PRL 110, 074801 (2013)

Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

week ending
15 FEBRUARY 2013

Surface-Plasmon Resonance-Enhanced Multiphoton Emission of High-Brightness Electron
Beams from a Nanostructured Copper Cathode
R. K. Li,1 H. To,1 G. Andonian,1 J. Feng,2 A. Polyakov,2 C. M. Scoby,1 K. Thompson,2 W. Wan,2
H. A. Padmore,2 and P. Musumeci1,*
1

Department of Physics and Astronomy, UCLA, Los Angeles, California 90095, USA
2
Advanced Light Source Division, LBNL, Berkeley, California 94720, USA
(Received 12 November 2012; published 11 February 2013)

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 the focused ion beam milling
technique, optically characterized and tested as a photocathode in a high power radio frequency photoinjector. Because of the larger absorption and localization of the optical field intensity, the charge yield
observed under ultrashort laser pulse illumination is increased by more than 100 times compared to a flat
surface. We also present the first beam characterization results (intrinsic emittance and bunch length) from
a nanostructured photocathode.
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Recent progress in nanotechnologies has enabled fine
control of the optical properties of metal surfaces by shaping them with suboptical-wavelength features [1]. At nanostructured interfaces, strong coupling can occur between
light and the metal electron oscillations or surface plasmons
(SPs). By tailoring the SP properties, controlled by the
physical dimensions of the nanostructures, one can greatly
enhance light absorption, transmission, or reflection at
selected wavelengths and localize the optical field intensity.
These phenomena have sparked great interest in research
related to laser-material interactions on nanometerfemtosecond scales and many entailing exotic applications
in, for example, optics, magneto-optic data storage, and
subwavelength detection 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 generation of
picosecond to femtosecond high-brightness electron
beams, which are the enabling technology for many revolutionary scientific tools [5]. Because of their prompt
response, 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 beam applications, metals are less viable because they typically
require UV laser pulses and are characterized by low
intrinsic quantum efficiency, hence requiring an exceedingly high average power of the drive laser. To this end,
there are extensive research efforts on semiconductor cathodes [6] which have 2–3 orders of magnitude higher quantum efficiency and can reach up to GHz repetition rate.
Semiconductor cathodes also feature more complicated
fabrication procedures, more stringent vacuum requirements, and picosecond-level response time.
0031-9007=13=110(7)=074801(5)

In a recent experiment, high intensity 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 benefited from the
increased IR absorption, up to 85%, due to a thin MgF2
antireflective coating. As an alternative approach, 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 localization of the
optical field intensity. This idea was explored by Tsang
et al. [8,9] and more recently by Polyakov et al. [10,11].
Another benefit of a nanostructured cathode is the possibility to control the local charge distribution at the
suboptical-wavelength scale. A recent Letter has explored
the idea of initializing an electron beam with a nanopatterned charge distribution followed by advanced manipulation schemes for coherent radiation production [12].
In this Letter we report on the first experimental results
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
100-fold enhancement in the multiphoton charge yield
and report the first characterization of the properties (emittance and bunch length) of such electron beams. The
results demonstrated the possibility to manipulate and
improve the photoemission performances of a simple material, and mark an encouraging step toward a high efficiency metallic photocathode.
The geometry of the nanostructures consists of a rectangular array of nanoholes fabricated with focused ion

074801-1

Ó 2013 American Physical Society

p

(b)

1.0

1.0

0.8

0.8

reflectivity

p

h

predicted by simulations. The discrepancy may come
from the roughness and residual defects of the copper
surface and the stability of the milling ion beams, which
induce nonuniformity in the pattern. This effect broadens
the resonant peaks and was not included in the FDTD
modeling. Notably wider resonance bandwidth which supports drive lasers with larger bandwidth and shorter pulse
durations can be achieved with alternative nanostructure
designs, as reported in Refs. [10,11].
Testing of the nanopatterned cathodes in a high gradient
S-band rf gun took place at the UCLA Pegasus Laboratory
[7]. The first nanopatterned cathode installed in the gun
was fabricated directly on an ordinary cathode made of
polycrystalline copper. Because of 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 gradient of 70 MV=m. An
initial concern was the possibility 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 maximum 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 m 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 monitored
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 Yexp > 1:2  102
times larger than when the laser was only hitting the flat
surface. The transition between the signal maximum and
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beam (FIB) milling on a Cu(100) surface, as shown in
Fig. 1(a). The dimensions of the structure, including the
spacing p, depth h, and FWHM width w of the holes, were
optimized through finite-difference-time-domain (FDTD)
numerical simulations [13]. Typical values of h and w are
300 and 200 nm, respectively, and p close to 750 nm.
When imaging the pattern at normal 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.
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. Another
advantage of this regime is that the aspect ratio of the
features is close to unity, easing the nanofabrication. The
nanohole has an approximately Gaussian profile [Fig. 1(a),
inset], mainly due to the current density 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 resonance 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 critical
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 is wider and shallower than what is
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FIG. 1 (color online). (a) Scanning electron microscopy 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. (c) A nanopattern consisting of
6-by-6 25 m square patches illuminated at resonant laser
wavelength.
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FIG. 2 (color online). (a) Simulated reflectivity at normal
incidence of two arrays of Gaussian (solid curve) and square
(dashed curve) holes with the same p, h, and w values. The
shaded areas show the results of changing h and w by 5%.
(b) Measured reflectivity of two nanopatterns fabricated on
single crystal substrates with 2 nm FWHM bandwidth lasers.
The two patterns have the same hole width and depth and are
only different in spacing.
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FIG. 3 (color online). (a) Charge yield map of the nanopatterned cathode. The black square indicates the nanopatterned
area. The rms laser spot size is illustrated. (b) The charge density
 versus the absorbed laser intensity.  is obtained by averaging
the measured beam charge over the full pattern area.  can be
expressed as  ¼ J, where we choose  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.

flat surface is due to the partial illumination of the nanopattern. Interestingly, this large increase cannot be fully
explained by the change in IR absorption. The generalized
Fowler-Dubridge theory [14] predicts only an increase of
ð1R Þ3
YFD ¼ ð1RpÞ3 ¼ 27 times, where Rp ¼ 64% and Rf ¼ 88%
f

are the reflectivity of the nanopattern and the flat surface,
respectively.
To understand the additional enhancement in charge
emission we look into the details of the optical intensity
distribution. In Fig. 4(a) we show the simulated I / jEj2
profile at resonant wavelength on the nanohole surface.
Two lineouts of the intensity along the metal-vacuum
boundary are illustrated in Figs. 4(b) and 4(c), respectively,
both normalized by the average intensity over the entire
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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 ¼ 0 plane (curve b, gray line) and z ¼ 14 nm
plane (curve c, white line) are shown in (b) and (c), respectively,
both normalized by the average intensity over the entire surface.
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surface. Because of the third power scaling of the current
density versus the laser intensity, concentration of the laser
intensity in a small local region can significantly enhance
the charge yield. We estimate the enhancement factor of
the nanostructured surface compared toR a flat cathode at
equal absorbed intensity by A ¼ ð I3 dsÞnano =ðIf3 Sf Þ,
where the integration is performed over the nanohole
surface, and Sf and If are the area and intensity of the
flat surface, respectively. Simulation results predict a factor
of A  14 for our nanostructure. The experimentally
observed enhancement of A ¼ Yexp =YFD  5 is well within
the simulation prediction 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 damage
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 measured
the damage threshold of the nanopattern. Structural
changes were observed when the absorbed fluence
approached 10 mJ=cm2 . The result is consistent with that
reported on a flat copper surface of 50 mJ=cm2 [15] taking
into account the 4:5 times enhancement due to the surface nanopatterning.
It is important to distinguish the multiphoton photoemission regimes from strong optical field emission at nanotips
[16–18]. A signature of strong field emitted electrons 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 transverse component
of the excess energy should be minimized for a low emittance electron source. The Keldysh parameter [19]  ¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
73:2 ½eV=I½GW=cm2 =½m, where  is the laser
wavelength,  is the work function, and I is the laser
intensity, is used to evaluate whether the emission is in
the strong field regime (  1) or in the multiphoton
regime (
1). For our nanopattern and operating laser
intensity  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  0:07 confirming that the
three-photon process is dominating. Departure from the
slope occurs above 40–50 pC=mm2 , similar to that
observed on a flat cathode [7], due to the onset of virtual
cathode effects [20]. The highest extractable charge density from a cathode is closely related to the maximum
achievable beam brightness [21]. Whether or not the localized emission of photoelectrons from the nanostructured
cathode sets 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
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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.

Fig. 3(b) can be used to estimate that a 1:5 J, 75 fs
FWHM IR drive laser could generate 30 pC electron beams
from a 0:14 mm2 nanopatterned area assuming full
absorption of the drive laser and a high extraction field
(> 60 MV=m). Generating the same amount of charge
with a UV pulse obtained by up-converting the same IR
laser pulse, assuming an IR-to-UV conversion efficiency of
10%, would require a cathode quantum efficiency of 0.1%,
comparable with the most efficient metallic cathodes
[22,23].
The intrinsic emittance of the beam from the nanostructured cathode was measured using the solenoid scan
method and the grid (pepper-pot) technique [24]. 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 GPT [25] simulations, as shown in Fig. 5. The observed small increase in
emittance versus charge is expected due to the very small
initial beam dimensions and thus high charge density at the
cathode. Both methods are consistent with an intrinsic
emittance value of in ¼ 1:4  0:1 mm mrad per mm rms
initial spot size. Values typically reported for in of a flat
copper cathode range from 0.5 to 1:0 mm mrad=mm rms
[6]. The nanostructured cathode intrinsic emittance can be
explained using an initial photoelectron excess kinetic energy comparable to the flat surface case and an additional
contribution due to the surface morphology. The curvature
of the emission surface increases the initial angles in the
electron distribution and distorts the accelerating field lines.
We modeled the intrinsic emittance by numerically 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 in 1:3 mm mrad=mm rms.
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 duration
of the photoelectrons can depend on the lifetime of the
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SPs [26]. 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 optical 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 identical 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 upper limit on the difference
of emission time at 50 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. Scanning electron microscopy images showed no visible change down to nanometer
scales. This cathode had been exposed to 105 rf (2 s
long, up to 70 MV=m gradient) and laser (up to 50%
of the damage threshold) pulses at a vacuum level of
3  108 torr. We consider it is reasonable to expect the
nanostructured cathode to have similar robustness as an
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
subwavelength nanostructures to excite properly tuned
surface-plasmon response. We showed a significant
increase in charge yield efficiency and characterized the
fast response time, low intrinsic emittance, and robustness
of a nanohole array obtained by FIB milling. Experimental
results, combined with simulation and theoretical analysis,
enabled us to understand the underlying electron emission
mechanism, including the effects of optical field localization. We envision that this work is a promising step in a
new direction of photocathode research. Surface-plasmon
assisted photoemission could be extended to other metallic
and semiconductors surfaces and promises to be an exciting research topic in the generation of high-brightness
electron beams.
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