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Abstract: Copper thin films are intended to serve as a cover layer of photocathodes that are deposited
by ablating copper targets in a high vacuum by temporally clean 600 fs laser pulses at 248 nm. The
extremely forward-peaked plume produced by the ultrashort UV pulses of high-energy contrast
ensures fast film growth. The deposition rate, defined as peak thickness per number of pulses, rises
from 0.03 to 0.11 nm/pulse with an increasing ablated area while keeping the pulse energy constant.
The material distribution over the surface-to-be-coated can also effectively be controlled by tuning
the dimensions of the ablated area: surface patterning from airbrush-like to broad strokes is available.
The well-adhering films of uniform surface morphology consist of densely packed lentil-like particles
of several hundred nm in diameter and several ten nm in height. Task-optimized ultrashort UV laser
deposition is thereby an effective approach for the production of thin film patterns of predetermined
geometry, serving e.g., as critical parts of photocathodes.

Keywords: sub-ps laser ablation; copper thin films; ultrashort pulsed laser deposition

1. Introduction

Being the most robust against degradation for its chemical inertness and resistance
to high electric breakdown due to its high surface fields, copper-based photocathodes are
preferred in S-band radio-frequency guns [1–4]. Since the quantum efficiency of the order of
10−5 at 266 nm laser driven-photoemission of copper, QECu [5,6] is relatively low compared
to those of other metallic photocathodes, e.g., QEY = 3 × 10−4 and QEMg = 7.6 × 10−4 [7],
several solutions were proposed to increase the photoemissive properties of the photocath-
odes. Wang et al. inserted a Mg disc into the copper base by friction welding [8], while
Qian and collaborators did the same by press fitting [9]. These structures suffered from RF
breakdown at the Mg–Cu interface [10]. Deposition of a high QE material onto the Cu back
plate of the RF gun cavity was another approach [11–13]. Among the deposition techniques
applied, pulsed laser deposition (PLD), proved to be rather promising since it provided
uniform and adherent films, even at room temperature [14–18]. However, fast thinning
of the high QE film during frequent laser cleaning, mandatory for removing the surface
contaminations to preserve the photoemission performance [19,20], set hard lifetime limits
to the photocathodes of this type. To avoid these shortcomings, Lorusso et al. [21] proposed
a new photocathode configuration coined “non-conventional”, in which a disc of durable
Y or Mg was covered by a copper layer with a central 5 mm diameter emitting area left
open. In this structure, the source of photoemission is a robust, long lasting bulk piece
of high photoemission efficiency material, while the copper cover layer ensures electrical
compatibility with the RF gun made of Cu.

In this paper, results of a feasibility study intended for assessing the potential of
sub-ps PLD at 248 nm in producing the copper cover layer of the reversed photocathode
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structure [21] are reported. Highly efficient localized deposition of well sticking particulate-
free films of micrometer thickness is realized by exploiting the unique characteristics of the
laser used, with particular regard to the role of the laser spot size on the target surface in
controlling the material distribution over the surface to be covered.

In PLD, the habitual control parameter is the energy density. Both probe- and film-
based techniques proved that in ns PLD, the plasma broadened with decreasing energy
density at fixed spot size. Otherwise, when keeping the energy density constant, the
polar distributions became more sharply forward-peaked as the spot size increased. Out
of the two parameters, the spot size appeared to be more effective in controlling the
distribution [22].

When ablating with ultrashort lasers, the scenario became a bit more complex: while
the angular width of the deposits increased with increasing fluence, the ion flux nar-
rowed [23–26]. To make the picture even more complicated, the angular divergence of the
atomic species within the plume was larger than that of the nanoparticles [27]. The effect of
changing spot size remained the same: keeping the energy of the ablating pulses constant,
the plume geometry deviated from spherical to cylindrical symmetry with increasing spot
size [28], leading to narrowing in the angular distribution of the resulting film with a
concomitant increase in film thickness [29,30].

Though relevant experiments are relatively scarce, those available e.g., [28–30] suggest
that in PLD, the size of the ablating laser spot on the target surface controls effectively (yet
not independently) both the growth rate and the lateral distribution of the film material. In
this report we reveal how the potential of this effect can be exploited for production of thin
film patterns of predetermined geometries.

2. Materials and Methods

A critical parameter of the ultrashort laser system is the temporal contrast defined as
the main pulse–background intensity ratio. In materials processing applications where the
pulse energy, rather than the intensity, is the principal parameter, the ratio of the energy of
the main fs pulse to the energy of the background, i.e., the energy contrast, is critical. A
peculiarity of the Szatmári-type laser system used in this series of experiments is that it
has been optimized for high energy contrast by amplifying the frequency converted from
248 nm pulses in a twin-tube amplifier module with a 2-pass amplification geometry in
each tube. Thereby producing pulses of 20 mJ maximum energy with an energy contrast,
Efs/EASE of 19 [31]. The 600 fs pulse duration was measured by autocorrelation technique
using a two-photon ionization based non-linear detector. A 500 mm f/10 Suprasil lens
focused the beam at an angle of 45◦ onto a 99.99% pure copper target of 1” diameter
producing an elliptical spot of fairly homogeneous energy distribution on the target surface.
The laser impact area was varied by translating the focusing lens along the optical axis
while keeping the focal point inside the target. Though using UV grade optical components,
the energy loss accounting for the steering optics, focusing lens, the entrance window,
and the protective quartz plate behind the window resulted in Etotal = 4.4 ± 0.2 mJ at
the target surface, meaning thereby Efs = 4.18 ± 0.19 mJ and EASE = 0.22 ± 0.01 mJ. All
results reported refer to these fixed pulse energies while changing the geometry of the
elliptical spot.

Depositions were performed in a UHV chamber with a base pressure of 10−4 Pa at
room temperature (Figure 1a). Preliminary experiments revealed that several thousand
pulses were necessary and enough to grow films with thicknesses of hundreds of nanome-
ters, thus the number of shots was fixed to 10,000. The normal operational condition of the
hybrid dye-excimer laser system used was to produce single pulses with repetition rates
up to 10 Hz. In the experiments it was running at 2 Hz. The Si substrates placed parallel
to and in front of the target at a distance of 30 mm were covered with copper meshes
of 1.00 ± 0.02 mm aperture and 0.25 ± 0.01 mm wire diameter (Figure 1b). Deposition
through these masks resulted in an array of columns of ~1.0 × 1.0 mm2 cross-sectional
areas providing more than 900 height values per sample for the accurate determination
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of the thickness distribution. The topography of the pattern was measured by a Veeco
Dektak-8 stylus profilometer (Bruker Corporation, MA, USA). The surface morphology of
the films was characterized by scanning electron microscopy, model JEOL JSM-6480 LV
(JEOL Ltd., Tokyo, Japan), and atomic force microscopy, model PSIA XE-100 (Park Systems,
Suwon, Republic of Korea) in tapping mode.
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Figure 1. (a) The plasma plume expansion during ablation; (b) the mesh used for defining the array
of patterns deposited.

3. Results

As exemplified in Figure 1, the expanding plasma was extremely forward directed for
all focusing conditions, a consequence of the cleanliness of the ablating laser pulse. This
jet-like character of the plasma plume was responsible for the striking growth rates and
lateral distributions to be reported.

Films were grown at five positions of the focusing lens along the optical axis, resulting
in five pairs of spot sizes in the plane of the target surface, since, due to the differences in
the directional properties the sub-ps and ns components of the ablating pulse produced
different impact areas. The larger areas, referring to the ASE part, extended from 0.30 to
3.30 mm2 as measured on highly sensitive UV photopaper. The area ratios were in good
agreement with those derived from intensity contrast measurements based on far-field
focus diagnostics, underpinning the reliability of the results. Spot areas ranging from 0.085
to 1.01 mm2 were derived for the fs component from the analysis of SEM images taken on
the processed Cu target surface, as exemplified in Figure 2, again in perfect agreement with
the calculated ones.
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Figure 2. Low magnification SEM images of tracks written by tight and loose focusing with: (a) mark-
ing the contour of a spot of 1.01 mm2 area and (b) a close-up of the track written focusing to the
smallest spot of 0.085 mm2.

The deposition rate is routinely quantified as the ratio of maximum thickness to
the number of pulses e.g., [29,30]. The dependence of the maximum film thickness on
the impact area produced by the sub-ps component of the processing pulse is shown in
Figure 3. While the tendency is in line with the expectations [28–30], the extent of the effect is
intriguing: the thickness steeply rises with increasing area from 0.085 up to 0.34 mm2, even
with diminishing fluence, followed by an apparent leveling, ending up with 1130 ± 50 nm
at 1.01 mm2, thus yielding an impressive growth rate of 0.113 nm/pulse here.
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Figure 3. The evolution of maximum thickness and the growth rate derived with rising spot area.
The numbers 1.–5. refer to lens positions to facilitate the assignment of the thickness data to the
respective process parameters listed in Table 1.
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Table 1. The process parameter windows.

Lens Position 1 2 3 4 5

Main Pulse
Area (mm2) 0.085 0.21 0.34 0.59 1.01

Fluence (J/cm2) 4.92 1.99 1.22 0.71 0.41
Intensity (W/cm2) 8.2 × 1012 3.3 × 1012 2.0 × 1012 1.2× 1012 0.7 × 1012

ASE
Area (mm2) 0.30 0.90 1.48 2.16 3.30

Fluence (J/cm2) 0.037 0.012 0.0074 0.0051 0.0033
Intensity (W/cm2) 4.9 × 106 1.6 × 106 9.9 × 106 6.8 × 106 4.4 × 106

The maximum thickness without the lateral distribution of the film material provides
not only an incomplete description, but could even be misleading when assessing the
effectiveness of film growth. The matrix of columns defined by the mask covered a fairly
large area ranging up to ±30◦ in both directions, constituting a solid base for the derivation
of the thickness distributions. As exemplified in Figure 4, for the smallest and largest spot
sizes, the changes in the lateral distributions of the film material are equally impressive.
Indeed, the increase in maximum thickness with increasing spot area is associated with a
striking narrowing in distribution. The results show, within a 10% respect to the maximum
thickness value, a lateral angular distribution of around 8◦ and 25◦ for 1.01 mm2 and
0.085 mm2, respectively. The effect is again in line with the observations [28–30] and
theoretical predictions [22], however, the concentration of the material deposited from
the extremely forward-peaked plasma in such close vicinity to the center of symmetry
is unique.
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Figure 4. The thickness distribution of films deposited at: (a) 0.085 mm2 and (b) at 1.01 mm2 spot
areas. The thickness scales have been set identical intentionally to highlight the difference.

Low magnification SEM micrographs revealed that the films consisted of particles of
several hundred nanometer diameters distributed homogeneously throughout the whole
area (Figure 5). The lateral dimensions of the overwhelming majority of the building blocks
constituting the films were no larger than 4–500 nm in diameter.
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sharp burrs and small droplets either remained riding on the ridges or redeposited as 
frozen monuments of the violent ejection of molten material are shown. The overwhelm-
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diameter domain, the number of the globules steeply decreases with increasing diameter 
and with very few species above one micrometer. This morphology is consistent with 
rapid expulsion of liquid and vapor droplets which then cooled quickly and resolidified 
onto the substrate with partial redeposition, giving a clue about the morphology of the 
films presented in the preceding paragraph. 

Figure 5. A low magnification SEM micrograph taken on a Cu film deposited by 10,000 pulses
focused onto 0.085 mm2 area on the target surface.

Dektak records parallel to the major and minor axes of the deposits yielded not only
hundreds of height figures, but also a tremendous amount of data on the axial and lateral
dimensions of the constituting particles without notable differences either in their size or in
the lateral distributions as a function of spot size. AFM images of surface areas exemplified
in Figure 6 confirmed the results derived from the SEM analysis and Dektak data: the
films were composed of lentil shaped particles of several tens of nanometer in height and
approximately one order of magnitude larger in diameter.

Materials 2023, 16, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 5. A low magnification SEM micrograph taken on a Cu film deposited by 10,000 pulses fo-
cused onto 0.085 mm2 area on the target surface. 

Dektak records parallel to the major and minor axes of the deposits yielded not only 
hundreds of height figures, but also a tremendous amount of data on the axial and lateral 
dimensions of the constituting particles without notable differences either in their size or 
in the lateral distributions as a function of spot size. AFM images of surface areas exem-
plified in Figure 6 confirmed the results derived from the SEM analysis and Dektak data: 
the films were composed of lentil shaped particles of several tens of nanometer in height 
and approximately one order of magnitude larger in diameter. 

 
Figure 6. An AFM image and line profiles revealing the axial dimensions of the building blocks of 
the films. 

Showing typical landscapes after ablation of a material of high thermal diffusivity 
with sub-ps pulses [32], close-ups of the processed surface exemplified in Figure 7 re-
vealed the origin of the particles: traces of rapid solidification following melting with 
sharp burrs and small droplets either remained riding on the ridges or redeposited as 
frozen monuments of the violent ejection of molten material are shown. The overwhelm-
ing majority of the droplets are within the 100–500 nm diameter range. In the 0.5–1 µm 
diameter domain, the number of the globules steeply decreases with increasing diameter 
and with very few species above one micrometer. This morphology is consistent with 
rapid expulsion of liquid and vapor droplets which then cooled quickly and resolidified 
onto the substrate with partial redeposition, giving a clue about the morphology of the 
films presented in the preceding paragraph. 

Figure 6. An AFM image and line profiles revealing the axial dimensions of the building blocks of
the films.

Showing typical landscapes after ablation of a material of high thermal diffusivity with
sub-ps pulses [32], close-ups of the processed surface exemplified in Figure 7 revealed the
origin of the particles: traces of rapid solidification following melting with sharp burrs and
small droplets either remained riding on the ridges or redeposited as frozen monuments
of the violent ejection of molten material are shown. The overwhelming majority of the
droplets are within the 100–500 nm diameter range. In the 0.5–1 µm diameter domain,
the number of the globules steeply decreases with increasing diameter and with very few
species above one micrometer. This morphology is consistent with rapid expulsion of
liquid and vapor droplets which then cooled quickly and resolidified onto the substrate
with partial redeposition, giving a clue about the morphology of the films presented in the
preceding paragraph.
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Figure 7. SEM image taken on a segment of a track ablated by 10,000 pulses focused onto 0.085 mm2

area on the target surface.

4. Discussion

The camera snapshots (Figure 1) clearly documented the extremely forward directed
appearance of the plume. It is worth noting that while results had rather different thick-
ness distributions depending on the actual spot size, the visual appearance of the plume
remained apparently unchanged. Though observation of such a high plume length/width
ratio is exceptional indeed, for initial plasma thicknesses of tens of nanometers with mil-
limeter lateral dimensions, the theoretical considerations admit even higher ratios [33].

To reveal what is behind this behavior, let’s first assess the contributions of the fs vs. ns
components of the processing pulse to the process. Since the energies of the ASE and the
main pulse and the respective spot sizes on the target surface are different, the effects of
two fluence (and intensity) series should be examined. Table 1 displays the process param-
eter window of the experiments in terms of fluence and intensity, calculated separately
for the 600 fs main pulse of 4.18 ± 0.19 mJ energy and the ASE background conveying
0.22 ± 0.01 mJ energy in 15 ns. Since the main pulse lies in the middle of the background,
the ASE contribution to the ablation was calculated with 0.11 mJ and 7.5 ns.

The ns ablation thresholds of copper range from 0.3 J/cm2 [34] through 0.5 J/cm2 [35]
and 2.0–2.5 J/cm2 [36] up to 5–6 J/cm2 [35,37,38]. In the context of this study the most
relevant figure is 3.4 ± 0.5 J/cm2 reported for KrF excimer laser processing [39,40]. Since,
in our case, the highest ASE fluence value of 0.037 J/cm2 calculated for 0.30 mm2 spot
size was two orders of magnitude lower than the most relevant figure [39,40] and even the
absolute lowest one of 0.3 J/cm2 reported [34] is one order of magnitude higher, it is safe to
say that in our experiments the ns component did not ablate. The intensity figures in Table 1
further strengthen this statement: since below a prepulse level of 107 W/cm2, the amplified
spontaneous emission of the amplifier did not cause measurable preplasma formation
or photo-evaporation of the target material [41], the 4.9 × 106 maximum ASE intensity
was definitely not enough for producing plasma components. In conclusion: due to the
high-energy contrast ratio, a unicity of the laser system used, in our case the ns pedestal
did not contribute to the ablation and had no impact on the fs part either, consequently all
effects obtained should be assigned exclusively to the sub-ps main pulse.

For pulses shorter than ~1 ps, the melting depth proved to be independent of pulse
duration for copper [42]. Therefore, the excellent agreement in the ablation thresholds
reported at Fth = 0.50 ± 0.05 J/cm2 [42–46] is reasonable. Nevertheless, material removal at
extremely low rates, slowly increasing with fluence was shown to be possible even below
0.5 J/cm2 [47–49], while 0.35 and 0.15 J/cm2 were derived as thresholds in 500 fs@248 nm
PLD [40,50].

In the light of these figures, it is apparent that all fluence values derived for the
main pulse (Table 1) were above threshold. Lying in the high-fluence regime, 4.92 J/cm2

should have produced high ablation/deposition rate, while approaching the threshold,
0.41 J/cm2 should have been much less effective. The intriguing effect is that the rise in
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the spot areas from 0.085 to 1.01 mm2 not only compensated for the concomitant decrease
in fluence, but even resulted in a continuous rise in maximum film thickness. Certainly,
the concentration of the material in close vicinity of the center of symmetry as a result
of the narrowing angular distribution of the ejecta also contributed to the evolution of
the maximum thickness with increasing spot size. Nevertheless, despite the fact that the
decreasing removal rate, due to the vanishing fluence with increasing spot area, the total
amount of material deposited also proved to be apparently higher for 1.01 mm2 (Figure 4.)
This revealed that the size of the ablating laser spot on the target surface more effectively
controlled both the growth rate and the lateral distribution of the film material than the
fluence. From a practical viewpoint: the control of the material distribution by tuning the
spot area allows for optimalization of the deposition process for the actual application by
writing patterns through moving the plume on the surface to be covered like an airbrush
using large spot sizes or painting with broad strokes produced by small spots.

In order to judge the efficiency of our approach, the growth rates derived were
compared to those reported in [40], actually one of the first studies performed using
a 500 fs@248 nm laser. In this study, focusing the beam onto a 0.05 mm2 spot resulted in
growth rates between 2 × 10−3 and 3 × 10−3 nm/pulse within the 0.4–6.0 J/cm2 fluence
domain. Since at the same fluence, the amount of material ablated scales with the spot
area [34] the figures given in [40] have been recalculated for the spot areas referring to
the main pulse in Table 1. The growth rates obtained this way and those calculated from
Figure 3 are compared in Figure 8.

Materials 2023, 16, x FOR PEER REVIEW 8 of 12 
 

 

should have been much less effective. The intriguing effect is that the rise in the spot areas 
from 0.085 to 1.01 mm2 not only compensated for the concomitant decrease in fluence, but 
even resulted in a continuous rise in maximum film thickness. Certainly, the concentration 
of the material in close vicinity of the center of symmetry as a result of the narrowing 
angular distribution of the ejecta also contributed to the evolution of the maximum thick-
ness with increasing spot size. Nevertheless, despite the fact that the decreasing removal 
rate, due to the vanishing fluence with increasing spot area, the total amount of material 
deposited also proved to be apparently higher for 1.01 mm2 (Figure 4.) This revealed that 
the size of the ablating laser spot on the target surface more effectively controlled both the 
growth rate and the lateral distribution of the film material than the fluence. From a prac-
tical viewpoint: the control of the material distribution by tuning the spot area allows for 
optimalization of the deposition process for the actual application by writing patterns 
through moving the plume on the surface to be covered like an airbrush using large spot 
sizes or painting with broad strokes produced by small spots. 

In order to judge the efficiency of our approach, the growth rates derived were com-
pared to those reported in [40], actually one of the first studies performed using a 500 
fs@248 nm laser. In this study, focusing the beam onto a 0.05 mm2 spot resulted in growth 
rates between 2 × 10−3 and 3 × 10−3 nm/pulse within the 0.4–6.0 J/cm2 fluence domain. Since 
at the same fluence, the amount of material ablated scales with the spot area [34] the fig-
ures given in [40] have been recalculated for the spot areas referring to the main pulse in 
Table 1. The growth rates obtained this way and those calculated from Figure 3 are com-
pared in Figure 8. 

0 1 2 3 4 5
0.00

0.02

0.04

0.06

0.08

0.10

0.12

G
ro

w
th

 ra
te

 (n
m

/p
ul

se
)

Fluence (J/cm2)

5.

4.

3.

2.

1.

 
Figure 8. Comparison of growth rates of copper films deposited by sub-ps UV pulses: this work (■) 
and data points from [40] converted for the same spot sizes (●). 

The similarity of the two plots reveals that the spot size dependence is real and char-
acteristic of the lasers of this class. The 3–4 times higher growth rates of magnitude 0.1 
nm/pulse reported in our case are impressive even in comparison with the literature’s 
data [40,49,51]. What makes a difference is that the early version of the laser system [40] 
definitely possessed lower energy contrast due to the single-pass on-axis amplification 
scheme. The high growth rates produced by ablating with clean pulses highlight the de-
cisive role of the energy contrast in determining the efficiency of the process. 

Figure 8. Comparison of growth rates of copper films deposited by sub-ps UV pulses: this work (�)
and data points from [40] converted for the same spot sizes (•).

The similarity of the two plots reveals that the spot size dependence is real and
characteristic of the lasers of this class. The 3–4 times higher growth rates of magnitude
0.1 nm/pulse reported in our case are impressive even in comparison with the literature’s
data [40,49,51]. What makes a difference is that the early version of the laser system [40]
definitely possessed lower energy contrast due to the single-pass on-axis amplification
scheme. The high growth rates produced by ablating with clean pulses highlight the
decisive role of the energy contrast in determining the efficiency of the process.

In the process parameter domain covered in this study, the ablated material is predomi-
nately decomposed as nanoparticles, with atoms and ions as minor components e.g., [24,52].
As evidenced by SEM/AFM mapping, the morphology of the films resembles the surface of
copper films deposited by pulses of 5 ps duration@248 nm [49]. The reason for the presence
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of relatively large sized particles in the films is their origin: they are ejected directly from
the molten target surface [47].

Excellent sticking is a characteristic feature of the unusually high forward peaking.
When forward peaking is increased, the amount of energy converted from thermal energy
to directed plume expansion kinetic energy increases [53]. The increasing electron density
leads to increased pressure gradients at the plume edge, resulting in increased flow speeds.
High forward peaking also means high ion density. Even around 1013 W/cm2, the ions
arrive at the substrate surface with velocities in the range of 106–107 cm/s [54,55]. The high-
energy ions penetrate into the substrate several atomic layers deep, practically realizing
ion implantation, anchoring the film to the substrate [56]. Excellent sticking even with the
maximum thickness of 1.2 µm to the flat Si wafer surface was verified, indeed: the films
not only passed the “Scotch tape” test but could hardly be removed even by sandpaper.

The extremely forward-peaked plume produced by the ultrashort UV pulses of high-
energy contrast ensures fast film growth of thickness higher than 1 µm obtained in a
reasonable time of 1 h and 30 min, with the highest spot area of 1.01 mm2, and a deposition
rate of 0.11 nm/pulse. Achieving such a high adherent film within a short deposition time
makes PLD induced by sub-ps laser very interesting for developing metallic photocathodes
that are useful in RF guns. In these guns, operating at the S-band (2.856 GHz), the features
of photocathodes based on thin films are of a thickness comparable with the copper skin
depth of 1.2 µm and, at the same time, the appropriate morphological and structural
characteristics to face the harsh working conditions in an RF environment.

5. Conclusions

The results presented demonstrate that in an ultrashort temporal regime, the tuning
of the ablating spot area offers a broad dynamic range in controlling both the maximum
thickness and the lateral distribution of the film material. Ablation with pulses of high
energy contrast composed of a 600 fs component of (4.18 ± 0.19) mJ energy and an ASE
background conveying (0.22 ± 0.01) mJ energy in 15 ns produces excellently sticking
films with a maximum thickness exceeding 1.1 µm for 1.01 mm2 laser spot area with a
very forward-peaked shape, while a quite uniform lateral distribution was found for an
0.085 mm2 laser spot area with a maximum thickness of 300 nm. This study was important
for understanding that PLD with clean UV pulses is thereby a versatile effective technique
for growing metallic thin films with appropriate characteristics to be used as photocathodes
for application in RF guns operating at the S-band.

Author Contributions: Conceptualization, T.S., A.L. and A.P.; methodology, A.L., T.S. and S.S.;
software, Z.K. and B.G.; data curation, Z.K. and A.L.; writing—original draft preparation, T.S. and
A.L.; funding acquisition, A.L., A.P. and S.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Italian National Institute of Nuclear Physics (INFN),
the European Union’s Horizon 2020 research and innovation programme at Laserlab-Europe (grant
agreement #654148, Access Programme project DP-USZ002584), and the European Social Fund
EFOP-3.6.2-16-2017-00005 “Ultrafast physical processes in atoms, molecules, nanostructures and
biological systems”. The project also received funding from the National Research, Development,
and Innovation Office (OTKA K138339 project) of Hungary.

Data Availability Statement: The data presented in this study are available on request from Tamás
Szörényi, t.szorenyi@physx.u-szeged.hu.

Acknowledgments: The authors wish to thank Judit Kopniczky, Department of Optics and Quantum
Electronics, University of Szeged, for her essential contribution to the characterization of the films by
profilometry and AFM.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.



Materials 2023, 16, 1267 10 of 12

References
1. Musumeci, P.; Cultrera, L.; Ferrario, M.; Filippetto, D.; Gatti, G.; Gutierrez, M.S.; Moody, J.T.; Moore, N.; Rosenzweig, J.B.; Scoby,

C.M.; et al. Multiphoton Photoemission from a Copper Cathode Illuminated by Ultrashort Laser Pulses in an rf Photoinjector.
Phys. Rev. Lett. 2010, 104, 84801–84804. [CrossRef] [PubMed]

2. Divall, M.C.; Prat, E.; Bettoni, S.; Vicario, C.; Trisorio, A.; Schietinger, T.; Hauri, C.P. Intrinsic emittance reduction of copper
cathodes by laser wavelength tuning in an rf photoinjector. Phys. Rev. Spec. Top. Accel. Beams 2015, 18, 33401–33406. [CrossRef]

3. Chiadroni, E.; Bacci, A.; Bellaveglia, M.; Boscolo, M.; Castellano, M.; Cultrera, L.; diPirro, G.; Ferrario, M.; Ficcadenti, L.; Filippetto,
D.; et al. The SPARC linear accelerator based terahertz source. Appl. Phys. Lett. 2013, 102, 94101–94105. [CrossRef]

4. Scifo, J.; Alesini, D.; Anania, M.P.; Bellaveglia, M.; Bellucci, S.; Biagioni, A.; Bisesto, F.; Cardelli, F.; Chiadroni, E.; Cianchi, A.; et al.
Nano-machining surface analysis and emittance measurements of a copper photocathode at SPARC_LAB. Nucl. Instrum. Methods
Phys. Res. Sect. A 2018, 909, 233–238. [CrossRef]

5. Maldonado, J.R.; Liu, Z.; Dowell, D.H.; Kirby, R.E.; Sun, Y.; Pianetta, P.; Pease, F. Robust CsBr/Cu photocathodes for the linac
coherent light source. Phys. Rev. ST Accel. Beams 2008, 11, 060702. [CrossRef]

6. Zhou, F.; Brachmann, A.; Decker, F.-J.; Emma, P.; Gilevich, S.; Iverson, R.; Stefan, P.; Turner, J. High-brightness electron beam
evolution following laser-based cleaning of a photocathode. Phys. Rev. ST Accel. Beams 2012, 15, 090703. [CrossRef]

7. Lorusso, A.; Gontad, F.; Solombrino, L.; Chiadroni, E.; Broitman, E.; Perrone, A. Tight comparison of Mg and Y thin film
photocathodes obtained by the pulsed laser deposition technique. Nucl. Instrum. Meth. Phys. Res. A 2016, 836, 57–60. [CrossRef]

8. Wang, X.J.; Babzien, M.; Chang, X.Y.; Lynch, D.; Pjerov, S.; Woodle, M.; Wu, Z. Band high duty photo-injection system. In
Proceedings of the 19th IEEE Particle Accelerator Conference, Chicago, IL, USA, 18–22 June 2001; Volume 1822.

9. Qian, J.; Murphy, J.B.; Shen, Y.; Tang, C.X.; Wang, X.J. Surface photoemission in a high-brightness electron beam radio frequency
gun. Appl. Phys. Lett. 2010, 97, 253504. [CrossRef]

10. Wang, X.J.; Srinivasan-Rao, T.; Batchelor, K.; Ben-Zvi, I.; Fischer, J. Measurements on photoelectrons from a magnesium cathode
in a microwave electron gun. Nucl. Instrum. Meth. Phys. Res. A 1995, 356, 159–166. [CrossRef]

11. Srinivasan-Rao, T.; Schill, J.; Ben-Zvi, I.; Woodle, M. Sputtered magnesium as a photocathode material for rf injectors. Rev. Sci.
Instrum. 1998, 69, 2292–2296. [CrossRef]

12. Perrone, A.; D’Elia, M.; Gontad, F.; DiGiulio, M.; Maruccio, G.; Cola, A.; Stankova, N.E.; Kovacheva, D.G.; Broitman, E. Non
conventional photocathodes based on Cu thin films deposited on Y substrate by sputtering. Nucl. Instrum. Methods Phys. Res.
Sect. A 2014, 752, 27–32. [CrossRef]

13. Srinivasan-Rao, T.; Fischer, J.; Tsang, T. Photoemission studies on metals using picosecond ultraviolet laser pulses. J. Appl. Phys.
1991, 69, 3291–3296. [CrossRef]

14. Cultrera, L.; Gatti, G.; Tazzioli, F.; Perrone, A.; Miglietta, P.; Ristoscu, C.; Orlanducci, S.; Fiori, A. Mg based photocathodes for
high brightness RF photoinjectors. Appl. Surf. Sci. 2007, 253, 6531–6534. [CrossRef]

15. Lorusso, A.; Trovò, M.; Demidovich, A.; Cinquegrana, P.; Gontad, F.; Broitman, E.; Chiadroni, E.; Perrone, A. Pulsed laser
deposition of yttrium photocathode suitable for use in radio-frequency guns. Appl. Phys. A 2017, 123, 1–7. [CrossRef]

16. Cultrera, L.; Gatti, G.; Miglietta, P.; Tazzioli, F.; Perrone, A.; Moody, J.T.; Musumeci, P. Electron emission characterization of Mg
photocathode grown by Pulsed Laser Deposition within an S-band RF gun. Phys. Rev. Spec. Top.-Accel. Beams 2009, 12, 043502.
[CrossRef]

17. Lorusso, A.; Anni, M.; Caricato, A.P.; Gontad, F.; Perulli, A.; Taurino, A.; Perrone, A.; Chiadroni, E. Deposition of Y thin films by
nanosecond UV pulsed laser ablation for photocathode application. Thin Solid Film. 2016, 603, 441–445. [CrossRef]

18. Gontad, F.; Lorusso, A.; Panareo, M.; Monteduro, A.G.; Maruccio, G.; Broitman, E.; Perrone, A. Nanomechanical and elec-
trical properties of Nb thin films deposited on Pb substrates by pulsed laser deposition as a new concept photocathode for
superconductor cavities. Nucl. Instrum. Methods Phys. Res. Sect. A 2015, 84, 132–136. [CrossRef]

19. Lorusso, A. Overview and development of metallic photocathodes prepared by laser ablation. Appl. Phys. A 2013, 110, 869–875.
[CrossRef]

20. Cultrera, L.; Grigorescu, S.; Gatti, G.; Miglietta, P.; Tazzioli, F.; Perrone, A.; Nanosci, J. Photoelectron emission from yttrium thin
films prepared by pulsed laser deposition. J. Nanosci. Nanotechnol. 2009, 9, 1585–1588. [CrossRef]

21. Lorusso, A.; Cola, A.; Gontad, F.; Koutselas, I.; Panareo, M.; Vainos, N.A.; Perrone, A. New configuration of metallic photocathodes
prepared by pulsed laser deposition. Nucl. Instrum. Methods Phys. Res. Sect. A 2013, 724, 72–75. [CrossRef]

22. Saenger, K.L. Angular Distribution of Ablated Material, in Pulsed Laser Deposition of Thin Films. In Pulsed Laser Deposition of
Thin Films; Chrisey, D.B., Hubler, G.K., Eds.; John Wiley&Sons: New York, NY, USA, 1994; p. 199 and references therein.

23. Na, L.; Xiaochang, N.; Ru, H.; Tony, D.; Xuan, W.; Amoruso, S.; Ching-yue, W. The spatial detection on distribution of metal
nano-particles during femtosecond laser ablation. Proc. SPIE 2009, 7381, 738109.

24. Donnelly, T.; Lunney, J.G.; Amoruso, S.; Bruzzese, R.; Wang, X.; Ni, X. Angular distributions of plume components in ultrafast
laser ablation of metal targets. Appl. Phys. A 2010, 100, 569–574. [CrossRef]

25. Anoop, K.K.; Polek, M.P.; Bruzzese, R.; Amoruso, S.; Harilal, S.S. Multidiagnostic analysis of ion dynamics in ultrafast laser
ablation of metals over a large fluence range. J. Appl. Phys. 2015, 117, 83108–83109. [CrossRef]

26. Toftmann, B.; Doggett, B.; Budtz-Jørgensen, C.; Schou, J.; Lunney, J.G. Femtosecond ultraviolet laser ablation of silver and
comparison with nanosecond ablation. J. Appl. Phys. 2013, 113, 083304. [CrossRef]

http://doi.org/10.1103/PhysRevLett.104.084801
http://www.ncbi.nlm.nih.gov/pubmed/20366937
http://doi.org/10.1103/PhysRevSTAB.18.033401
http://doi.org/10.1063/1.4794014
http://doi.org/10.1016/j.nima.2018.01.041
http://doi.org/10.1103/PhysRevSTAB.11.060702
http://doi.org/10.1103/PhysRevSTAB.15.090703
http://doi.org/10.1016/j.nima.2016.08.049
http://doi.org/10.1063/1.3531561
http://doi.org/10.1016/0168-9002(94)01322-5
http://doi.org/10.1063/1.1148934
http://doi.org/10.1016/j.nima.2014.03.032
http://doi.org/10.1063/1.348550
http://doi.org/10.1016/j.apsusc.2007.01.102
http://doi.org/10.1007/s00339-017-1396-1
http://doi.org/10.1103/PhysRevSTAB.12.043502
http://doi.org/10.1016/j.tsf.2016.03.008
http://doi.org/10.1016/j.nima.2015.09.064
http://doi.org/10.1007/s00339-012-7168-z
http://doi.org/10.1166/jnn.2009.C208
http://doi.org/10.1016/j.nima.2013.05.003
http://doi.org/10.1007/s00339-010-5877-8
http://doi.org/10.1063/1.4913505
http://doi.org/10.1063/1.4792033


Materials 2023, 16, 1267 11 of 12

27. Amoruso, S.; Bruzzese, R.; Wang, X.; Nedialkov, N.N.; Atanasov, P.A. Femtosecond laser ablation of nickel in vacuum. J. Phys. D
Appl. Phys. 2007, 40, 331–340. [CrossRef]

28. Harilal, S.S.; Diwakar, P.K.; Polek, M.P.; Phillips, M.C. Morphological changes in ultrafast laser ablation plumes with varying spot
size. Opt. Express 2015, 23, 15608–15615. [CrossRef]

29. Garrelie, F.; Loir, A.S.; Donnet, C.; Rogemond, F.; LeHarzic, R.; Belin, M.; Audouard, E.; Laporte, P. Femtosecond pulsed laser
deposition of diamond-like carbon thin films for tribological applications. Surf. Coat. Technol. 2003, 163–164, 306–312. [CrossRef]

30. Loir, A.S.; Garrelie, F.; Donnet, C.; Rogemond, F.; Subtil, J.L.; Forest, B.; Belin, M.; Laporte, P. Towards the deposition of tetrahedral
diamond-like carbon films on hip joints by femtosecond pulsed laser ablation. Surf. Coat. Technol. 2004, 188–189, 728–734.
[CrossRef]

31. Gilicze, B.; Barna, A.; Kovács, Z.; Szatmári, S.; Földes, I.B. Plasma mirrors for short pulse KrF lasers. Rev. Sci. Instrum. 2016,
87, 083101. [CrossRef]

32. Simon, P.; Ihlemann, J. Ablation of submicron structures on metals and semiconductors by femtosecond UV-laser pulses. Appl.
Surf. Sci. 1997, 109–110, 25–29. [CrossRef]

33. Komashko, A.M.; Feit, M.D.; Rubenchik, A.M. Modeling of long-term behavior of ablation plumes produced with ultrashort laser
pulses. Proc. SPIE 2000, 3935, 97–103.

34. Jordan, R.; Cole, D.; Lunney, J.G.; Mackay, K.; Givord, D. Pulsed laser ablation of copper. Appl. Surf. Sci. 1995, 86, 24–28.
[CrossRef]

35. Shin, B.S.; Oh, J.Y.; Sohn, H. Theoretical and experimental investigations into laser ablation of polyimide and copper films with
355-nm Nd:YVO4 laser. J. Mater. Process. Technol. 2007, 187–188, 260–263. [CrossRef]

36. Tang, G.; Abdolvand, A. Laser-assisted highly organized structuring of copper. Opt. Mater. Express 2011, 1, 1425–1432. [CrossRef]
37. Zhang, W.; Yao, Y.L.; Chen, K. Modelling and Analysis of UV Laser Micromachining of Copper. Int. J. Adv. Manuf. Technol. 2001,

18, 323–331. [CrossRef]
38. Tunna, L.; Kearns, A.; O’Neill, W.; Sutcliffe, C.J. Micromachining of copper using Nd:YAG laser radiation at 1064, 532 and 355 nm

wavelengths. Opt. Laser Technol. 2001, 33, 135–143. [CrossRef]
39. Lorusso, A.; Nassisi, V.; Buccolieri, A.; Buccolieri, G.; Castellano, A.; Leo, L.S.; DiGiulio, M.; Torrisi, L.; Caridi, F.; Borrielli, A.

Laser ablation threshold of culturalheritage metals. Radiat. Eff. Defects Solids 2008, 163, 325–329. [CrossRef]
40. Müller, F.; Mann, K.; Simon, P.; Bernstein, J.S.; Zaal, G.J. A Comparative Study of Deposition of Thin Films by Laser Induced PVD

with Femtosecond and Nanosecond Laser Pulses. Proc. SPIE 1993, 1858, 464–475.
41. Földes, I.B.; Bakos, J.; Gal, K.; Juhász, Z.; Kedves, M.Á.; Kocsis, G.; Szatmari, S.; Veres, G. Properties of high harmonics generated

by ultrashort UV laser pulses on solid surfaces. Laser Phys. 2000, 10, 264–269.
42. Byskov-Nielsen, J.; Savolainen, J.M.; Snogdahl, M.; Balling, P. Ultra-short pulse laser ablation of copper, silver and tungsten:

Experimental data and two-temperature model simulations. Appl. Phys. A 2011, 103, 447–453. [CrossRef]
43. Mannion, P.T.; Magee, J.; Coyne, E.; O’Connor, G.M.; Glynn, T.J. The effect of damage accumulation behaviour on ablation

thresholds and damage morphology in ultrafast laser micro-machining of common metals in air. Appl. Surf. Sci. 2004, 233,
275–287. [CrossRef]

44. Momma, C.; Nolte, S.; Chichkov, B.N.; Alvensleben, F.V.; Tünnermann, A. Precise laser ablation with ultrashort pulses. Appl. Surf.
Sci. 1997, 109-110, 15–19. [CrossRef]

45. Cheng, C.W.; Wang, S.Y.; Chang, K.P.; Chen, J.K. Femtosecond laser ablation of copper at high laser fluence: Modeling and
experimental comparison. Appl. Surf. Sci. 2016, 361, 41–48. [CrossRef]

46. Gamaly, E.G.; Rode, A.V.; Luther-Davies, B.; Tikhonchuk, V.T. Ablation of solids by femtosecond lasers: Ablation mechanism and
ablation thresholds for metals and dielectrics. Phys. Plasmas 2002, 9, 949–957. [CrossRef]

47. Axente, E.; Noël, S.; Hermann, J.; Sentis, M.; Mihailescu, I.N. Subpicosecond laser ablation of copper and fused silica: Initiation
threshold and plasma expansion. Appl. Surf. Sci. 2009, 255, 9734–9737. [CrossRef]

48. Hashida, M.; Semerok, A.F.; Gobert, O.; Petite, G.; Izawa, Y.; Wagner, J.F. Ablation threshold dependence on pulse duration for
copper. Appl. Surf. Sci. 2002, 197–198, 862–867. [CrossRef]

49. Gontad, F.; Lorusso, A.; Klini, A.; Manousaki, A.; Perrone, A.; Fotakis, C. Growth of poly-crystalline Cu films on Y substrates by
picosecond pulsed laser deposition for photocathode applications. Nucl. Instrum. Methods Phys. Res. Sect. A 2015, 799, 70–74.
[CrossRef]

50. Preuss, S.; Demchuk, A.; Stuke, M. Sub-picosecond UV laser ablation of metals. Appl. Phys. A 1995, 61, 33–37. [CrossRef]
51. Weaver, I.; Lewis, C.L.S. Polar distribution of ablated atomic material during the pulsed laser deposition of Cu in vacuum:

Dependence on focused laser spot size and power density. J. Appl. Phys. 1996, 79, 7216–7222. [CrossRef]
52. Eliezer, S.; Eliaz, N.; Grossman, E.; Fisher, D.; Gouzman, I.; Henis, Z.; Pecker, S.; Horovitz, Y.; Fraenkel, M.; Maman, S.; et al.

Synthesis of nanoparticles with femtosecond laser pulses. Phys. Rev. B 2004, 69, 144119. [CrossRef]
53. Singh, R.K.; Narayan, J. Pulsed-laser evaporation technique for deposition of thin films: Physics and theoretical model. Phys. Rev.

B 1990, 41, 8843–8859. [CrossRef] [PubMed]
54. Teubner, U.; Uschmann, I.; Gibbon, P.; Altenbernd, D.; Förster, E.; Feurer, T.; Theobald, W.; Sauerbrey, R.; Hirst, G.; Key, M.; et al.

Absorption and hot electron production by high intensity femtosecond uv-laser pulses in solid targets. Phys. Rev. E 1996, 54,
4167–4177. [CrossRef] [PubMed]

http://doi.org/10.1088/0022-3727/40/2/008
http://doi.org/10.1364/OE.23.015608
http://doi.org/10.1016/S0257-8972(02)00481-4
http://doi.org/10.1016/j.surfcoat.2004.07.046
http://doi.org/10.1063/1.4960089
http://doi.org/10.1016/S0169-4332(96)00615-0
http://doi.org/10.1016/0169-4332(94)00370-X
http://doi.org/10.1016/j.jmatprotec.2006.11.106
http://doi.org/10.1364/OME.1.001425
http://doi.org/10.1007/s001700170056
http://doi.org/10.1016/S0030-3992(00)00126-2
http://doi.org/10.1080/10420150701777611
http://doi.org/10.1007/s00339-011-6363-7
http://doi.org/10.1016/j.apsusc.2004.03.229
http://doi.org/10.1016/S0169-4332(96)00613-7
http://doi.org/10.1016/j.apsusc.2015.11.055
http://doi.org/10.1063/1.1447555
http://doi.org/10.1016/j.apsusc.2009.04.060
http://doi.org/10.1016/S0169-4332(02)00463-4
http://doi.org/10.1016/j.nima.2015.07.041
http://doi.org/10.1007/BF01538207
http://doi.org/10.1063/1.361437
http://doi.org/10.1103/PhysRevB.69.144119
http://doi.org/10.1103/PhysRevB.41.8843
http://www.ncbi.nlm.nih.gov/pubmed/9993223
http://doi.org/10.1103/PhysRevE.54.4167
http://www.ncbi.nlm.nih.gov/pubmed/9965565


Materials 2023, 16, 1267 12 of 12

55. Tóth, Z.; Hopp, B.; Klebniczki, J.; Kresz, N.; Bor, Z.; Anglos, D.; Kalpouzos, C.; Fotakis, C. Expansion velocities of 0.5 ps KrF
excimer laser induced plasma by Doppler-shift analysis of pump and probe measurements. Appl. Phys. A 2004, 79, 1287–1290.
[CrossRef]

56. Haverkamp, J.; Mayo, R.M.; Bourham, M.A.; Narayan, J.; Jin, C.; Duscher, G. Plasma plume characteristics and properties of
pulsed laser deposited diamond-like carbon films. J. Appl. Phys. 2003, 93, 3627–3634. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00339-004-2752-5
http://doi.org/10.1063/1.1555695

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

