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Abstract: Photocathodes are key elements in high-bright-
ness electron sources and ubiquitous in the operation
of large-scale accelerators, although their operation is
often limited by their quantum efficiency and lifetime.
Here, we propose to overcome these limitations by uti-
lizing direct-laser nanostructuring techniques on copper
substrates, improving their efficiency and robustness for
next-generation electron photoinjectors. When the sur-
face of a metal is nanoengineered with patterns and
particles much smaller than the optical wavelength, it
can lead to the excitation of localized surface plas-
mons that produce hot electrons, ultimately contribut-
ing to the overall charge produced. In order to quan-
tify the performance of laser-produced plasmonic pho-
tocathodes, we measured their quantum efficiency in a
typical electron gun setup. Our experimental results sug-
gest that plasmon-induced hot electrons lead to a signif-
icant increase in quantum efficiency, showing an overall
charge enhancement factor of at least 4.5 and up to 25.
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A further increase in their efficiency was observed when
combined with semiconductor thin-films deposited over the
laser processed surfaces, pointing at potential pathways for
further optimization. We demonstrate that simple laser-
produced plasmonic photocathodes outperform standard
metallic photocathodes, and can be directly produced in-
situ at the electron gun level in vacuum environments and
without any disruptive intervention. This approach could
lead to unprecedented efficient and continuous operation of
electron sources, and is useful in many applications across
scientific disciplines requiring high average and peak cur-
rent electron beams.

Keywords: hot electrons; plasmonics; photoemission; accel-
erators

1 Introduction

Advanced electron accelerators capable of producing high
peak and average currents are used in multitude of appli-
cations across technical and scientific fields. Among them,
recent progress in FLASH cancer therapies [1, 2] or the
development of ultra-high photon flux extreme ultraviolet
(EUV) and X-ray sources [3—6] are limited to some extent
by the available photocathode technology. Metallic photo-
cathodes are a well-established technology but tend to have
relatively low quantum efficiency (QE). This cascades into
demanding requirements for ultrafast laser average power
atshort wavelengths, often in the watts-level and in the deep
ultraviolet (DUV) range. Since the first demonstrations of
high QE caesium telluride (Cs,Te) photocathodes at CERN
in the early 90s [7], different semi-conductor materials have
been proposed and utilized [8-13]. However, their environ-
mental sensitivity due to a high chemical reactivity results
in a limited lifetime, requiring frequent replacements, and
imposing ultra-high-vacuum (UHV) conditions for reliable
short-term operation.
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Finding new routes for enhancing the photo-emissive
properties of materials without compromising their reli-
ability is a crucial task. In this regard, plasmonic effects
are poised to play a key role in the efficiency of photo-
emissive devices [14], including sensors [15], devices based
on metamaterials [16, 17], ultrafast photodetectors [18-20],
solar energy harvesters [21, 22], or nanoscale light-to-heat
transducers [23]. Plasmonic nanostructures such as nanos-
tars [24, 25], nanorods [26], carbon nanotubes [27] and other
multi-resonant nanostructures [28—-30] have been proposed
for electron beam production, with peculiar phase space
and spatio-temporal properties. In the field of accelerator
physics, plasmonic nanostructures enhancing non-linear
and multi-photon photoemission from metallic nanoholes
and nanogrooves have been demonstrated [31-33]. This in
turn allowed the use of longer wavelength lasers in the
near-IR, but at the cost of operating close to the material
damage threshold.

There are significant advantages of operating in the
linear photoemission regime while exploiting plasmonic
effects; the lower intensity allows for higher charge produc-
tion without material damage, while DUV laser technology
currently could allow to operate at high average current.
Here, in contrast to non-linear photoemission, the highly
localized confinement of surface plasmons can lead to the
production of high energy electrons via non-radiative decay,
a process characterized by a significant deviation from the
Fermi-Dirac distribution traditionally assumed in classic
photoemission models. Not surprisingly, this approach has
been explored for photovoltaic [34], photochemical [35], and
photodetector applications [36, 37]. Moreover, the combina-
tion of metallic nanostructures with ultra-thin-film dielec-
tric coatings can further enhance the emission current den-
sity and corresponding QE of plasmonic nanostructures
[38].

In this work, we propose to enhance the electron
yield from copper photocathodes using plasmon-induced
hot electrons in laser-fabricated nanostructures. Our exper-
iments come in several steps: First, we show a simple and
efficient laser-based fabrication technique for the genera-
tion of plasmonic nanostructures in copper, which are res-
onant under DUV illumination. Second, the copper work
function can be lowered by depositing a caesium and tel-
lurium (CsXTey) thin film over the nanostructures, which
amplifies further the charge production. Third, we experi-
mentally demonstrate a charge production enhancement of
about 5-25 times from nanostructures compared to a flat
copper surface in a DC electron gun driven by nanosecond
DUV pulses.
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2 Theory

Traditionally, metallic nanostructures have been utilized to
enhance ultrafast driving optical fields via localized surface
plasmon resonances, prompting electron emission in the
so-called strong-field regime. In this case, tunnelling and
multi-photon effects aid the photoemission process thanks
to the resulting infrared optical electric fields exceeding the
GV/m barrier [18, 28, 32, 39]. To reach this field level the use
of ultrafast or even single-cycle light pulses was mandatory.
In contrast, the production of hot electrons via plasmonic
resonances in metallic nanoparticles can be, in principle,
achieved employing orders-of-magnitude lower laser elec-
tric fields and in a quasi-stationary manner [40, 41]. Here,
the hot electron distribution arising from the plasmonic
interaction can increase the electron emission probability,
enhancing the overall quantum efficiency [42, 43]. It should
be noted that the resulting electron beam emittance can be
degraded due to the resulting broad distribution of pho-
toemitted electron momenta [44], and in particular when
using photons at DUV wavelengths. Nevertheless, for appli-
cations requiring efficient high charge and average current
electron beams, this approach is interesting.

The energy and the corresponding excited-state distri-
bution of hot electrons can be estimated by employing a jel-
lium model in combination with Fermi’s golden rule [37, 45].
This simple approach assumes a non-interacting electron
gas confined under a uniform background potential. Upon
excitation of the system with light of frequency w, the prob-
ability per unit time I',(E s, @) of generating a hot electron in
a particular f state can be calculated using Fermi’s golden
rule [37, 45]. This probability scales directly with the transi-
tion matrix elements M i and M ifs which can be calculated by
computing the integral M; = / V(r, w)p,(r)dr. Here, V(r, »)
is the induced electric potential arising from the optical
excitation of the plasmon, while p ﬁ(r) = e‘P’;(r)‘Pi(r) corre-
sponds to the creation of the two excited carriers (a hole in
state ¥; and an electron in state ¥ ).

We can estimate an upper limit for the resulting quan-
tum efficiency of the photoemission process by computing
the number of hot electrons with energy above the work
function W that are generated per absorbed photon. This
quantity is related to the figure of merit W,(e) proposed
in [45], which accounts for the hot electrons generated per
each plasmon excited in the system that have an energy E;
larger than a defined threshold e. In our case this threshold
€ = W, resulting in the equation:

QF < N,(W) = )
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Here, Py, = C,,4l, represents the power absorbed by
the nanostructure, which is given by the product of its
absorption cross section C,,, and the intensity of the inci-
dent illumination I,.

Despite the simplicity of this theoretical description,
which technically describes the hot electron generation pro-
cess right after the decay of the plasmon, it provides valu-
able insight for the design of the photocathode. In particular,
it tells us that: (i) The geometry of the selected nanostructure
should be such that the induced electric potential V(r, ) is
maximal. (ii) For a fixed QE, the absorption cross section
should be as high as possible to maximize the generated
current. (iii) The range of the summation in eq. (1) can be
maximized by lowering the work function W, which can
be achieved by employing monolayers of suitable materi-
als such as Cs as depicted in Figure 1(a). We assume that
such a thickness of Cs does not affect the optical perfor-
mance of the nanostructures. Figure 1(b) and (c) summarize
the effects involved in the efficiency of the photoemission
process.
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Figure 1: Enhancement of photoemission due to hot carrier generation
in plasmonic nanoparticles. (a) Schematic view of a Cu nanoparticle
covered with a Cs, Te, thin-film layer illuminated by DUV photons.

(b) Schematic of hot-carrier generation: plasmonic nonradiative decay
produces electron-hole pairs resulting in a non-equilibrium distribution
of hot electrons and holes. Hot electrons are represented by the red areas
above the Fermi energy £,. (c) Schematic diagram of the work function
reduction induced by the applied field and the addition of a Cs, Te, layer.
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3 Nanostructure laser fabrication

In terms of nanofabrication, it is challenging to simultane-
ously optimize all these effects for a given nanostructure
morphology and spatial distribution, and some techniques
trade-off between nanostructure size and inter-spacing with
a view on optimizing simultaneously photon absorption
and plasmonic resonance at the wavelength of interest.
Common approaches include sophisticated nanofabrication
techniques such as electron beam lithography (EBL), col-
loidal deposition, or focused ion beam lithography (FIB) [46].
While these methods feature very high mesoscopic accu-
racy, they tend to be complex, require multiple fabrication
steps and take significant time to cover mm? areas. Also, the
possibility of in-situ and in vacuum photocathode rejuvena-
tion would suppose a great added value for electron guns in
accelerator facilities.

To address this nanofabrication challenge, we take an
alternative route based on surface nanostructuring via cop-
per nano-ablation using ultrafast pulsed lasers. When the
laser fluence is precisely tuned slightly above the material’s
ablation threshold, the process leads to two main types of
nanofeatures. First, ripple-like sub-wavelength nanostruc-
tures (also known as laser induced periodic surface struc-
tures, LIPSS) depending on the irradiation wavelength, flu-
ence, number of pulses or wavefront [47-51]. Second, the
production of nanoparticle clusters in the range of few tens
to hundreds of nanometers arising from the rapid expan-
sion and cooling of the ablation plasma plume generated
after the absorption of high intensity laser pulses [52—57].
Moreover, the nanoparticle size and distribution can be con-
trolled to some extent by tuning the laser and fabrication
parameters [58].

We fabricated two photocathodes with different ultra-
fast laser systems and sets of fabrication parameters. First,
photocathode (A) was fabricated using 130 fs pulses at
800 nm wavelength and at 1 kHz repetition rate, leading to
the topographies shown in Figure 2(a). Here, the average
nanoparticle dimensions (assumed to be quasi-spherical)
presented a radius of 49 + 19 nm (see Figure 2(b)). The
nanostructured areas of photocathode (A) consisted in two
2 x 2mm? squares centered in the photocathode plug, as
it is shown later in the article in the inset of Figure 4(a).
Second, photocathode (B) was processed using 260 fs pulses
at 515 nm with a 100 kHz pulse repetition rate. The resulting
surface topography is shown in Figure 2(d), with a statisti-
cal nanoparticle size of radius 32 + 8 nm (see Figure 2(e)).
The nanostructured areas consisted of 2 X 2 mm squares
distributed along the whole photocathode (B) surface with
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Figure 2: Nanoparticle size and distribution in laser fabricated plasmonic photocathodes. (a, d) SEM images of the nanostructured areas in
photocathode (A) and (B) respectively. The images show the structures combining ripple-like patterns with the presence of multiple nanoparticles.
Insets show higher magnification images from which the nanoparticles shapes and distribution can be distinguished and some examples of the
particles measurements performed. The scale bars correspond to 300 nm in both cases. (b, e) Distribution of the measured nanoparticle radii in
photocathode (A) and (B) respectively, showing average radius of 49 + 19 nm and 32 = 8 nm. (c, f) Maximum field enhancement max{f(r,, 6, p)}
as function of the excitation wavelength for the nanoparticle sizes and distribution measured in photocathode (A) and (B).

a checkerboard design, as shown also in the inset of
Figure 4(b). It is important to remark that, in the case of
photocathode (A), only the central area of the photocathode
was treated, having large flat areas that allowed a direct
comparison between nanostructures and untreated areas.
The checkerboard design in cathode (B) was intended to
allow an estimate of the differential QE across the entire
surface of the cathode, but the spatial resolution of our
experimental setup (about 1.5-2 mm) prevented this mea-
surement to be realized with enough accuracy to resolve the
pattern. Both cathodes presented ripple-like nanostructures
with a spatial periodicity of 570 nm and 380 nm respectively
although these do not significantly alter the local electric
field when illuminated with DUV light at 266 nm. Further
information as well as simulations of the field enhancement
in the produced photocathodes can be found in the Supple-
mentary Material.

With a view on setting upper and lower bounds for the
potential field enhancement of these nanoparticles under
DUV illumination, we conducted a series of electromagnetic
simulations using COMSOL™ in the frequency domain. We
simulated copper nanoparticles of variable radius r placed
on top of a flat copper surface with a penetration depth
of 0.2r (corresponding to h = 0.8r) as shown in Figure 1(a).
We apply an electromagnetic wave at normal incidence, of

wavelength A = 266 nm, and linearly polarized so that the
input electric field is parallel to the copper surface plane
resembling the experiments. The simulated nanoparticles
exhibit clear plasmonic behavior with different resonance
peaks of field enhancement depending on the nanoparticle
size and excitation wavelength.

We then calculate the field enhancement factor
p = |E|/|E,] at the nanoparticle surface (r=r;) in
spherical coordinates {r,, 8, p} and computed its maximum
max{f(ry, 0, p)} over the entire nanoparticle surface for
a range of radius and illumination wavelengths. This data
allows to estimate the optimal nanoparticle radius to
achieve maximum field enhancement. Figure 2(c, f) show
max{f(r,, 0, p)} as a function of impinging wavelength for
the nanoparticles of size corresponding to the statistical
distribution measured for photocathode (A) and (B),
respectively. The simulation results show that when
illuminated in the DUV range (around 260 nm), the
field enhancement factor f of the statistically measured
nanoparticles is in the range of 2-3 at the nanoparticle
surface.

Although there is a direct connection between the field
enhancement and the generation of hot electrons, it is diffi-
cult to predict a-priori which photocathode could perform
better due to the non-linear dependency of I', with the
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induced potential at each r. For instance, photocathode
(A) has an average particle size of y, ~49 nm, well matched
to the theoretical maximum plasmonic resonance, but
with a larger spread o, = 19 nm than photocathode (B)
oy =8 nm. Additionally, the use of the maximum f to assess
the QE of the nanoparticle can render inaccurate results
since the produced photo-current density should be com-
puted by integrating the electron emission from the entire
nanostructure surface and not just at the maximum. Con-
sequently, the predictions shown here are supporting the
experimental results only qualitatively.

4 Experiments

The photoemission experiments were conducted at the CERN photo-
cathode fabrication facility, which is equipped with a preparation area
and a characterization beamline as shown in Figure 3. The nanostruc-
tured photocathodes were first inserted into the preparation area fully
opened to air atmosphere. This chamber had to undergo a bake-out
(heating elements to temperatures from 150° to 250°) to assure proper
vacuum conditions for the later transfer to the DC gun characteri-
zation beamline (already at UHV and separated by a UHV stainless
steel mechanical valve). Further details about the facility and DC gun
setup are provided in the Supplementary Material. During the bake-out
procedure, Cs and Te were evaporated from the hot surfaces of the
deposition chamber resulting in deposition of these elements onto the
photocathode surface. Their thicknesses were determined based on
XPS analyses (see Supplementary Material). The average Cs(Te) thick-
ness for photocathode (A) was 0.8(8.3) A and for photocathode (B) 2.9(11)
A. Furthermore, a slight oxygen content equivalent to a layer of 0.5-1 A
was detected. The Cs surface content is comparable for the treated and
untreated regions of the individual photocathodes and is expected to
result in a reduction of the surface work function, while the presence
of Te and O on the cathode surface is only expected to result in a
reduction of the QE as they slightly increase the effective work function
W [59]. We also assume that the small magnitude of these parasitic
layers in the sub-nm scale should not alter the plasmonic response of

Photocathode characterization beamline
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the nanostructures significantly, but we note that in general the photoe-
mission rate and transition absorption for nanoparticles surrounded
by various media benefits from surrounding them with materials with
lower permittivity [60].

The photocathodes were transferred to the photocathode charac-
terization beamline using a load-lock system. The gun was maintained
at a constant base pressure of less than 107 mbar and a voltage of
65 kV produced a field of 6.5 MV/m at the cathode surface. The electron
beam was produced employing a linearly polarized DUV laser beam at
A =266 nm, 5 ns pulse duration, and 10 Hz repetition rate and directed
to the photocathodes via in-vacuum mirror with an incidence angle
of 5° with respect to the surface normal. The focused spot size was
of approximately 1.5-2 mm FWHM at the photocathode surface. The
DUV laser beam was then rastered over the photocathode surface using
a motorized mirror while simultaneously measuring the generated
charge for different values of the pulse energy. Finally, four solenoids
(S, - S,) provided weak focusing along the electron beamline and the
electron bunch charge was monitored simultaneously by a wall-current
monitor (WCM) and a Faraday cup.

The experimental results are presented in Figure 4. The charge
produced from the untreated flat copper surface of photocathode (A)
resulted in a QE of approximately 9.95 x 1075. In contrast, the QE
in the nanostructured area was measured to be approximately 4.45
X 1074, showing an enhancement factor 4.5, as shown in Figure 4(a).
The photocathode (B) QE analysis retrieved the results shown in
Figure 4(b). In this case, the maximum measured QE was 2.58 X 1073,
which is approximately an enhancement factor of 26 when compared
to the untreated area. As stated before, the laser spot size did not
allow to spatially resolve the squared nanopatterned areas, and so
our QE results were an average over a surface of around 3-4 mm?,
therefore the maximum QE enhancement in the case of photocath-
ode (A) is likely to be higher than the reported here. During the fs-
laser nanopatterning process, additional debris particles [61] were re-
deposited in the vicinity of the treated areas, smearing further the
spatial resolution of the QE measurement. In all cases, the measured
QE was insensitive to the polarization state of the impinging DUV
laser indicating a rotational symmetry of the nanoparticle morphology
and spatial distribution, thus ruling out any contribution from the
ripple-like patterns. The summary of the main results is presented in
Table 1.

Preparation area

S4 S; S, WCM 2 Evaporators
] N E
T - I,
= ([T | JO
Faraday L Lél é;c_l . \ Load-lock
cup m Preparation
szggn ¢ chamber
ccD L
] 2 /I/ ﬁ Transfer arm
UV laser Motorized
mirror Nanostructured
photocathode

Figure 3: Schematic layout showing the relevant devices of the DC photoelectron gun setup used in the experiments. Elements in the left comprise
the photocathode characterization beamline. Items in the right constitute the photocathode preparation area. S, - S, are solenoids, WCM, Wall
current monitor; V*, positive voltage (anode) in the DC gun; PM, on line power meter.
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Figure 4: Spatially resolved quantum yield of nanostructured photocathodes. (a) QE map obtained for photocathode (A) using a pulse energy of
5.71 . (b) QE map obtained for photocathode (B) using a pulse energy of 13.34 pJ. The quantum efficiency was calculated by scanning the surface
of each of the photocathodes with a step size of 0.25 mm and 0.5 mm, respectively. Each step consisted in an average of 100 consecutive readings

of the QE under a repetition rate of 10 Hz.

Table 1: Summary of the results obtained with each photocathode. The QE enhancement factors are calculated by comparing with the flat areas of

photocathode (A).

Photocathode Nanoparticle r

Cs thickness max{QE} (enhancement)

(A) Untreated -
(A) Treated 49 +19 nm
(B) Treated 32+ 8nm

9.95 %X 1075 (—)
4.45 %1074 (4.5 %)
2.58 x 1073 (25.9 X )

0.8 A
0.8 A
29A

Figure 5 shows the produced bunch charge as a function of DUV
pulse energy in each area of interest for both photocathodes. Here,
the produced charge was always kept below 3.5 nC to avoid saturation
effects in the different charge monitoring devices used. The bunch
charge shows a linear trend with DUV pulse energy, suggesting that the
photoemission process was linear and therefore space charge and other
non-linear photoemission effects could be neglected. The plasmonic
effect was expected to scale linearly with the applied laser field, which
is consistent with the experimental results. The measured QE value for
the untreated copper in photocathode (A) is close to that reported in the
literature at this wavelength and under similar electrostatic extraction
potential 3 X 10~° — 2 x 10~*) [62], suggesting that a Cs thin-film of 0.8 A
in thickness did not contribute significantly to the QE. Given the simi-
larity in the chemical content and composition between treated and
untreated areas as measured by XPS, we suggest that the enhancement
of the QE in photocathode (A) could be originated exclusively from
the interaction between the DUV light and the morphological features

present in the nanostructured areas.
Photocathode (B) presents a Cs content significantly higher

(a factor of 3.5 times) than that measured for photocathode (A) and
equivalent to a layer thickness of 2.9 A. It is well known that cesiated
copper surfaces can have a reduced work function down to 1.8 eV [63].
Following Fowler-Dubridge theory, such a decrease in work function

T T T T
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®  Nanospheres 49+19nm + Cs (0.8A)
1
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Figure 5: Measurements of the charge generated as a function of the
delivered UV pulse energy at the center of the photocathode (B) surface,
the nanostructured area of photocathode (A) and the flat area of
photocathode (A). The QE is calculated with the slope of the fitted linear

trends of photoemission.
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translates into a direct increase of QE, given that QF « (hw — ¢))*> when
the temperature dependence of the photoemission process is small.
Here ¢ is the height of the emission barrier above the Fermi level
(work function W minus Schottky barrier lowering factor) [64, 65].
The reduction in work function can be accurately calculated using the
Gyftopoulous-Levine formalism as a function of caesium monolayer
coverage. Following this theory, the optimal Cs film thickness over a
copper substrate is around 6-8 A [66], which is significantly larger than
the estimated here via XPS measurements. Moreover, the photocathode
(B) thin-film coverage is less than 20 % mono-layer, and negligible for
the case of photocathode (A). Nevertheless, unlike in photocathode
(A), the increase in QE of photocathode (B) can be associated with the
composite contributions of the Cs, Te, layer and the plasmonic effect in
the nanoparticles.

5 Conclusions

To conclude, we show that disordered nanostructures and
nanospheres featuring plasmonic enhancement can effec-
tively aid in the production of high charge electron beams
from metallic photocathodes, specifically on copper, which
is common in photoinjectors worldwide. The measurement
of the charge generated as a function of laser pulse energy
over the produced photocathodes suggests that hot elec-
trons may play an important role in the resulting QE when
directly comparing the emission from plasmonic nanostruc-
tures and flat surfaces with nearly identical chemical com-
position. The experimental results showed significant QE
enhancement factors between 5 and up to 25. We believe
that this approach could be very promising for improving
current photocathode technology, specially considering that
further optimization of the nanostructures can be easily
achieved with commercial ultrafast laser technology.

Our fabrication method is highly versatile, single step,
easy to integrate in most electron guns and can be eas-
ily tuned to specific material properties and photoemis-
sive parameters. Compared to other nanofabrication tech-
niques, our approach results in rugged and durable nanos-
tructured surfaces, with the capability of in-situ rejuvena-
tion. We also show that the charge may be further increased
depositing caesium and tellurium over the copper nanos-
tructures, which could also be implemented at the gun level
with dispensers. Further experiments with optimized semi-
conductor layers should be performed to fully understand
the potential of this approach, as well as measurements
of the emittance of the produced electron beams. Never-
theless, our results readily open new avenues for metallic
photocathode improvement and represent a step further
in the understanding of plasmonics effects occurring dur-
ing photoemission processes, which are highly relevant for
advanced electron accelerator development.
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In this document, we provide additional information and data related to the fabrication of the nanos-
tructured photocathodes, as well as their surface composition. The results are accompanied by COMSOL
simulations of field enhancement achievable with a variety of copper surface nano-morphologies.
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1 Direct-laser copper nano-processing

The photocathodes used in this work consist of oxygen-free electronic (OFE) grade copper photocathode
plugs (with oxygen content < 5x10). The Copper photocathode plugs are turned and polished with
diamond powder in order to achieve an Ra < 0.02 pm on the substrate surface. The top surface has
19 mm diameter and further details about the plugs design and dimensions can be found in [1]. Before and
after laser processing, the CERN standard procedure for UHV cleaning which consists in wet-chemically
degreasing with a commercial detergent and subsequent rinsing in deionized water was applied to both
photocathodes [2].

Two different ultrafast laser systems were used for photocathode (A) and (B) surface nanopatterning.
Laser parameters sweeps (fluence, scanning speed, spot size) were carried out with both systems to find
optimum nanostructuring on test samples made from the same type of copper and using the same
polishing and cleaning procedures as for the copper photocathode plugs. After SEM analysis of the
different structures generated by each set of laser parameters, optimal conditions were replicated on the
final copper photocathode (A) and (B) plugs. In the next paragraphs, the final fabrication parameters
for each photocathode together with a detailed description of each ultrafast laser system are described.
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Figure S1: SEM images at different magnifications of the nanostructures fabricated at the surface of: (a,
b, ¢) photocathode (A) and (d, e, f) photocathode (B).

The nanopatterning of photocathode (A) was carried out with a Ti:sapphire laser system consisting
of a mode-locked oscillator and a regenerative amplifier (Coherent Libra™). The system delivered up
to 2 mJ, 130 fs pulses at a central wavelength A = 800 nm, with a 1 kHz repetition rate. The laser
power was adjusted to 0.2 mW with a two-step setup: a variable attenuator formed by a half-wave plate
and a low dispersion polarizer and neutral density filters. The initial 5 mm laser beam diameter was
focused onto the copper samples by means of a broadband 10x microscope objective with a NA of 0.16.
The focused beam spot at the samples surface was measured using a 50x microscope objective and a
Coherent LaserCam™HR-UV, yielding approximately a beam waist wq of 5.5 pm. The laser polarization
was set parallel to the scanning direction and a three-dimensional translational stage was used to move
the sample under the laser beam with a velocity of 70 pm/s. Figure S1(a, b, ¢) shows SEM images of
the nanostructures produced with the selected set of laser parameters.

The final 4 mm? nanopatterned areas were produced by 1D line-scanning of the laser spot with the
described parameters using a separation distance between the lines of 2.5 pm. Two nanopatterned areas
of 4 mm? were produced at the center of photocathode (A) and the rest of the surface was not irradiated
as shown in Fig. S2(a, b).

Figure S2: Photographs of the produced nanostructured photocathodes: (a, b) corresponding to photo-
cathode (A). (¢, d) corresponding to photocathode (B).

The nanopatterning of photocathode B was performed by a fs-laser system (Light Conversion Pharos™)

delivering up to 2 mJ at A = 1030 nm. The output beam was frequency-doubled to A\ = 515 nm, the
power was adjusted to 90 mW with a pulse duration of 260 fs and a repetition rate set to 100 kHz.
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The sample was mounted into a laser material processing system from 3D MicroMac with a computer-
controlled x-y stage. The laser beam was focused by a f-theta lens with 165 mm focal length onto the
sample surface with a wg of 14 pm determined by Liu Plot [3]. The final 4 mm? nanopatterned areas
were produced by 1D line-scanning of the laser spot through a galvanometer, setting a scanning velocity
of 10 mm/s and a separation distance between the lines of 10 pm. Figure S1(d, e, f) shows SEM images
of the nanostructures produced with the selected set of laser parameters.

The controlled movement of the laser beam over the whole photocathode (B) surface allowed the
production of irradiated and non-irradiated 4 mm? areas with a chessboard-like structure, as shown in
Fig. S2(c, d).

2 Electric field enhancement simulations

The objective of the simulations is to examine the response of three-dimensional copper morphologies
present in the experimentally tested samples when exposed to a DUV laser beam perpendicular to them.
By roughly tailoring the surface structures in size and shape, it is possible to induce the excitation of
localized surface plasmons. These excitations produce an enhancement of the amplitude of the laser field
Ey by a factor denoted as g = |E;|/|Ey|, where Ey represents the local electric field computed at each
point on the metallic surface.

We perform electromagnetic simulations using COMSOL™ to determine the expected value of g for
various geometries and wavelength parameters. We employ the Finite Element Method (FEM) solver
to solve Maxwell’s equations within a three-dimensional domain. The simulation first focuses on a thick
copper (Cu) surface situated in vacuum. The dielectric properties of copper are modeled using ¢ = 1
(typical for standard metals) and o= 5.998x107 S/m. The simulations were also performed with other
values for the dielectric loss taken from [4] given that the illumination was at DUV wavelengths, although
the results for the field enhancement varied less than 1%. For all simulations, the system is excited with
an incident electromagnetic plane wave, linearly polarized, defined as E = Epe~"**, with Ey = 1 V/m
and k = 2/ (where )\ represents the wavelength). The FEM meshing refinement is set to a precision
level of A/10, and a parametric sweep is employed in the solver to comprehensively examine the behavior
of the plasmonic system.

2.1 Nanospheres partially immersed in Cu surfaces

We place a Cu nanosphere of variable radius R on a Cu surface with a penetration depth inside the
surface set at 0.2 x R to match roughly the experimental observation using SEM microscope images.
The study is conducted looking at variations of the (R, \) pairs. Due to the rotational symmetry of the
simulated arrangement, the polarization orientation does not play any role.
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Figure S3: Visualization of field enhancement in partially immersed Cu nanospheres with radii (a) 50
nm and (b) 100 nm when irradiated with 266 nm light.

Figure S3 shows the surface enhancement achievable for two different nanosphere radii. The 50 nm
radius nanosphere excited by a 250 nm incident field is expected to display an enhancement with g >
3.5, as shown in Fig. S3a. For larger particle sizes, plasmonic behavior is also clearly observed, as shown
Fig. S3b. However, it corresponds to higher-order plasmonic resonances, consequently yielding a lower
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maximum electric field enhancement factor, just above 1.8. Note that here we study the surface field
data only and not the surrounding field.

By varying both the radius and the wavelength we can now compute an overall map displaying the
plasmonic resonances of the system. The corresponding results are shown in Fig. S4. They portray the
possibility of enhancing the field up to a factor of 3.5 by roughly matching the nanosphere radius to
1/6 of the incident wavelength. The broad resonance of the nanospheres is also an indicator of their low
quality factor, although also points at a low requirement for size accuracy. This enables us to use laser
techniques for fabricating resonant nanospheres with loosely matched size but still enhancing the field
relatively efficiently.
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Figure S4: Overall maximum field enhancement factor achievable at the surface of partially immersed
Cu nanospheres with various radius R and at a range of excitation wavelengths from 200 to 1000 nm.

Figure S5 depicts the vector components of the amplified field within the polarization plane near the
nanosphere. The size and direction of the arrows indicate the intensity and orientation of E at each
specific point. Our observations reveal that while the surface field enhancement in the metal reaches
a maximum of g = 3.5 for a 50 nm sphere, in the immediate vicinity of the surface, it rises to g > 6.
The orientation of the field varies depending on the plasmonic lobes associated with different plasmonic
modes, highlighting the significance of the phase of the wave E. The plasmonic field exhibits alternating
positive and negative orientations relative to the surface of the sphere, oscillating over time.

R =100 nm

Figure S5: Overall maximum field enhancement factor achievable at the surface of partially immersed
Cu nanospheres with various radius R and at an excitation wavelength of 266 nm.
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2.2 Periodic nano-grooves

The SEM images clearly revealed the presence of periodic ripples known as laser induced periodical
surface structures (LIPSS) [5], with periodicities ranging from approximately 380 nm to 570 nm. In
our modelling approach, we construct semi-cylinders that are periodically placed on a surface, with
smaller semi-cylindrical grooves carved into the surface to separate them. The aspect ratio between the
cylinder and groove was established as 1/5 based on observations from SEM images and profilometric
studies as shown in Figure S6a. To maximize the field enhancement factor, the structures were oriented
perpendicular to the polarization of the incident wave. Figure S6a shows the results of field enhancements
for a periodicity of 170 nm, which was best matched to DUV illumination wavelengths to gain insight
in the enhanced plasmonic properties when illuminated in DUV laser driven photoinjectors. For larger
periodicities the enhancement was rather negligible at this wavelength.
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Figure S6: (a) Field enhancement in the vicinity of the nanogrooves with spatial periodicity of 170 nm
when illuminated with 266 nm pulses. (b) Calculated maximum field enhancement as a function of
excitation wavelength for various ripple periodicities.

The arrays of cylindrical structures exhibit evident plasmonic behavior, with both the position and
intensity of the field enhancement varying with the excitation wavelength. In order to maximize the
plasmonic resonance, the orientation of the array was set perpendicular to the polarization of the incident
field. This configuration was found to result in a more intense plasmonic response compared to when
the cylinders were aligned parallel to the incident field. When parallel, only the tips of the cylinders are
influenced, resulting in less overall surface area interacting with the plasmon.

In order to understand better the periodicity requirements as a function of excitation wavelength,
we explored spatial periodicities A going from 150 to 300 when illuminated between 200 and 1000 nm.
Figure S6b illustrates the resonance peaks of the structure within the maximum enhancement factor
dataset, exhibiting a shift towards longer resonant wavelengths as the spatial periodicity (A) increases.
This observation is logical as a larger spatial periodicity scales up the characteristic size of the ripples,
resulting in larger resonant cavities that require longer wavelengths to resonate. Between 170 nm to 200
nm, the resonant wavelengths are shown to fall between 275 nm and 320 nm, with an enhancement factor
Jmax = 2.58. Although this value is promising, it is important to consider the spatial distribution of the
field, which will eventually decrease the effective experimental enhancement. It should be noted that the
model used may not be geometrically accurate, and more precise modelling may result in varying and
potentially decreased field enhancement values.

3 Surface analysis using X-ray photoelectron spectroscopy

The samples were characterized by X-ray photoelectron spectroscopy following the transfer and using the
experimental setup described in [6]. Figure S7 includes the spectra that were acquired on laser-treated
and untreated regions of the photocathodes A and B. Since mainly Cs, Te, O and C were detected on
the Cu surface, we have modelled the spectra using the NIST Database for the Simulation of Electron
Spectra for Surface Analysis (SESSA): Version 2.0 using a Cs,Te, layer on Cu with C and O surface
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adsorbate layers. The resulting layer compositions and thicknesses (equivalent Cs and Te single layer
thicknesses) are:

e Photocathode A:
— laser-treated: 11.0 A Cs; Tesp (0.8 A Cs& 83 A Te) with 1.0 A Cand1A O
— untreated:  11.0 A Cs;Tesp (0.8 A Cs & 8.3 A Te) with 1.0 A Cand 0.5 A O

e Photocathode B:
~ laser-treated: 15.0 A Cs;Teg (2.5 A Cs & 11.0 A Te) with 1.0 A Cand 0.5 A O
— untreated: 145 A Cs;Te; (3.3 A Cs & 11.1 A Te) with 1.0 A Cand 0.5 A O

—— photocathode B - untreated
—— photocathode B - treated
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Figure S7: X-ray photoelectron spectra of the laser-treated and untreated regions of photocathodes A
and B (top: survey spectra, bottom: detail spectra of the Cu 2ps,2, Te 3d5/2 and Cs 3d5/, states).

4 DC gun setup details

After the nanopatterning and the cleaning processes, the photocathodes were initially introduced into the
DC-GUN preparation chamber fully opened and exposed to air atmosphere. Then, Ultra High Vacuum
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(UHV) conditions were reached in the preparation chamber following three main steps. First, an initial
vacuum in the range of 1077 - 108 mbar was established through primary and turbo pumps. Second,
a typical bake-out process ramping up the temperature to 150 - 250 degrees (depending on the heated
element) was performed. Third, after ramping down to room temperature, ion and sublimation pumps
were activated achieving a constant base pressure in the range of 10-'! mbar. Pirani and penning gauges
are present in each section of the setup to monitor the corresponding pressures and a residual gas analyzer
is used to monitor gaseous contaminants.

Once under UHV, the preparation chamber is used either for storage under UHV or thin-film thermal
evaporation of photo-emissive layers such as Cesium, Tellurium or Antimony [7]. Otherwise, the photo-
cathodes are transferred under vacuum to the DC-gun testing position using a photocathode manipulator
(both setup sections are separated by a UHV mechanical stainless-steel valve).

The DC-gun is operated at a nominal voltage of 65kV leading to a 6.5 MV /m electric field at the
photocathode surface. For proper transport of the electron beam that exits the gun, four solenoidal
magnets S-S, are employed along the beamline for weak focusing, as shown in the manuscript Fig.
3. A wall-current monitor (WCM) with an acceptance bandwidth from 1 MHz to 10 GHz [8] located
between Sy and Sy (see Fig. 3 in the manuscript) is used to measure the electron beam current as well
as a Faraday cup (FC) which is located at the end of the beamline.

For electron beam production, the light source consisted in a laser system delivering 5 ns pulses
centered at A = 1064 nm with 10 Hz repetition rate. The output was frequency-doubled to 532 nm and
then frequency-quadrupled for a final wavelength A = 266 nm (4.66 eV). The polarization was controlled
through a half-wave plate. The beam was focused onto the photocathodes surface by means of a keplerian
telescope (with two lenses of focal length 100 and 150 mm) and a focusing lens with 3 m focal length,
leading to a focused beam diameter at the photocathode surface of approximately 2.5 mm FWHM.

The UV beam energy delivered to the photocathode was online monitored during all the tests by
sampling a portion of the beam before the scanning translation stages and regulated using UV neutral
density filters allowing values from 0.1 to 160 nJ at the photocathodes surface. For further monitoring
and initial alignment of the UV beam at the center of the photocathode surface, a virtual cathode line
was used. The virtual line matches the distance from a beam sampler before the beam enters vacuum, to
the photocathode surface and allows to monitor the UV beam position and profile using a scintillating
screen imaged by a CCD camera.

The UV beam was introduced into the DC-gun setup through a UV viewport and then deflected to
the photocathodes surface with a 5 degrees angle of incidence with an in-vacuum UV mirror. The beam
was x-y scanned along the whole photocathodes surface through the movement of one of the mirrors
mounted onto two translation stages allowing a spatial resolution of approximately 1 pm.
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