhibited a significantly higher rate of 1 × 10−8 mbar L s−1 cm−2 [64]. In this case, the
SEY 𝛿max was below 1, indicating higher roughness and a larger effective surface.

Figure 6.15b shows the tubes installed at point 6 in the LHC tunnel next to a Q5 magnet.
The yellow cylinders mounted outside of the chamber represent the BLMs that protect
machine components from damage and prevent quenching of the superconducting
magnets by sending a beam abort signal when the measured beam loss rate exceeds
the safety thresholds [3, 174]. The BLMs are ionization chambers that measure the
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6 Large-scale treatments of beam screens

Figure 6.14: Mass spectrum of unbaked laser-treated and non-treated Cu vacuum
chambers at RT after a 24 h pump down. The main peaks in the spectrum correspond
to hydrogen (𝑚 = 2), carbon (𝑚 = 12), methane (𝑚 = 15, 𝑚 = 16), water (𝑚 = 18),
carbon monoxide/nitrogen (𝑚 = 28) and carbon dioxide (𝑚 = 44). Acceptable values
indicated in red. This acceptance test was performed by VSC-BVO team.
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Figure 6.15: a) Photograph of 3.1 m laser-treated Cu tube, b) Laser-treated and
untreated Cu tube with BLM installed in the LHC (point 6) for beam loss monitoring
measurement.

deposited energy of secondary shower particles. The detected signal is proportional to
the energy loss of the traversing particles. The BLM measurements are being performed
in 2024. Of the 70 detected events, only six were clearly identified as UFOs in/around
the laser-treated chamber. The UFO events occurred only at high beam intensities and
mostly during the ramp-up phase of the LHC. For the largest UFO event with 2 × 105

inelastic proton collisions, the dust particulate must have had a minimum diameter of
4 − 6 µm [175]. These UFOs are harmless for operation of the LHC, as UFOs at other
locations are significantly larger.

6.5 Conclusions

This Chapter described the obtained results for the scale-up from small curved surfaces
to real BS treatments of various sizes and lengths. The processing parameters were
adjusted for the IR laser setup, which is intended to be used for the laser treatment of
the Q5 magnets due to higher beam coupling stability and less thermal drifts.

A test of various scanning strategies showed that selectively treating the four corners
of the BS of a quadrupole magnet is advantageous, because a smaller surface area
must be treated, reducing the the total number of generated particles in the BS. In
addition, the processing time can be shortened by a factor of 4 for a selective longline
treatment. When treating only the curved part of the BS, sensitive components such as
the cryosorbers, which are installed on top of the flat BS, can be excluded. Furthermore,
if the flat sections of the BS are excluded from treatment, the focal point remains
constant on the curved section. However, agglomerations of dust particles tend to stick
to the untreated Cu parts. To prevent detachment of these particles, a post-cleaning of
the surface is required either with a strong gas jet or other cleaning methods compatible
for application in a magnet.
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6 Large-scale treatments of beam screens

Short segments of the smallest BS geometry (type 50 A) were laser-treated for impedance
measurements with micro grooves oriented longitudinally and transversally to the BS
length to study the influence of groove orientation. An additional BS was processed
in ”optimized processing conditions”, which includes a selective treatment of the
four corners, longitudinally oriented grooves and a maximum SEY of ∼ 1.3 after
post-cleaning.

The laser processing was scaled-up to a length of 3.1 m with a total treated surface
area of 0.46 m2. For comparison, the planned four corner selective treatment (4 × 20°)
of a 10 m long 50 L BS, requires treatment of a smaller surface area of 0.33 m2. This
means, that 28 % more surface area than required was processed. For a 15 m long
50 L BS, a surface of 0.49 m2 must be treated. Thus, the large surface treatment of
the 3.1 m long tube proved that the system can handle such a large surface at a high
laser power without degradation of the optical system. The desired properties of the
processed surface were obtained, which includes a reduced number of surface particles
and 𝛿max = 1.1 after cleaning procedures. A relatively small number of particles
detached in a preliminary centrifugation test at a force density of 3 N mm−3. However,
it also revealed that a smaller proportion of larger particle clusters (50 - 220 µm) may
detach. For the first time, a laser-treated vacuum chamber was installed in the LHC
and the BLMs detected only weak particle beam interactions that did not affect the
beam stability of the LHC.
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7 Conclusions and Outlook

In this study, an in situ process for electron cloud mitigation of the LHC was established
via laser-induced surface ablation of the inner BS surface. The solution is in line with
the technical constraints and specified surface properties, such as the modification
depth and the number of generated particles. The achieved SEY ≤ 1 or a decrease
of higher SEY to ≤ 1 after electron irradiation are indicators for the effectiveness in
electron cloud mitigation.

Initially, in a fundamental study on flat copper surfaces, the dependencies between the
processing parameters and the most relevant surface properties for the application were
identified: The depth of the laser-engraved micro trenches increased upon accumulated
fluence as well as the number of redeposited particles after the ablation process. When
processing in ambient air, the chemical composition of the textured surface gradually
transforms from Cu2O to CuO upon accumulated fluence. Deep micro trenches and
a high roughness/number of particles are beneficial for trapping secondary electrons.
Therefore, the SEY decreases with increasing accumulated fluence until it saturates at
a value of 0.7.

These dependencies were investigated for UV, green and IR laser light. Processing with
all three laser wavelengths can satisfy the surface requirements for application in the
LHC. Although UV photons are the most efficient in SEY reduction and processing
time, they are not suitable for this application due to the need to guide the laser
beam from the source to the inner surface of BSs up to 10 meters long. This requires
hollow-core fiber technology, an automated optical coupling system, and a fiber length
of more than 10 m that is not commercially available for UV laser light for the required
laser power. Using the in situ setups (532 nm and 1030 nm), the dependencies and
processing ranges found on flat surfaces were applied and validated on small curved
OFE Cu surfaces, as well as on BSs and vacuum chambers of various geometries and
lengths.

In view of the installation of the treated BS in the LHC, several requirements had to
be met, and the treatment procedures were tuned and developed accordingly. Local N2
flow is necessary to protect the laser optics and to obtain a Cu2O-dominated surface,
but it redeposits more particles on the surface. Thus, a post-cleaning through N2
blowing was established to remove lightly bound particles from the surface, but with
the disadvantage of increasing the SEY. An “optimized processing range” was identified,
in which the surface properties fulfill the treatment requirements. This corresponds
to processing at accumulated fluences between 200 - 400 J cm−2 (green laser setup)
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and 400 - 600 J cm−2 (IR laser setup). Performance tests via centrifugation did not
show any particle release on surfaces identified with optimized surface properties (SEY
∼ 1.4, ablation depth 10 µm) at a force density of 3 N mm−3, which is 10 % of the one
acting on a BS when a magnet looses its superconductivity. In addition, the SEY of
those surfaces decreased upon electron irradiation to 1.0 at both RT and cryogenic
temperature.

For the large-scale processing of BSs, a selective laser treatment, in which only four
corners of the BS are treated, which corresponds to 22 % of the full surface, revealed
beneficial as it minimizes both the number of particles and the processing time. The
IR in situ setup is more suitable for long-term processing (weeks/months) than the
532 nm setup due to the stable beam coupling into the fiber and reduced thermal drifts.

Ultimately, laser-treated BSs were prepared to investigate the effect of groove orientation
(parallel of perpendicular to the BS length) on a deep trench depth profile of 60 µm.
Additionally, the impedance of a BS processed under “optimized conditions” using a
four corner treatment, which resulted in a depth of 15 ± 2 µm and a SEY maximum
of 1.28, will be evaluated. The processing was scaled-up to a length of 3.1 m with a
processed area of 0.46 m2, larger than the one required for a 4 × 20° selective treatment
of the BS (type 50 L) in a 10 m long magnet. The installation of the 3.1 m long laser-
treated vacuum chamber in the LHC was completed in December 2023. In 2024, beam
loss monitor signals provided important feedback on whether particles detach from the
laser-treated surface and whether the interaction with the proton beam triggers beam
extraction from the machine. Since the beam losses remained below critical limits, the
laser treatment with the engineered surface properties is suitable for application in the
LHC.

During 2024, the up-scaling to a length of 10 m is planned, for which a cable management
will support the travelling of the robot. Possible improvements regarding the laser
optics can be the use of a diffractive optical elements (DOE) to outbalance focusing
issues. The feasibility of the post-cleaning remains to be validated on the 10 m scale.
Ultimately, the treatment of 8 × 10 m long BSs is planned during the long shutdown
of the LHC in 2026. The laser treatment can also be applied to other materials and
components in particle accelerators where SEY reduction is required.
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A Appendix

The ablation depths shown on a logarithmic scale in Figure 4.3 (Chapter 4) are
presented on a linear scale in Figure A.1.

Figure A.1: In linear scale: measured ablation depths in dependence of accumulated
fluence at a line distance of 10 µm for IR, green, and UV laser irradiation. The
maximum acceptable ablation depth is indicated with the dashed line at 25 µm.
Published in Ref. [158].
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A Appendix

Figure A.2 includes the O 1s spectra of the XPS analysis performed in Chapter 4,
Figure 4.9.

Figure A.2: X-ray photoelectron spectra: Cu 2p3/2, O 1s state, and Cu LMM x-ray
excited Auger emission of Cu irradiated in air, using a variety of accumulated fluences
between 90 − 6120 J cm−2) and laser wavelengths of 1064 nm (color-coded in red),
532 nm (green), and 355 nm (blue). Published in Ref. [158].
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