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We experimentally investigate surface plasmon assisted photoemission to enhance the efficiency of
metallic photocathodes for high brightness electron sources. A nanohole array-based copper surface
was designed to exhibit a plasmonic response at 800 nm, fabricated using focused ion beam milling
technique, optically characterized and tested as a photocathode in a high power radiofrequency
photoinjector. Due to larger absorption and localization of the optical field intensity, the charge
yield observed under ultrashort laser pulse illumination is increased by more than one hundred
times compared to a flat surface. We also present the first beam characterization results (intrinsic
emittance and bunch length) from a nanostructured photocathode.

PACS numbers: 29.25.Bx, 41.75.Ht, 79.60.-i, 78.67.-n

Recent progress in nanotechnologies has enabled fine
control of the optical properties of metal surfaces by
shaping them with sub-optical-wavelength features [1].
At nanostructured interfaces strong coupling can occur
between light and the metal electron oscillations or sur-
face plasmons (SPs). By tailoring the SP properties,
controlled by the physical dimensions of the nanostruc-
tures, one can greatly enhance light absorption, trans-
mission or reflection at selected wavelengths, and lo-
calize the optical field intensity. This phenomena has
sparked great research interests related to laser-material
interactions on nanometer-femtosecond scales and many
entailing exotic applications in, for example, optics,
magneto-optic data storage, and sub-wavelength detec-
tion of biomolecules [2—4].

An interesting open question deals with the possibility
to exploit these plasmonic effects to manipulate not only
the optical, but also the photoemission response. This
could open novel possibilities in the field of the genera-
tion of picosecond to femtosecond high brightness elec-
tron beams, which are the enabling technology for many
revolutionary scientific tools [5]. Due to their prompt re-
sponse, low vacuum requirements and robustness, metals
(in many cases simple copper) are usually the preferred
choice in high peak brightness photoguns. However, in
high repetition rate and high average current beams ap-
plications, metals are less viable because they typically
require ultraviolet (UV) laser pulses and are character-
ized by low intrinsic quantum efficiency (QE), hence re-
quiring exceedingly high average power of drive laser. To
this end, there are extensive research efforts on semi-
conductor cathodes [6] which have 2-3 orders of magni-
tude higher QE and can reach up to GHz repetition rate.
Semiconductor cathodes also feature more complicated
fabrication procedures, more stringent vacuum require-
ments, and ps-level response time.

In a recent experiment high intensity infrared (IR)
laser pulses directly out of a Ti:Sapphire amplifier were

used to illuminate a copper cathode [7]. In this case the
electrons are generated through a three-photon process
and the current density scales as the third power of the
absorbed laser intensity. The experimental results ben-
efitted from the increased IR absorption, up to ~85%,
due to a thin MgF anti-reflective coating. Alternatively,
nanoplasmonics concepts could be applied to engineer the
optical response of a cathode and obtain high efficiency
metallic photocathodes, both through a control of the
metal reflectivity and through the effect of the localiza-
tion of the optical field intensity. This idea was explored
by Tsang et al. [8, 9] and more recently by Polyakov et
al [10].

Another benefit of a nanostructured cathode is the pos-
sibility to control the local charge distribution at the sub-
optical-wavelength scale. A recent paper has explored
the idea of initializing an electron beam with a nanopat-
terned charge distribution followed by advanced manip-
ulation schemes for coherent radiation production [11].

In this Letter we report on the first experimental re-
sults of the generation of relativistic electron beams from
a nanostructured photocathode in a high gradient rf gun.
A nanohole array structure was designed and fabricated
on a copper surface to obtain a resonant response at ~800
nm laser wavelength. We measured more than a hundred-
fold enhancement in the multiphoton charge yield and
report the first characterization of the properties (emit-
tance and bunch length) of such electron beams. The
results demonstrated the possibility to manipulate and
improve the photoemission performances of a simple ma-
terial, and mark an encouraging step toward a high effi-
ciency metallic photocathode.

The geometry of the nanostructures consists of a rect-
angular array of nanoholes fabricated with focused ion
beam (FIB) milling on a Cu(100) surface, as shown
in Fig. 1(a). The dimensions of the structure, includ-
ing the spacing p, depth h and FWHM width w of
the holes, were optimized through finite-difference-time-



domain (FDTD) numerical simulations [12]. Typical val-
ues of h and w are 300 and 200 nm respectively, and
p close to 750 nm. When imaging the pattern at nor-
mal incidence (< 1°) using a narrow bandwidth (2 nm
FWHM) laser at the resonant wavelength, the incident
light is strongly absorbed, as shown in Fig. 1(c). The
measured reflectivity is not sensitive to the aperture of
the imaging lens nor small variation of the incident angle,
in agreement with FDTD simulation results.

FIG. 1. (Color online) (a) SEM images of the nanohole array.
Inset: zoomed-in cut view of the nanoholes. (b) Nanohole
array under an optical microscopy with off-resonance visible
light. (¢) A nanopattern consisting of 6-by-6 25 um square
patches illuminated at resonant laser wavelength.

For our structures, the resonant wavelength mainly
depends on the hole spacing and is much less sensitive
to the size or even the shape of the nanoholes. An-
other advantage of this regime is that the aspect ratio
of the features is close to unity easing the nanofabri-
cation. The nanohole has an approximately Gaussian
profile (Fig. 1(a) inset), mainly due to the current den-
sity distribution of the milling ion beam. If the shape of
the nanohole is modified to be a square, maintaining the
same depth and FWHM width, the resonant wavelength
only shifts 4 nm as predicted by FDTD simulation, as
shown in Fig. 2(a). This is an important finding that
allows us to fine tune the resonant wavelength just by
changing the hole spacing p, which is the most accurate
and controllable parameter in a FIB machine. As an
experimental benchmark, we show in Fig. 2(b) that by
decreasing the spacing p from 745 to 710 nm the reso-
nance wavelength shifted from 840 to 813 nm, in good
agreement with the simulation prediction. Polarization
dependence of the reflectivity at normal incidence was
not observed in experiment due to the symmetry of the
nanopattern in agreement with simulations.

The bandwidth of the SP resonance is also a criti-
cal feature since it is important to match the resonance
width with the bandwidth of the photocathode driver
laser (~20 nm). Comparison between the measurement
and simulation results in Fig. 2 shows that the resonance
of the actual patterns are wider and shallower than what
is predicted by simulations. The discrepancy may come
from the roughness and residual defects of the copper sur-
face and the stability of the milling ion beams, which in-
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FIG. 2. (Color online) (a) Simulated reflectivity at normal in-
cidence of two arrays of Gaussian (solid) and square (dashed)
holes with same p, h and w values. The shaded areas show the
results of changing h and w by +5%. (b) Measured reflectiv-
ity of two nanopatterns fabricated on single crystal substrates
with 2 nm FWHM bandwidth lasers. The two patterns have
same hole width and depth and are only different in spacing.

duce non-uniformity in the pattern. This effect broadens
the resonant peaks and was not included in the FDTD
modelling. Notably wider resonance bandwidth which
supports drive lasers with larger bandwidth and shorter
pulse durations can be achieved with alternative nanos-
tructures designs, as reported in Ref. [10].

Testing of the nanopatterned cathodes in a high gradi-
ent S-band rf gun took place at the UCLA Pegasus Lab-
oratory [7]. The first nanopatterned cathode installed
in the gun was fabricated directly on an ordinary cath-
ode made of polycrystalline copper. Due to the larger
variations of the nanoholes caused by random grain sizes
and orientations of the substrate, the absorption of the
20 nm FWHM bandwidth drive IR laser was 36%. The
rf gun was conditioned to the typical operating gradi-
ent of 70 MV/m. An initial concern was the possibil-
ity of an increased field emission from the nanopattern.
However, comparison with the dark current level from
a regular cathode shows negligible difference. This can
be explained by the relatively small nanopatterned area
compared to the total area of the high field surface of
the gun body. Moreover, simulation shows that the max-
imum DC field enhancement is only 12% due to the lack
of sharp edges in the nanopattern.

The effectiveness of the nanopattern to enhance the
photoemission is clearly seen in the charge yield map
(Fig. 3(a)). IR laser pulses (150 fs FWHM) were focused
to 120 pm rms and scanned around the nanopattern at
normal incidence (< 1°) with a piezo-controlled mirror.
The position of the laser spot on the cathode was moni-
tored by a virtual cathode screen, and the beam charge
was measured by a calibrated high efficiency beam profile
camera. The maximum signal, obtained when the laser
spot fully covered the nanopattern, is Y., > 1.2 x 102
times larger than when laser was only hitting the flat
surface. The transition between the signal maximum
and flat surface is due to the partial illumination of the
nanopattern. Interestingly, this large increase can not be
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FIG. 3. (Color online) (a) Charge yield map of the nanopat-
terned cathode. The black square indicates the nanopat-
terned area. The rms laser spot size is illustrated. (b) The
charge density o versus the absorbed laser intensity. o is ob-
tained by averaging the measured beam charge over the full
pattern area. o can be expressed as ¢ = J7 where we choose
7 to be equal to the pulse duration of the drive IR laser of
150 fs FWHM and J is an equivalent current density. Fitting
of the low charge density part yields a slope of 3.05 & 0.07.

fully explained by the change in IR absorption. Gener-
alized Fowler-Dubridge theory [13] predicts only an in-

% = 27 times, where R, = 64%

and Ry = 88% are the reflectivity of the nanopattern and
the flat surface, respectively.
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FIG. 4. (Color online) (a) Intensity I distribution on the
nanohole surface. The lineouts of I along the metal-vacuum
boundaries in the x = 0 plane (curve ®), gray line) and z =
—14 nm plane (curve (©), white line) are shown in (b) and (c)
respectively, both normalized by the average intensity over
the entire surface.

To understand the additional enhancement in charge
emission we look into the details of the optical inten-
sity distribution. In Fig. 4(a) we show the simulated
I « |E|? profile at resonant wavelength on the nanohole
surface. Two lineouts of the intensity along the metal-
vacuum boundary are illustrated in Fig. 4(b) and (c)
respectively, both normalized by the average intensity
over the entire surface. Due to the third power scaling

of the current density versus the laser intensity, concen-
tration of the laser intensity in small local region can
significantly enhance the charge yield. We estimate the
enhancement factor of the nanostructured surface com-
pared to a flat cathode at equal absorbed intensity by
A = ([ I’ds)nano/(1}Sf), where the integration is per-
formed over the nanohole surface, and Sy and Iy are the
area and intensity of the flat surface, respectively. Sim-
ulation results predict a factor of A < 14 for our nanos-
tructure. The experimentally observed enhancement of
A = Yep,/Yrp ~ 5 is well within the simulation pre-
diction considering the variations of the shapes of the
nanostructures.

The increased absorption coupled with the local field
enhancement has an important effect also on the dam-
age threshold properties. For the laser pulse durations
employed in multiphoton photoemission, typically much
shorter than electron-phonon coupling times, the damage
threshold is set by the absorbed laser fluence. We mea-
sured the damage threshold of the nanopattern. Struc-
tural changes were observed when the absorbed fluence
approached 10 mJ/cm?. The result is consistent with
that reported on flat copper surface of 50 mJ/cm? [14]
taking into account the ~ 4.5 times intensity enhance-
ment due to the surface nanopatterning.

It is important to distinguish the multiphoton pho-
toemission regimes from strong optical field emission at
nanotips [15-17]. A signature of strong field emitted elec-
trons is a large excess energy spread of a few eV to tens
of eV. This is in contrast with the multiphoton regime
where the excess energy is typically < 1 eV. The trans-
verse component of the excess energy should be mini-
mized for a low emittance electron source. The Keldysh
parameter [18] v = 73.2/®[eV]/I[GW /cm?]/A[um],
where A is the laser wavelength, ® is the work func-
tion, and I is the laser intensity, is used to evaluate if
the emission is in the strong field regime (y < 1) or the
multiphoton regime (v > 1). For our nanopattern and
operating laser intensity v stays > 10 after taking into
account the intensity localization on the surface, deep in
the multiphoton regime.

In Fig. 3(b) we show the measured charge density as a
function of the absorbed laser intensity under a relatively
low extraction field of 25 MV /m. At low intensity the
curve has a slope of 3.05 4+ 0.07 confirming that the 3-
photon process is dominating. Departure from the slope
occurs above 40-50 pC/mm?, similar to that observed on
a flat cathode [7], due to the onset of virtual cathode
effects [19]. The highest extractable charge density from
a cathode is closely related to the maximum achievable
beam brightness [20]. Whether the localized emission
of photoelectrons from the nanostructured cathode set a
different limit on the highest extractable charge density
other than a planar cathode case should be an interesting
topic for future studies. The results plotted in Fig. 3(b)
can be used to estimate that 1.5 pJ, 75 fs FWHM IR drive




laser could generate 30 pC electron beams from a 0.14
mm? nanopatterned area assuming full absorption of the
drive laser and a high extraction field (> 60 MV /m). In
order to generate the same amount of charge with an UV
pulse obtained by up-converting the same IR laser pulse,
assuming an IR-to-UV conversion efficiency of 10%, it
would require a cathode QE of 0.1%, comparable with
the most efficient metallic cathodes [21, 22].

The intrinsic emittance of the beam from the nanos-
tructured cathode was measured using the solenoid scan
method and the grid (pepper-pot) technique [23]. For
these measurements the nanopattern was fabricated on
a single crystal copper substrate, which was installed
in the gun using a modified cathode back flange. We
performed measurements for decreasing (and vanishingly
small) beam charges and compared the results with Gen-
eral Particle Tracer (GPT) [24] simulations, as shown in
Fig. 5. The observed small increase in emittance versus
charge is expected due to the very small initial beam di-
mensions and thus high charge density at the cathode.
Both methods are consistent with an intrinsic emittance
value of €¢;,, = 1.4 + 0.1 mm-mrad per mm rms initial
spot size. Values typically reported for ¢;, of a flat cop-
per cathode range from 0.5-1.0 mm-mrad/mm rms [6].
The nanostructured cathode intrinsic emittance can be
explained using an initial photoelectron excess kinetic en-
ergy comparable to the flat surface case and an additional
contribution due to the surface morphology. The curva-
ture of the emission surface increases the initial angles
in the electron distribution and distorts the accelerating
field lines. We modeled the intrinsic emittance by nu-
merically tracking the photoelectrons using the distorted
field lines in the vicinity of each nanohole. With 1.0 eV
initial excess energy (corresponding to 0.8 mm-mrad/mm
rms) and 35 MV /m launching field the resultant €;, ~ 1.3
mm-mrad/mm rms.
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FIG. 5. (Color online) Measurement of intrinsic emittance of
the nanostructured cathode using the grid technique (square)
and the solenoid scan method (dot), compared with GPT
simulation results.

The promptness of the electron emission from the
nanostructured cathode was also studied. In SP assisted
photoemission, due to the mediation of SPs, the pulse du-
ration of the photoelectrons can depend on the lifetime of

the SPs [25]. Based on the width of the resonance curve
shown in Fig. 2 we can estimate a relatively low quality
factor and thus a damping time comparable to the opti-
cal period (3 fs for 800 nm laser). We directly measured
the electron beam bunch lengths using the Pegasus X-
band rf deflector. We compare the bunch lengths from
the nanopatterned area and the flat surface under iden-
tical operation conditions. The recorded bunch lengths
in the two cases are in good agreement with the GPT
simulation assuming prompt emission. The deviations
are comparable with the measurement resolution (35 fs)
and put an up-limit on the difference of emission time at
~b50 fs. This result supports that the emission from the
nanopatterned area has a fast response time.

Finally, regarding the robustness of the nanostructured
cathode, we compared its surface morphology before and
after the test in the rf photogun. SEM images showed
no visible change down to nm scales. This cathode had
been exposed to ~10° rf (2 us long, up to 70 MV/m
gradient) and laser (up to 50% of the damage threshold)
pulses at a vacuum level of 3 x 1078 torr. We consider it
is reasonable to expect the nanostructured cathode have
similar robustness as a ordinary flat copper surface.

In summary, this work demonstrated the possibility
of engineering the photoemission properties of a simple
cathode material such as a bare copper surface using sub-
wavelength nanostructures to excite properly tuned sur-
face plasmon response. We showed a significant increase
in charge yield efficiency and characterized the fast re-
sponse time, low intrinsic emittance, and robustness of a
nanohole array obtained by FIB milling. Experimental
results, combined with simulation and theoretical anal-
ysis, enabled us to understand the underlying electron
emission mechanism, including the effects of optical field
localization. We envision that this work can pave a
promising step in a new direction of photocathode re-
search. Surface plasmon assisted photoemission could be
extended to other metallic and semiconductors surfaces
and promise to be an exciting research topic in the gen-
eration of high brightness electron beams.
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