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A B S T R A C T   

The electron-cloud phenomenon is one cause of beam instabilities in high intensity positive particle accelerators. 
Among the proposed techniques to mitigate or control this detrimental effect, micro-/nano-geometrical modi-
fications of vacuum chamber surfaces are promising to reduce the number of emitted secondary electrons. 
Femtosecond laser surface structuring readily allows the fabrication of Laser Induced Periodic Surface Structures 
(LIPSS) and is utilized in several fields, but has not yet been tested for secondary electron emission reduction. In 
this study, such treatment is carried out on copper samples using linearly and circularly polarized femtosecond 
laser pulses. The influence of the formed surface textures on the secondary electron yield (SEY) is studied. We 
investigate the morphological properties as well as the chemical composition by means of SEM, AFM, Raman and 
XPS analyses. Surface modification with linearly polarized light is more effective than using circularly polarized 
light, leading to a significant SEY reduction. Even though the SEY maximum is only reduced to a value of ~1.7 
compared to standard laser-induced surface roughening approaches, the femtosecond-LIPSS process enables to 
limit material ablation as well as the production of undesired dust, and drastically reduces the number of 
redeposited nanoparticles at the surface, which are detrimental for applications in particle accelerators. More-
over, conditioning tests reveal that LIPSS processed Cu can reach SEY values below unity at electron irradiation 
doses above 10−3 C/mm2.   

1. Introduction 

In high-energy colliders, storage rings and damping rings operating 
with positively charged particles, photoemission and secondary emis-
sion can give rise to an exponential electron multiplication within the 
beam chamber [1]. This process may lead to the formation of 
electron-clouds within the beam pipes that are a source of beam in-
stabilities or degradation [2,3] and local detrimental phenomena, such 
as heat load to cryogenic system via warm-up of beam pipe walls, 
pressure rise, etc. [4]. The material parameter that defines the quantity 
of emitted secondary electrons is the secondary electron yield (SEY), δ, 
which is the ratio between the number (current ISE) of secondary 

electrons emitted from the material surface and the number (current IPE) 
of incident primary electrons, i.e. δ=ISE/IPE [5]. In addition to particle 
accelerators, SEY is considered a parameter of great relevance for the 
system performance degradation in many other fields that face related 
technological challenges, such as spacecrafts, telecommunication sat-
ellites, microwave devices and Hall thrusters [6–8]. 

The surface topography and electronic properties of a material are 
the defining factors regarding the number of emitted secondary elec-
trons as well as their ability to escape the surface [9,10]. If the surface of 
the material is textured or otherwise non-flat, the emitted secondary 
electrons may end up impinging upon a surface protrusion. Due to their 
low energy, the emitted secondaries have typically a SEY value much 
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lower than unity, thus electron scattering on the surface protrusions can 
generally result in a reduction of the total SEY compared to that of a flat 
surface [11]. 

Possible approaches to reduce the SEY by surface modification are 
based e.g. on functional coatings [12,13], groove-formation and 
microstructuring at the surface [11,14], nanowire growth [15,16], and 
generation of microporous structures [17,18]. In addition, engineering 
of surface morphological features by laser irradiation has been recently 
considered. Laser sources having nanosecond and picosecond pulse 
durations have been used to develop ordered grooves or textures (LESS, 
Laser Engineered Surface Structures) on the material surface, whereas 
the use of femtosecond (fs) laser pulses is still scarcely investigated 
[19–23]. Irradiation of solid targets with fs pulses allows fabrication of 
Laser-Induced Periodic Surface Structures (LIPSS) for a large variety of 
materials, thus enabling a growing number of technical applications 
[24–27]. 

Concerning the target material, copper is largely used for investi-
gation of SEY after laser treatments and it is relevant for application in 
high-energy particle accelerators such as the Large Hadron Collider 
(LHC) at CERN [28]. In earlier literature, it has been reported that longer 
laser pulses generate different textures with characteristic scales larger 
than the laser wavelength [20]. These surfaces are often decorated by 
redeposited debris produced during the laser-induced ablation of ma-
terial, thus leading to nanoroughness of the sample surface [19]. In case 
of particle accelerators, the release of such debris might result in 
excessive interactions with the beam and generation of high radiation 
dose. This could cause premature beam dumps, and occasionally even 
magnet quench [29,30]. 

In this paper we investigate how structural modifications induced by 
fs laser pulses with a characteristic feature size below the laser light 
wavelength, i.e. in the sub-micrometer range, can influence the SEY of a 
copper surface. This approach can be optimized to allow formation of 
structured surfaces with a low particle density, less critical for applica-
tions in the vacuum system of particle accelerators. In order to address 
the role of the surface morphological features on the SEY response, two 
different kinds of surface textures were considered by exploiting the 
influence of the laser beam polarization on the generated LIPSS [25,27, 
31,32]. Surface textures with well ordered, regular ripples with a sub-
wavelength period were elaborated by using lineraly polarized laser 
light, whereas more disordered surface patterns were obtained utilizing 
circularly polarized laser light. 

As the SEY of a material depends also on its surface chemical 
composition, we studied the influence of possible adsorbates atoms and 
surface oxidation, the surface conditioning obtained via electron irra-
diation, as well as changes induced by sample storage conditions. 

2. Sample preparation and experimental analysis 

The Cu samples were processed in air using a chirped pulse ampli-
fication Yb:KGW laser source providing pulses at a central wavelength of 
1030 nm with a pulse duration of ≈180 fs and a maximum repetition 
rate of 200 kHz. The laser source was a custom system similar to Pharos 
model PH1-SP-1.5 mJ (Light Conversion) equipped with a pulse selector 
that allows defining a sequence of N laser pulses with any value of the 
repetition rate up to that of the Regenerative Amplifier (RA). In this 
experiment the laser was operated at a repetition rate of fp=5 kHz. The 
target was mounted on a computer controlled XY-translation stage (PP- 
20, Micronix USA) working synchronously with the laser. The target was 
a 1 mm thick oxygen free copper (Cu-OFE, UNS C10100) square plate 
with dimensions of ≈10×10 mm2. Half of the samples (hereafter 
denoted as OFC) were used as received after passing a degreasing pro-
cess with detergents and DI water rinsing only, while the other half was 
in addition passivated by a chromic acid treatment as per CERN cleaning 
protocols [33] (POFC samples). The period between chemical cleaning 

and laser treatment was several weeks, in which the OFC samples un-
derwent oxidation. During the experiment, the laser light was focused in 
air onto the target material at normal incidence by a plano-convex lens 
with focal length of 200 mm. The spot radius of the Gaussian laser beam 
on the target surface was obtained by analyzing the variation of the area 
modified by laser irradiation vs laser energy following the methods 
proposed by Liu [34–36] and also supported by theoretical findings for 
the case of fs laser ablation [37]. The laser beam radius is w0 ≈ 40 µm 
and the corresponding peak fluence for the Gaussian beam is calculated 
using Fp = (2E)/(πw2

0) with E being the pulse energy. Femtosecond laser 
irradiation of a metallic sample typically leads to the formation of LIPSS 
in form of ripples, with subwavelength period and decorated by nano-
meter sized features [25,27]. It is worth noticing that ripple features 
may also critically depend on the properties of the target and laser pa-
rameters [26,38,39]. In the case of copper irradiated at normal inci-
dence, after tens of pulses well-defined subwavelength structures are 
typically generated, whose orientation depends on the incident light 
polarization. In the current experiment, the main goal was to form 
surface structures across a millimeter size area, achieved by 
raster-scanning of the laser beam on the surface, i.e. by moving the 
target at a velocity vs. Hence, the number of overlapped pulses NO for 
defined laser parameters is determined by vs [40]. We selected two 
scanning velocity settings (vs = 1 mm/s and 2 mm/s) that lead to a 
number of overlapped pulses of NO≈ 400 and NO≈ 200, respectively (NO 

= (2w0fp)/vs). In both cases, the pulse overlap 
(

1− 1
NO

)
is greater than 

99%. Laser surface structuring of the samples was carried out across an 
area of 8 × 8 mm2 by writing a pattern of parallel lines. This was ach-
ieved by a continuous bidirectional raster scan of the laser beam on the 
sample along the horizontal direction and a hatch distance Δ along the 
vertical direction. However, it is worth noticing that even if we used a 
laser repetition rate of 5 kHz and scanning speed of the order of 1–2 
mm/s, texturing of larger areas by laser irradiation is nowadays possible 
by an appropriate experimental setup [41–43]. 

In case of linear polarization, different samples were produced by 
varying the laser pulseenergy and scanning speed in order to select 
optimal experimental conditions, as will be illustrated later (see Fig. 1). 
In particular, the scanning direction was held parallel to the light po-
larization direction and the line separation was set to Δ = 110 µm. 

Previous articles [31,32] have shown that while linear polarization 
leads to regular periodic ripples, more disordered surface patterns are 
induced by circularly polarized light. Therefore, the exploitation of 
another surface texture can allow evidencing possible influence of the 
surface morphological features on the SEY response, as will be discussed 
later. In an attempt to identify such behaviors, some samples were also 
fabricated by irradiating the target surface with circularly polarized 
light. In this respect, it is worth noticing that ripple formation with 
linearly polarized laser light is rationalized by considering the inter-
ference between the incoming light and surface scattered waves, as e.g. 
surface plasmon polaritons [25,27,44,45]. In this case, the progressive 
generation of a grating-like surface strengthens the formation of a 
rippled surface pattern by means of feedback mechanisms [25,27,45]. 
Instead, for circular polarization such an effect is reduced due to the 
more random spatial distribution of the surface scattered waves 
launched on the surface. Hence, for circular polarization, some of the 
experimental parameters were modified in order to obtain a qualita-
tively similar level of surface texturing, while keeping the same beam 
spot size. 

The experimental analysis of the samples involves several measure-
ments. Morphological features of the irradiated copper surface were 
analyzed by Field Emission Scanning Electron Microscopy (FE-SEM) 
(Zeiss Sigma) and Atomic Force Microscopy (AFM) (Witec Alpha 300 
RAS) analyzes. SEM images were recorded via secondary electron (SE) 
detection with a lateral resolution of 1.3 nm at 10 kV. Raman 
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spectroscopy (Witec Alpha 300 RAS) was also utilised to investigate any 
possible variation between the laser irradiated and the pristine target 
surface. 

Samples were stored in plastic sample boxes after laser processing 
and shipped to CERN for further analysis. The surface chemical 
composition was characterized by X-ray Photoelectron Spectroscopy 
using a commercial ultra-high vacuum (UHV) system (SPECS Surface 
Nano Analysis GmbH, Berlin, Germany) with a base pressure of < 2 ×
10−10 mbar that is equipped with a hemispherical electron energy 
analyzer with 9 channeltrons (Phoibos 150) and a monochromatic AlKα 
X-ray source (XR50M, ℎν = 1486.7 eV). The depth of information for 
these analyzes is 5 - 8 nm. For measurements of the secondary electron 
yield between 50 and 1800 eV primary electron energy, an electron 
beam of ~2 nA as generated by a Kimball Physics ELG-2 electron gun at 
a distance of 2 cm to the sample, was focused to a spot diameter of 1 mm 
on the surface. The details of the measurement and the implemented 
experimental conditions are described in reference [46]. A sample bias 
of ± 47.1 V was used and SEY curves were measured in all cases at three 
different sample positions. The average values are given with a statis-
tical measurement uncertainty that amounts to below 0.05 for a confi-
dence level of 68.3%, if not otherwise indicated. Selected sample 
surfaces were re-characterized by SEY and XPS measurements after 9 
months of sample storage in the sample boxes. Tests on the effect of 
electron-irradiation (conditioning) on the SEY were at this stage per-
formed in a second UHV system equipped with a home-built setup for 
SEY analysis including a positively biased (+ 40 V) collector that sur-
rounds the negatively biased sample (−15 V), which is exposed to an 
electron beam of ~2 nA generated by an ELG-2 electron gun. To study 
electron-induced conditioning, a second source (flood gun FG15/40, 
SPECS) was operated, and the dose of 250 eV electrons impinging on the 
surface was calibrated using Faraday cup measurements. 

3. Results and discussion 

In order to identify the best experimental configuration for SEY 
reduction on copper using LIPSS generation, the effect of laser pulse 
energy and scanning speed on the LIPSS features was investigated by 
carrying out structuring experiments with the linearly polarized beam 
on OFC samples. Selected SEM images of the sample surface, as shown in 
Fig. 1, display the formation of sub-wavelength periodic surface fea-
tures, termed as surface ripples or low spatial frequency LIPSS (LSFL). A 
series of samples were prepared by using two different scanning speeds 
vs (1 mm/s, 2 mm/s) and three different laser pulse energies E, namely 40 
µJ, 60 µJ and 100 µJ. The corresponding values of the laser peak fluence 
Fp are 1.6, 2.4 and 4.0 J/cm2. 

These surface ripples present a preferential orientation perpendic-
ular to the laser polarization, orientation related to the LIPSS formation 
mechanism that is explained by an interference phenomenon as reported 
before [25,27,40,47,48]. This effect, in turn, induces a spatial modula-
tion of the light intensity that is eventually engraved onto the material 
surface. A spatial periodicity of Λ≈800 nm is observed, as typically 
found on metal targets [25–27]. At higher pulse energy, the surface is 
also decorated by sparse nanoparticles that have been back-deposited 
onto the sample as a consequence of the air confinement [25,27,49, 
50]. Ripples formed at the pulse energy E = 40 µJ (Fp=1.6 J/cm2) are 
comparatively cleaner with less abundance of nanoparticles and are 
more clearly visible. Moreover, variation of the scanning speed, defining 
the number of overlapped pulses, further affects the amount of material 
ablated from the surface and the final texture. Thus, at lower scanning 
speed a deeper valley between subwavelength ripples is observed, as 
clearly visualized from the comparison between lower and upper panels 
of Fig. 1. The number of overlapped pulses also influences the spatial 
period in either of these cases, i.e. an increase of N0 typically results in a 
reduction of the spatial ripple period until a plateau regime is reached at 
very large pulse number [47,51]. The ripple periods evaluated from 
panels (a) and (d) of Fig. 1 for E = 40 µJ (Fp=1.6 J/cm2) are (820±25) 
nm and (860±30) nm, respectively. For the same figures, analysis of 
AFM data using the software Gwyddion 2.50, revealed a 
root-mean-square (RMS) roughness of 290 nm and 185 nm respectively, 
and a peak-to-valley distance of the ripples of (370 ± 60) nm and (220 ±
40) nm for N0 = 400 and N0= 200 pulses, respectively. Besides ripples, 
the sample surface presents a larger scale surface modulation in the 
range of several tens of micrometers induced by the raster scanning 
procedure (an example of this wavy nature of the surface is shown in 
Fig. 4(f)). The periodicity of this modulation closely matches the line 
separation used in the laser scanning process and likely results from the 
spatial variation of the fluence associated to the Gaussian profile of the 
laser beam along the direction perpendicular to the scan direction. In 
fact, the variable spatial fluence profile typically leads to the imprinting 
of a very shallow trench for each scanning line with a depth of few 
microns (as shown, for example, in Fig. 4(f)). In our experimental con-
ditions, the rather similar values of laser beam diameter, 2w0, and of line 
separation, Δ, eventually result in the observed wavy modulation 
instead of a surface structure with well separated and deep 
micro-trenches as typically observed if Δ ≥ 4w0 [20,21,52]. Therefore, 
the laser surface structuring process allows fabricating samples with a 
triple-scale hierarchical surface structure formed by a pattern of very 
shallow parallel large micro-trenches, a finer texture of ripples with 
sub-micrometer period and a random decoration of nanoparticles. 

Furthermore, in order to study the influence of the surface 

Fig. 1. SEM images of OFC copper surfaces 
after structuring at varying pulse energy E and 
beam scanning speed vs. For panel (a) to (c) vs=
1 mm/s (N0 ≈ 400) and for panel (d) to (f) vs=
2 mm/s (N0 ≈ 200). For each condition, the 
value of the pulse energy E is reported at the 
bottom of the corresponding panels and the 
corresponding values of the laser peak fluence 
Fp are 1.6, 2.4 and 4.0 J/cm2. The direction of 
the linear polarization is indicated by the red 
arrows. The laser repetition rate is fp= 5 kHz.   
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morphological features on the SEY response, same samples have been 
produced using circularly polarized laser beams. In this case the ripples 
are arranged in a rather random manner due to the propagation of 
surface waves supported in all directions. However, the processing pa-
rameters, as scanning speed, laser energy and line separation, were 
selected in order to get samples surfaces showing rather similar surface 
characteristics at small scale. 

OFC and POFC samples were laser textured with linear polarization 
(OFC-lin and POFC-lin) at a pulse energy of 40 µJ (Fp=1.6 J/cm2) and a 
scanning velocity of vs= 2 mm/s. Samples with a similar level of surface 
structuring were also produced with circularly (OFC-circ and POFC-circ) 
polarized beams at a laser energy of 30 µJ (Fp=1.2 J/cm2), a scanning 
velocity vs= 1 mm/s, and a line separation of Δ =75 µm. Fig. 2 reports a 
comparative analysis of the LIPSS generated on OFC and POFC samples 
using these experimental conditions. 

The surface features of the samples in Fig. 2 are primarily different 
because of the large dependence of LIPSS on the incident polarization. In 
case of linear polarization, the ripples always show a preferential 
alignment in a direction normal to the polarization, with some charac-
teristic bending and bifurcation phenomena. However, due to a proper 
selection of the processing parameters the samples show rather similar 
surface characteristics at small scale, as evidenced in the Fig. 2. 

The contrast differences in the SEM images of Fig. 2(a) and (c) could 
be an indication that the morphology of the ripples for the two copper 
samples, OFC and POFC, exhibit differences, i.e. that in the case of OFC, 
deeper and clearly defined LIPSS features are formed. On the other side, 
the ripple periods evaluated from panels (a) and (c) for OFC-lin and 
POFC-lin are of the same order (~800 nm). 

To provide a clearer idea of the effects of laser treatment on the 
passivated copper, Fig. 3 shows SEM images of the POFC samples irra-
diated with linearly and circularly polarized beams. Micrographs 
captured at lower magnification in panels (a) and (b) display the 
trenches produced by laser scanning. Due to the Gaussian spatial dis-
tribution of the laser intensity and the partial overlap between the lines, 
the surface morphology presents some variations across the sample, 
from the center towards the edge of the trenches. Panels (c) and (d) 
report SEM micrographs registered at higher magnification together 
with zoomed views, in the lower and upper insets, of the surface features 
formed in the more and less intense parts of the beam, respectively. As a 
result of the spatial distribution of the laser intensity, there is a small 
area between each line, where the beam intensity is at its minimum 
value. For linear polarization (panel (c)), this region is covered with 
periodic features slightly different from those of the more intense part 

where ablative ripples are clearly formed. In the case of circular polar-
ization (panel (d)), the region irradiated by the less intense part of the 
beam is covered with well-arranged nano-bumps, whose shape reminds 
droplets from a molten metal and likely formed by melting and re- 
solidification of deposited nanoparticles. This assumption is also sup-
ported by the observation that in this case there exists only a negligible 
decoration of the surface by nanoparticles. In the area exposed to a lower 
intensity, for the linear polarization the LIPSS appear to be formed by 
arrangement of nanoparticles or debris redeposited onto the surface. 
However, in this case the arrangement of the nanoparticle-assembled 
features depends on the direction of the linear polarization of the inci-
dent laser beam, similarly to the behavior of the standard ablative rip-
ples. The formation of self-organized ripples through a progressive 
aggregation of nanoparticles has been observed both with continuous 
and pulsed laser irradiation [53,54]. In particular, Talbi et al. have 
shown that, for irradiation with ultrashort laser pulses at low irradiance 
(at fluences below the ablation threshold), an initially random distri-
bution of nanoparticles can be transformed into subwavelength scale, 
well-ordered arrangement of nanoparticle-based LIPSS oriented 
perpendicularly to the polarization direction [54]. 

Panels (e) and (f) of Fig. 3 report the spectra obtained by two- 
dimensional fast Fourier transformations (2D-FFT) of the SEM images 
measured in the sample region of intense laser illumination for both 
polarizations. The sickle-shaped 2D-FFT map shown in panel (e) corre-
sponds to periodic parallel ripples with inherent bending and bi-
furcations, as typically observed in the case of irradiation with a linearly 
polarized beam [24,45]. Instead, a circular pattern is formed indicating 
a lack of spatial anisotropy in the case of circular polarization. 

The sample surface is further characterized by AFM analyzes (see 
Fig. 4) to address geometric dimensions of the formed structures for the 
OFC (a-b) and POFC (c-d) samples. The well-ordered parallel ripples can 
be clearly seen in the case of linear polarization (panels (a) and (c)), with 
deeper ripples in the case of the OFC sample and shallower ones for the 
POFC sample. Topography line profiles extracted from the AFM data of 
panels (a) and (c) are shown in panel (e), clearly addressing the differ-
ences in the profile height between OFC and POFC samples. It is worth 
mentioning that to obtain a decent AFM profile as those shown in panel 
(e), the depth profile had to be measured in a sample region irradiated 
by lower laser intensity where the height of the surface irregularities is 
comparatively negligible. Considering these profiles, average depths of 
the ripples davg (valley-to-peak) are evaluated to be (210 ± 15) nm in the 
case of OFC-lin and (105 ± 10) nm for POFC-lin. For completeness, the 
davg evaluated where the beam intensity is maximum is (270 ± 40) nm in 

Fig. 2. SEM images of the OFC and 
POFC copper sample surface after 
structuring with linearly (a, c) and 
circularly (b, d) polarized fs laser pulses, 
respectively. Higher magnification 
views of the subwavelength features are 
shown in the dashed boxes on the right 
side of each panel. For panels (a) and 
(c), the direction of the linear polariza-
tion is indicated by the red arrows. The 
used pulse energy is E = 40 µJ (Fp=1.6 
J/cm2), vs= 2 mm/s for the linear and E 
= 30 µJ (Fp=1.2 J/cm2),vs= 1 mm/s for 
the circular polarization, respectively.   
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the case of OFC-lin and (230 ± 40) nm for POFC-lin. As already 
mentioned, in this region the measured depth may not correspond to the 
real peak-to-valley depth of ripples because of the slope of the under-
lying surface profile created by the laser beam and due to the presence of 
some debris in this region. 

In agreement with the indications from SEM contrast, there exists a 
slight dependency of the peak-to-valley height for the structures formed 
in OFC and POFC samples, which primarily results from the difference in 
the surface quality of the pristine samples. The surface of the POFC 
samples is reflective due to the chemical passivation that suppresses 
subsequent surface oxidation, even though the passivation process 

etches the surface leading to slight roughening. In contrast, after 
degreasing and shipping, the non-passivated OFC samples exhibited a 
slight color change (darker visual appearance) which is an indication for 
the formation of a natural oxide/hydroxide protection layer with 
different optical properties, i.e. higher absorptivity. This in turn leads to 
certain differences in the laser-light matter interaction for the two cases 
such as the effective value of the absorbed laser energy, which in the end 
affects the resulting ripple height. The slight increase in the porosity of 
the surface induced by the chemical passivation process should promote 
ripple formation [51,55,56]. However, the ripples observed for the 
POFC sample are shallower than OFC one. This is likely due to a shiner 

Fig. 3. SEM images of the POFC copper sam-
ple surface structure generated by fs pulses 
with linear (E ≈ 40µJ, vs= 2 mm/s, N0≈200) 
and circular (E ≈ 30µJ,vs= 1 mm/s, N0≈400) 
polarizations. For both polarizations, the 
higher magnification micrographs in the upper 
and lower insets of panels (c) and (d) show 
subwavelength features formed in the more 
and less intense parts of the beam, respec-
tively. Panels (e) and (f) display 2D-FFT ob-
tained from the SEM images of the surface 
corresponding to the intense part of the beam. 
The red arrow indicates the light polarization 
direction.   

Fig. 4. AFM images of structured Cu surfaces. Panels (a-d) show scans of samples OFC-lin, OFC-circ, POFC-lin and POFC-circ, respectively. The laser processing 
parameters are E ≈ 40µJ, vs= 2 mm/s, N0≈200 for the linear polarization and E ≈ 30µJ,vs= 1 mm/s, N0≈400 for the circular polarization, respectively. A magnified 
view of panel (d) is given in the inset. Panel (e) shows topography line profiles obtained from the AFM scans displayed in panels (a and c). In panel (f), an AFM image 
at lower resolution shows the wavy profile of the surface, the periods between valleys and peaks are in the order of several tens of microns (110 µm for linear and 75 
µm for circular polarization). In the AFM images the direction of the linear polarization is indicated in panels (a, c and f) by solid white arrows, whereas the dashed 
arrow in panel (f) indicates the scanning direction. 
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surface of the POFC sample that reduces the laser energy absorption as 
well as to a not so different level of roughness with respect to the 
commercial OFC samples. 

The AFM images in the case of the circularly polarized beam are 
shown in panels (b) and (d). These images also demonstrate the unor-
dered structure of the surfaces formed in the case of circular polariza-
tion. Here the surface appears to be decorated with randomly oriented 
features in regions irradiated by the intense part of the beam, and arrays 
of nano-bumps in the region where the beam intensity is lower. A 
magnified scan of such nano-bumps is displayed as an inset in panel (d) 
of Fig. 4. In panel (f), an AFM image of a larger area of the sample surface 
is provided, to address the wavy profile of the surface with valleys and 
peaks originating from the spatial difference in laser light intensity 
during raster-scanning with hatch distances Δ being larger than the 
beam diameter. The period of these variations is equivalent to Δ, i.e. 
110 µm for the linear polarization and 75 µm for the circular polariza-
tion. For all processed samples, the depth of this undulation is less than 
3 µm. 

Information on the surface composition of the samples, including 
possible contaminants, was obtained by Raman spectroscopy and XPS 
analyzes. The Raman spectra, which refer to a comparison between the 
pristine and treated surfaces, are identical for the implemented laser 
light polarizations and the different surface treatments (OFC and POFC). 
Fig. 5(a) reports a typical example of the Raman spectra recorded on a 
laser-irradiated Cu sample (circular polarization) and on the pristine 
region of an OFC sample. Both spectra exhibit the characteristic series of 
Raman peaks associated to Cu2O [57,58], clearly visible in the region 
below 200 cm−1, and weaker peaks associated to imperfection of crys-
talline structure of copper oxides, between 400 cm−1 and 600 cm−1, thus 
suggesting a predominance of Cu2O oxides on the surface. Interestingly, 
the two spectra show large similarities thus suggesting a minimal change 
to the surface composition induced on the laser irradiated area with 
respect to the untreated one. A likely explanation is that the copper 
surface is mainly oxidized during exposure to air. 

Fig. 5(b) includes Cu 2p, Cu LMM and O 1s XPS core level and Auger 
spectra recorded for OFC and POFC samples as received after laser 
treatment and after 9 months of storage in plastic boxes. There are no 
distinct differences after laser treatment for the two different pre- 
treatment procedures, i.e. the OFC and POFC samples. It is important 
to note that for the POFC samples, no Cr signal is detectable by XPS after 
the laser-treatment, which is typically the case for passivated Cu sur-
faces. This indicates that the laser-induced surface structuring not only 
changes the topography but also removes the surface passivation for 
POFC samples. Consequently, both initial sample surface types (OFC and 
POFC) exhibit the same surface composition after treatment and are 
prone to surface reactions in ambient conditions comparable to a 
degreased flat Cu surface. The spectral features resemble those of an 

oxidized Cu2O surface with a hydroxide top layer [59,60] with two 
states in the O 1s spectrum at 530.4 eV and 531.5 eV and two features in 
the Cu 2p3/2 line at 932.4 eV and 934.4 eV, while the Cu LMM 
Auger-excitation at 916.8 eV is rather broadened. For the Cu2O signal in 
the Cu 2p3/2 state, this would correspond to an Auger parameter of 
1849.2 eV. Hydrocarbon surface impurities are also detected and partly 
contribute to the O 1s emission (C 1s spectra not shown). We have 
estimated the surface composition by considering the spectral areas of 
the main core level of each detected element and weighting them with 
their respective sensitivity factors [61] assuming a homogenous 
elemental distribution [62], which slightly overestimates the contribu-
tion of a species located at the outermost surface, such as adsorbates. 
Table 1 shows the resulting elemental contributions. 

It is worth mentioning that Cu2O and hydroxide naturally form in air 
at room temperature and their existence at the surface after the LIPSS 
treatment in air indicates no strong energy intake to induce non- 
equilibrium Cu surface oxidation processes. In contrast, if pulsed la-
sers with higher fluence are used for surface processing of Cu in air, 
typically passivated particles with CuO surface are generated within the 
expanding plasma plume of ablated material and partially redeposited 
onto the surface [21,44]. The fact, that this is not the case for the LIPSS 
processing and that no CuO is formed, suggests that the typically utilized 
laser-treatment in inert atmosphere, to avoid strong oxidation [21], 
would eventually not be necessary. The surface properties of samples 
treated with linearly polarized light were re-evaluated after 9 months of 
storage in plastic boxes. The corresponding XPS measurements reveal an 
increase of the hydroxide content at the surface and a further uptake of 
hydrocarbon surface impurities as also typically found for initially 
degreased and afterwards air-exposed Cu surfaces. 

Fig. 6 reports the results of SEY measurements on the structured 
copper samples and Table 2 details the obtained maximum SEY values. 
Compared to degreased flat Cu with airborne adsorbates (dashed black 
line) [39], the samples OFC-lin and POFC-lin exhibit a reduced SEY for 
primary electron energies below approximately 1000 eV, which is the 
typical energy range of accelerated electrons in case of electron-cloud 
built-up in the LHC [3]. 

The SEY curves of OFC-circ and POFC-circ are comparable to that of 

Fig. 5. (a) Typical Raman spectra of untreated and laser-treated OFC copper samples. (b) XPS spectra of the Cu 2p, Cu LMM and O 1s emission of laser-treated Cu 
surfaces with different surface preparation (OFC and POFC) as received after laser processing and after 9 months of storage in plastic boxes. 

Table 1 
Surface composition (in at.%) based on the quantitative XPS analysis for Cu 
surfaces after laser treatment and after further storage.  

Sample / Element Cu O C 

POFC-lin as received 36.8 35.4 27.8 
OFC-lin as received 36.3 35.7 28.0 
POFC-lin stored 21.5 32.4 46.1 
OFC-lin stored 21.2 32.3 46.6  
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flat Cu samples, excepted for a shift of the maximum SEY to higher 
primary energy. According to the analogous surface stoichiometry of the 
as-received samples (see XPS results), these experimental findings 
indicate that the differences in SEY mainly originate from morphological 
differences of the sample surface, i.e. are induced by the different sur-
face topography and ripple pattern inscribed by the fs laser pulses. 
Utilizing different technologies, earlier studies have shown in general 
that surface patterning and especially trench and side facet formation is 
an efficient approach to lower the effective SEY of a material’s surface 
[11,44]. 

The larger SEY values and lower SEY maximum energy observed in 
the case of OFC-circ and POFC-circ samples indicate that the spatial 
arrangement of the submicrometer-sized surface features has a promi-
nent role in the secondary electron emission from the modified copper 
surface. In fact, the periodic subwavelength ripples with an ordered 
arrangement formed for linear polarization are more beneficial for SEY 
reduction in comparison to the randomly oriented structures generated 
by circularly polarized laser light. The SEY of OFC-lin and POFC-lin 
samples show a very similar trend as a function of primary electron 
energy, but OFC-lin exhibits slightly lower values. It is worth noticing 
that the major difference in the topography of these two samples is the 
depth of the surface modulations. As identified in the AFM and SEM 
analyzes, in the case of OFC-lin the ripples are slightly deeper than for 
POFC-lin, while the average ripple period is very similar. This obser-
vation points towards the fact that an increased aspect ratio of the 

surface ripples observed for OFC-lin could be beneficial, even though the 
difference in SEY is < 0.1. The aspect ratio mentioned here is only 
related to the periodic subwavelength ripples and does not consider the 
long-range surface waviness induced by the raster scanning, which can 
also have an effect on the SEY. 

We have re-evaluated the SEY of OFC-lin and POFC-lin samples after 
9 months of storage. The SEY increased, especially in the energy region 
between 50 and 1000 eV. In this case, the changes compared to the as- 
received samples are induced by the chemical modification of the sur-
face (surface impurity uptake), since the topography remained 
unchanged. 

The obtained SEY reduction, compared to a flat Cu surface, is not 
sufficient to avoid any initial electron-cloud build-up in particle accel-
erators, which would require ideally δ ≤ 1. Nevertheless, the impact of 
the ordered subwavelength LIPSS induced by fs laser irradiation on the 
SEY is evident and might provide a further route to elaborate structured 
metallic surfaces with improved characteristics, by appropriate design 
of large-scale textures defined by raster scanning and finer-scale features 
intrinsically formed via fs-pulsed laser surface structuring. Moreover, as 
the state-of-the-art technology of using flat Cu surfaces in the LHC relies 
on electron-induced conditioning in initial so-called scrubbing runs, 
where the electron irradiation due to the electron-cloud itself helps 
reducing the SEY of OFC to 1.1 - 1.2 [46,63], the LIPSS-induced 
topography modification could also have impact on the conditioning 
trends of processed surfaces. We have therefore performed laboratory 
experiments of electron-induced conditioning by exposing POFC-lin and 
OFC-lin samples after the storage period to a beam of 250 eV electrons 
using a flood gun. The SEY curves after full conditioning (dose 
>10−2C/mm2) are included in Fig. 6. Fig. 7 shows the variation of their 
maximum SEY in dependence of the applied electron dose in comparison 
to a standard degreased flat Cu sample (OFC) [46]. Based on the XPS 
results discussed above of as received and aged samples, no differences 
are expected between the flat reference and the LIPSS Cu surfaces in 
terms of interaction processes and modification of the surface compo-
sition induced by the conditioning. Besides the difference in topography, 
chemically the surfaces are comparable and the slight local variation of 
electron impact angle for the LIPSS samples is believed to be of minor 
influence. We therefore anticipate that the same physical and chemical 

Fig. 6. Primary electron energy dependence of the SEY for OFC and POFC 
samples processed with linearly and circularly polarized laser light. For samples 
processed with linearly polarized light, the SEY is also shown after 9 months 
storage in plastic sample boxes and after subsequent conditioning via electron 
irradiation in UHV. 

Table 2 
SEY maximum δmax and its related energy E(δmax) for the different laser- 
treatment parameters and post-treatment surface conditions.  

Sample δmax E(δmax) 

OFC degreased 2.18 300 eV 
POFC-lin as received 1.79 1300 eV 
OFC-lin as received 1.74 1400 eV 
POFC-circ as received 2.16 400 eV 
OFC-circ as received 2.03 500 eV 
POFC-lin stored 1.85 800 eV 
OFC-lin stored 1.94 600 eV 
POFC-lin stored & conditioned 0.90 850 eV 
OFC-lin stored & conditioned 0.91 850 eV  

Fig. 7. Variation of the SEY maximum of samples POFC-lin and OFC-lin after 
storage in comparison to a flat, degreased Cu sample (OFC) [17] upon irradi-
ation with 250 eV electrons in dependence of their dose. The error bars 
represent the statistical measurement uncertainties for a confidence level of 
68.3% based on three measurements performed in different locations of 
the samples. 
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processes result during 250 eV electron irradiation, which modify the 
surface stoichiometry via transformation of existing hydroxides and 
graphitization of surface hydrocarbons as for flat Cu samples [40]. 
Consequently, a SEY reduction occurs due to surface stoichiometry 
transformation. The results clearly show that δmax tends to decrease 
below unity in the test measurements with an external electron source 
(Fig. 7), which is not the case for flat copper samples. This is attributed 
to the difference in surface topography in the same manner as for the 
as-received samples. The electron dose of ~1 × 10−3C/mm2 required to 
obtain δmax ≤ 1 has to be compared with the maximum surface dose of 
~5 × 10−3C/mm2 accumulated during the extensive 10 days scrubbing 
procedure at the beginning of LHC Run 2 [64]. In addition, the threshold 
of δmax ≤ 1 was reached for a dose 5 times lower than what required for 
reaching the final SEY value during conditioning of flat Cu, which is 
promising to reduce scrubbing efforts and time in particle accelerator 
operation. LIPSS on Cu could then be a sufficient solution to reduce the 
SEY close to unity in a scrubbing run, and thus to mitigate electron-cloud 
formation. 

4. Conclusions 

Irradiation of solid targets with femto-second pulses is performed for 
producing LIPSS on copper samples for SEY reduction. The effects of 
laser processing parameters on the surface structured textures, as ripples 
and surface modulation, were investigated to optimize the formation of 
structured surfaces bearing a low particle density, an essential require-
ment for applications in the vacuum system of particle accelerators. 
Based on SEM analyzes of the obtained surface structures after a pre-
liminary irradiation using varying scanning speeds and laser pulse en-
ergy, it was decided to further evaluate processing with an energy of 40 
µJ and 30 µJ for linearly and circularly polarized laser light, respec-
tively. Test samples were processed starting from passivated (POFC) and 
degreased (OFC) copper pieces. The fs laser surface structuring allows 
fabrication of samples with a triple-scale hierarchical surface structure 
formed by a pattern of very shallow (depth < 3 µm) parallel micro- 
trenches, a finer texture of ripples or dots with sub-micron period and 
a random decoration of nanoparticles. Raman spectroscopy and XPS 
analysis show that the sample surface maintains the same chemical 
composition after the treatment. 

The comparison between illumination by linearly or circularly 
polarized light shows that the orientation of the formed sub-wavelength 
periodic surface features affects the SEY values. In particular, a parallel 
oriented grating structure produced by linear light polarization can 
better supress the secondary electron emission with respect to randomly 
oriented arrangements created using circular polarization. Moreover, 
the ablated crater morphology depends on the preparation of the Cu 
samples prior to laser processing. In the case of passivated samples, their 
higher optical reflectivity reduces the ablation of the surface compared 
to degreased but oxidized samples for the same laser conditions. 

The modification of the surface topography is a very efficient and 
promising method to reduce the SEY. Nevertheless, it is important to 
study the behavior of these structures when exposed to real machine 
environments and their influence on vacuum performance. From the 
measurements reported in this article using fs LIPSS, it seems that the 
small ablation depth and the ripple height in the range of a few hundred 
nanometers generates a surface with higher SEY values compared to the 
classical LESS process. At the same time, the absence of redeposited 
oxidized particles and the obtained micro-trench depth of below 3 µm 
are less prone to induce any impedance problems for beam induced 
image currents or to cause premature beam dumps due to excessive 
interactions with released particles. The low pulse energy (E = 40 µJ and 
30 µJ) used in our fs LIPSS processing, together with the scanning speed, 
affects the amount of material ablated from the surface and the final 
texture: the ripples are comparatively cleaner, with less abundance of 
nanoparticles compared to laser processing at higher pulse energy. 
Furthermore, measurements have shown that, during the LIPSS 

processing, no CuO is formed and no particles with passivated CuO 
surface are generated, suggesting that it would not be necessary to work 
in inert atmosphere to avoid strong oxidation. 

Finally, conditioning tests performed on stored samples demon-
strated that the SEY of LIPSS Cu surface reduces to below unity for an 
electron dose of ~1 × 10−3C/mm2. The conditioning may improve when 
achieving a higher aspect ratio of the undulating surface via LIPSS. 
Ideally, the initial SEY maximum should be as low as 1.4 - 1.5 and the 
dose for mild conditioning should be < 5 × 10−4C/mm2. These findings 
are in line with ongoing developments to make the laser treatment of 
beam-facing accelerator components a method that could allow surface 
processing for safe accelerator operation, i.e. to avoid particulate- 
related risks or surface impedance problems. The obtained SEY and 
conditioning performance illustrates a new pathway for surface engi-
neering of vacuum components by LIPSS, which is expected to have the 
potential for further optimization of the surface topography by adapted 
laser processing conditions. 
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