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Metal photocathodes are an important source of high-brightness electron beams, ubiquitous in the
operation of both large-scale accelerators and table-top microscopes. When the surface of a metal is
nanoengineered with patterns on the order of the optical wavelength, it can lead to the excitation and
confinement of surface-plasmon-polariton waves that drive nonlinear photoemission. In this work, we aim
to evaluate gold plasmonic nanogrooves as a concept for producing bright electron beams for accelerators
via nonlinear photoemission. We do this by first comparing their optical properties to numerical calcula-
tions from first principles to confirm our ability to fabricate these nanoscale structures. Their nonlinear
photoemission yield is found by measuring emitted photocurrent as the intensity of their driving laser
is varied. Finally, the mean transverse energy of this electron source is found using the solenoid-scan
technique. Our data demonstrate the ability of these cathodes to provide a tenfold enhancement in the
efficiency of photoemission over flat metals driven with a linear process. We find that these cathodes are
robust and capable of reaching sustained average currents over 100 nA at optical intensities larger than
2 GW c¢cm~? with no degradation of performance. The emittance of the generated beam is found to be
highly asymmetric, a fact we can explain with calculations involving the also asymmetric roughness of
the patterned surface. These results demonstrate the use of nanoengineered surfaces as enhanced photo-
cathodes, providing a robust air-stable source of high-average-current electron beams hopefully with great

potential for industrial and scientific applications.

DOL: 10.1103/PhysRevApplied.19.034034

I. INTRODUCTION

High-brightness electron sources for ultrafast applica-
tions require prompt emission of high-charge electron
beams and direct injection into areas of extreme elec-
tromagnetic field amplitudes. Photoemission from metal
surfaces has been the primary means of electron bunch
generation, used by the large majority of user facilities
around the world [1-3], owing to their fast response time
and robustness. Despite their broad use, metal cathodes
have a few major disadvantages. First, the typical quan-
tum efficiency for a metal exhibits values in the 107>
region which, for high-charge pulse extraction, requires
laser-pulse intensities close to the damage threshold of
the material. With time and continuous operation, this has
been shown to lead to partial ablation, increased surface
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roughness, and reduced brightness [4]. High intensities
may also cause multiphoton absorption and photoemission,
leading to the generation of unwanted halos, and an over-
all increase of beam thermal emittance [5]. Furthermore,
a typical metal work function requires UV photons for
linear photoemission. The two-stage UV conversion from
the initial infrared laser pulses has a substantial impact
on the size and complexity of the photocathode laser sys-
tem. It may also impact the quality of the final pulse,
resulting in substantial loss of energy, degradation of the
transverse pulse shape, and limited control over the lon-
gitudinal profile. Altogether, the low quantum efficiency
and the high work function effectively limit the maximum
average current that can be extracted by metal cathodes
and, therefore, the range of applications of the relevant
instrumentation.

High-quantum-efficiency semiconductor films provide a
possible path toward higher-performance photocathodes.
Depending on the choice of the material, the quantum
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efficiency can be orders of magnitude larger for a work
function in the visible or infrared region [6]. Unfortunately,
such cathodes are chemically reactive and the vacuum lev-
els found in high-field photoinjectors often greatly compli-
cate their use as high-brightness electron sources. Further,
dark current may become an issue in those same systems
for materials with an extremely low work function.

Nonlinear photoemission may offer another poten-
tial solution to avoid nonlinear wavelength conversion.
Depending on the material and laser parameters, it
becomes more efficient to extract electrons from the cath-
ode directly via multiphoton photoemission using infrared
light, rather than perform wavelength conversion to the
UV [7]. However, as is the case for linear photoemis-
sion, the small nonlinear yield of most flat metallic sur-
faces demands laser-fluence values close to the damage
threshold of the material (typically on the order of 0.1
to 1 Jecm™2 [8]).

One path forward in improving the nonlinear yield of
metals is by fabricating plasmonic structures by surface
nanopatterning. Nanoscale grooves formed on a gold pho-
tocathode have been shown to increase its nonlinear yield
at 800 nm by up to 6 orders of magnitude [9]. A similar
concept using a grid of nanoscale holes has shown a dra-
matic increase in the nonlinear yield of gold and copper
photocathodes [10,11]. On the other hand, many ques-
tions remain open before such cathodes can be effectively
considered as a reliable source for ultrafast application.
Can we produce nanoengineered cathodes with repeat-
able properties? How does the mean transverse energy of
the extracted beam depend on the nanostructures? Can
such structures provide stable high average currents for
extended periods with no degradation?

In this work, we provide a detailed characterization of
nanogroove-array photocathodes that demonstrates under-
standing of both the engineering and the physical aspects
of this advanced class of electron photoemitters. First, in
Sec. II, we discuss the theory of plasmonic nanogroove
photocathodes. In Sec. III, we explain the fabrication pro-
cess and confirm the design dimensions by direct measure-
ments of their optical properties. Nonlinear photoemission
measurements performed on a 20-kV electron gun are
reported in Sec. IV. We find the nonlinear photoemission
coefficient for the nanostructured surfaces and are able
to correlate its spread in values with the groove dimen-
sions. We then confirm the polarization dependence of
the photoemission and perform continuous measurement
of average currents in excess of 100 nA to verify the
enhanced electron yield and the photocathode stability.
Lastly, in Sec. V, the mean transverse energy of the pho-
tocathode is characterized for different energies and the
values found are compared with the behavior of the cath-
ode at the surface. The paper then concludes by discussing
future prospects for nanopatterned photoemitters.

II. PRINCIPLES OF PLASMONIC NANOGROOVE
PHOTOCATHODES

The ideal nanogroove cathode consists of a periodic
array of trenches with depth d that extend infinitely in one
direction and have nanometric width w in the other direc-
tion. We define a coordinate system used for the rest of this
paper, with Z pointing normal to the cathode surface, y run-
ning along the grooves, and x against the grooves. Focus-
ing for the moment on a single groove and imagining very
large depth, light incident on the grooves may be coupled
into modes within the gap that are best described by surface
plasmon polaritons (SPPs) within a metal-insulator-metal
waveguide [12] (the vacuum is the insulator in this case).
These SPPs require additional momentum to couple with
free-space illumination, owing to their dispersion relation-
ship lying at larger wave vector for the same energy than
the light line. For the case of the nanogrooves, the sharp
edges at the entrance to the trenches can effectively provide
such coupling [13]. The profile of the corner contains high-
spatial-frequency components that allow light to diffract
around it and onto the plasmon dispersion curve.

The finite depth of the groove acts to form a resonant
Fabry-Perot-like cavity, with the allowable modes deter-
mined by the depth, d. The cavity depth that meets the
resonance condition may be surprisingly small, only tens
of nanometers for infrared light. This is explained by the
fact that for the same energy, plasmons traveling along the
walls of the gap may have an order of magnitude smaller
wavelength than light in a vacuum [12]. The localization
of optical energy to a nanometric region has the effect of
field enhancement near the gap, which can exceed factors
of 100 and favor nonlinear photoemission.

Figure 1(a) shows an example of local optical field
enhancement by a nanogroove cathode computed using a
finite-difference time-domain (FDTD) code. Specifically,
LUMERICAL [14] is used in this work. Simulations are
performed with periodic boundary conditions in the x
direction and excited by linearly polarized plane waves.
The simulated cathode has grooves that are 14 nm wide,
with a pitch of 680 nm, and is excited by light with a wave-
length of 770 nm—representative of the cathodes studied
in this paper. Figure 1(a) also shows the computed local
variation of a static externally applied electric field.

The fact that emission occurs only at the sharp edges
of the grooves may have an impact on the emittance
of generated electron beams [10] and high local optical
intensity can damage the gold surface [15]. However, the
specific pattern used and the type and materials used dur-
ing nanofabrication, such as the sharpness of the pattern,
have an enormous impact on all of the above aspects.

The high quality factor (and narrow bandwidth) of the
plasmonic nanogroove also have consequences for the
photocathode response time. When the resonance band-
width of the grooves is narrower than the bandwidth of the
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FIG. 1. (a) A plot (with contours) of the field enhancement
around a cross section of the nanogroove structure. The solution
is computed using an FDTD code [14]. The dc accelerating field,
computed independently using a finite-difference code [16], is
shown as the blue arrows. The inset [labeled (c)] shows a magni-
fied view of the groove edge. (b) The time response of structure
to a 15-fs excitation computed using FDTD (plasmon) compared
to a flat surface (laser). The estimated current profiles are shown
as dotted lines.

driving ultrafast laser, the field will continue to oscillate
in the nanocavity longer than the duration of the excita-
tion, effectively broadening the temporal response time of
the cathode. An example of this effect is computed for the
nanogroove-array photocathode in Fig. 1(a) by calculating
the time-dependent field in response to excitation by ultra-
fast laser using the FDTD code in LUMERICAL [14]. The
laser is 15 fs full width at half maximum (FWHM) and
the calculated response of the structure is about 42 fs, or a
factor of 3 longer [Fig. 1(b)]. The approximate bandwidth
(A)) and peak absorption wavelength () are 15 nm and
770 nm FWHM. The minimum time-bandwidth product of
an approximately Gaussian pulse is 0.44 [17]. From this,
an estimate of the optical time response can be calculated
as

AtResponse = \/Atiaser + (alaZ)"z/(47TCA)‘))2a (1)

where a; and a, are conversions from rms to FWHM
values of the absorption bandwidth and nanogroove time
response, respectively. Assuming Gaussian profiles, both
a; and a, in Eq. (1) are approximately equal to 2.35,
leading to a final cathode temporal response of approx-
imately 50 fs FWHM. In order to obtain the extracted

electron-beam pulse duration, one would have to take into
consideration the particular photoemission order used. In
our case, the current density is proportional to the fourth
order of the laser intensity, which suppresses the tails of the
optical response and shrinks the final duration by a factor
of 2 (for a Gaussian-like pulse). For ultrafast applications,
other plasmonic cathode schemes that do not rely on reso-
nant cavities may support higher bandwidths and allow use
with even shorter laser pulses [18].

III. CATHODE FABRICATION AND OPTICAL
PROPERTIES

The photocathodes are fabricated out of gold using
the template-stripping method [19,20]. While plasmonic
structures can be fabricated using other methods, such
as focused-ion-beam milling and the lift-off procedure,
template stripping has been shown to yield superior sur-
face roughness. Prior work has found rms roughness of
0.2 nm rms for template stripping compared to 1.4 nm
for thermally evaporated metals [19]). A silicon wafer is
UV and ozone cleaned for 5 min and spin coated with
hydrogen silsesquioxane (HSQ) 2% resist. It is baked at
100°C for 1 min and then patterned using electron-beam
lithography.

Cathodes with varying geometries are arranged in a
square grids (a 4 x 4 pattern) and multiple grids are
imprinted along a single wafer, with an edge-to-edge dis-
tance of about 1 mm [see Figs. 2(b) and 2(c)]. The geomet-
ric dimensions of each of the 16 cathodes within a single
square are varied, with a different groove pitch for each
row and a different width for each of the four columns. The
groove width is varied in part by controlling the electron
dose, leaving some calibration required for this dimension.
The groove depth is fixed by the fabrication procedure at

Pitch p

FIG. 2. (a) A scanning electron micrograph of the nanopat-
terned cathode. (b) A spatial image of the reflectance of 16 plas-
monic nanogroove photocathodes contained in a single square of
the sample. (c) An image of the fabricated cathode.
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50 nm. After exposing the resist, the template is cleaned
using RIE oxygen plasma for 30 s and 150 nm of gold is
deposited. UV-curable epoxy is used to adhere a thin glass
substrate to the gold and pressure causes this assembly
(substrate, epoxy, and gold) to separate from the template,
revealing the nanopatterned cathode.

The quality of the fabrication is first verified by imaging
the surface via scanning electron microscopy [Fig. 2(a)]
and confirming the close match between the array dimen-
sions and the target values. The most centermost square
grid is then used for optical and photoemission measure-
ment as it is the easiest to align along the axis of the
photoemission setup.

We then perform reflectivity measurements, starting
with near-IR imaging, of all the 16 patterns across the
selected square in the sample. We use a 770-nm-centered
non-mode-locked Ti:sapphire laser oscillator as the illu-
mination source. The linear laser polarization is tuned to
point in the direction across the grooves (IE x), while the
laser pulse hits the cathode at normal incidence. As can
be qualitatively seen in Fig. 2(b), we observe strong sup-
pression of the reflectivity in the regions that contain the
nanopatterning.

The laser system is then mode locked and its full
bandwidth is used to measure the reflectance spectra of
the nanogroove photocathodes [see Fig. 3(d)]. Differ-
ence spectra are calculated using the beam reflected from
the patterned surface against a reference pulse from an
upstream 50:50 beam splitter for directions of linear polar-
ization pointed along X and y. The reflected spectra for x
polarized light (i.e., against the grooves) are fitted to FDTD
calculations [14] using the groove width for each of the
16 samples and a single overall angle of incidence as the
free parameters. We find the best-fit angle of incidence for
the cathode to be 0.5°. Figure 3(a) reports an example of
a fit result for one cathode, exemplifying the close match
found between the simulated and measured reflectance.
The groove widths extracted are reported in Table I (fourth
column) for all the cathodes in a square. From such results,
we are able to confirm our fabrication methodology, as the
width values increase with the column indices, i.e., with
the electron-beam lithography dose, matching our expec-
tations. The measured and simulated fit peak absorption
wavelength and FWHM of the peak are compared in Figs.
3(b) and 3(c), showing excellent agreement.

Overall, these measurements demonstrate an ability to
fabricate nanopatterned photocathodes with engineered
optical properties.

IV. NONLINEAR PHOTOEMISSION FROM
NANOPATTERNED CATHODE

In this section, we describe the measured nonlinear elec-
tron yield and average current of the nanogroove arrays.
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FIG. 3. (a) An example of reflectance spectra measured from

one of the cathodes (670-nm pitch, 17.1-nm width) with a fit to
the FDTD model using the groove width and the cathode tilt
as the free parameters. (b) The peak absorption wavelength of
the model and the measured grooves. (c) The FWHM of the
absorption peak in the model and the fabricated sample. (d) The
spectrum of the mode-locked driving laser.

The generalized Fowler-DuBridge model of
multiphoton photoemission gives the scaling of rn-photon
current density, J,, with laser intensity as the following

TABLE 1. The dimensions of the nanogroove cathodes: the
pitch (p) and the groove width extracted from the fit of the
reflectance spectra (w). The measured effective nonlinear yield
(ag) and the lower bound placed on the enhancement of the
nonlinear yield over flat gold.

Enhancement
Row Column p (nm) w (nm) as [(cm?A—H"] bound
1 1 670 145  3.0x 107 7.5 x 10°
1 2 670 145  4.0x 1073 1.0 x 10°
1 3 670 158 23 x107%¥ 5.7 % 103
1 4 670 17.1 1.6 x 10738 4 x 10*
2 1 680 145 89x 107 2.2 x 10°
2 2 680 145 13 x107% 3.3 x 10°
2 3 680 154 1.0 x 1073 2.5 x 10°
2 4 680 162 29x107% 7.3 x 10°
3 1 690 141  3.0x107% 7.5 x 10°
3 2 690 141 22x107% 5.5 x 10°
3 3 690 154 22x107% 55 % 10°
3 4 690 158 6.4 x 107 1.6 x 10*
4 1 700 141  45x 1073 1.1x10°
4 2 700 137 1.8 x 107 45x 10°
4 3 700 145 58 x 1074 1.5 x 10°
4 4 700 154 3.7 x107%¥ 92 x 10°
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[7,21]:

_ e n_ o (nhv —e¢p
Jn = apo (5=(1 = R)I) TF(T)’ 2)

where a, is a cathode-dependent constant representing the
chance of multiphoton excitation, 4 is Planck’s constant, kg
is the Boltzmann constant, e is the fundamental charge, v is
the optical frequency, R, is the reflectivity of the metal, ¢
is the work function, / is the optical intensity, 7 is the tem-
perature, and » is the order of emission. The value 4y =
dwmyk3e/h’ ~ 120 Acm™2K~2 is the Richardson con-
stant, with m, as the electron mass. The Fowler function
can be written as F(x) = [~ dy In(1 + exp (—y — x)).

The literature value of ¢ for gold is 5.4 eV [22]. There-
fore, we expect fourth-order photoemission from the cath-
ode when using 800-nm (1.54-eV) photons. Typical values
for a4 of flat gold [23] lie around a4 ~ 10~ (cm?A~")*.
Previous work on nanopatterned gold has demonstrated
nonlinear electron-yield enhancements of the order of 10°
with picoampere-scale currents [20].

A schematic of our experimental setup for the measure-
ment of electron beams from nanostructures is shown in
Fig. 4. We transfer the nanopatterned wafers into a 20-kV
electron gun and use the 80-MHz-repetition-rate mode-
locked Ti:sapphire oscillator as the drive laser. The pulse
is sent through a chirped-pulse compressor to achieve a
Fourier-transform-limited pulse length of approximately
15 fs at the sample, also confirmed by autocorrelation mea-
surements. The pulse is then focused to an rms spot size
40 pm at the cathode plane with a small angle of incidence
of 4° with respect to the surface normal. The intensity is
varied using the combination of an achromatic half-wave
plate and a polarizing beam splitter. The maximum laser
energy that can be sent to the cathode after transport and
longitudinal and transverse shaping is 1 nlJ.

To begin, the polarizing beam splitter is temporarily
removed and the half-wave plate is used to control the
orientation of linear polarization of the laser. The pho-
tocurrent is measured from a single cathode using a lock-in
amplifier and fitted to the model J(6) = 4 - (cos?(6 +
®))" + o, where A4 is the amplitude, o is an offset, and ¢
is a phase to account for mispositioning of the half-wave
plate in its rotation mount. The angle, 6, is oriented so that
0° is close to X in the coordinate system of the cathode. Our
data and the line of best fit are shown in Fig. 5(c) and we
conclude from the goodness of fit that only the polarization
of light running “against the grain” of the grooves is able
to excite plasmons and cause multiphoton photoemission,
as expected.

The polarizing beam splitter is replaced and the emitted
electron photocurrent is measured as a function of the opti-
cal intensity [Fig. 6(a)] for each of the cathodes in a square
within the wafer. Equation (2) is then used in a fit to find

Chirped-Pulse
Compressor

’% BS Telescope

Electro
Gun

g

Solenoid

FIG. 4. A schematic of the beam line used in the measure-
ments. An 80-MHz Ti:sapphire oscillator emits pulses centered
around 770 nm. The light is sent through a chirped-pulse com-
pressor for temporal compression and the beam is focused to a
waist using a 600-mm-focal-length lens placed just before the
window of the vacuum chamber. The intensity may be adjusted
with a beam-splitter (BS) and half-wave-plate (A/2) pair. A tele-
scope is used to expand the beam before hitting the lens to
decrease its ultimate focused size. The electron beam emitted
from the cathode is accelerated and sent through a solenoid lens
before being imaged on a scintillator screen.

the nonlinear yield coefficient (a4), using 98% [22] as the
value of the reflectivity of gold at 760 nm.

The distribution of the measured nonlinear yield expo-
nents is shown in Fig. 6(e). All of the measured behavior
is consistent with fourth-order photoemission. The mea-
sured value of the nonlinear yield coefficient varies from
as =3 x10"% 10 6 x 10737 (cm?A~")*. A representation
of its value distribution across the 16 cathodes in a square
is shown in Fig. 6(b).

One explanation for the variation in a4 is the change in
optical response of the grooves depending on their geome-
try [see Fig. 3(a)], which will change the overall coupling
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FIG. 5. (a) Time-series measurements of the photocurrent

from a nanopatterned photocathode. (b) A histogram of the jit-
ter in the photocurrent. (¢) Measurements of the photocurrent as
the angle of linear polarization is changed with the line of best
fit.
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yield [a, in Eq. (2)], laid out by location on the 4 x 4 grid of cathodes [Fig. 2(b)]. (c) An estimate of the absorbed laser intensity,
laid out by its location in the grid and log scaled. (d) the fourth power of the nanogroove absorption overlaid with the spectrum of the
laser. (e) The distribution of the best-fit exponents in the power-law curves (blue, histogram; orange, kernel density estimator). (f) A
scatter plot of the yield (a4) and the estimated absorbed laser intensity. The colors and line style used in (a) and (d) indicate the sample

location and high- and low-yield examples are highlighted.).

of the laser power into the structure. Depending on the
value of the peak absorption wavelength, the reflectance
curve will align better or worse with the power spectrum of
the laser [Fig. 6(d)], changing the amount of total absorbed
intensity from the laser that then excites electrons in the
metal. The yield should be related to the fourth power
of the absorbed intensity, which can be estimated as the
integral

00 4
(Abs. Int.)* = [ f I -A()\)d,\] ,
0

where 7(A) is the spectrum of the laser and A(X) is the
absorption spectrum of the nanogroove. Indeed, if we eval-
uate this integral numerically [Fig. 6(c)] for each groove
array, we observe a correlation [Fig. 6(f)].

The current emission from the flat (nonpatterned) gold
surface is below our measurement sensitivity, owing to
the limited available optical intensity in the setup. Nev-
ertheless, with a maximum power density achievable of
approximately 2 GWem™2, and a measurement system
noise floor of approximately 50 fA, we can calculate an
upper bound for the nonlinear yield coefficient of a4 < 4 x
1074 (cm?*A~")*, with a yield enhancement from nanopat-
terning in excess of 10°. This bound agrees with previous
measurements on identically prepared flat gold that have
found ag = 1 x 1073 (cm?A~")* [24].

The current stability of the cathode performance is sum-
marized in Fig. 5. A continuous acquisition of average
electron current values over about 12 min is performed,
with the laser pulses delivering the maximum available
energy [Fig. 5(a)]. A stable average-current value of 120

nA is measured, with fluctuations measured to be 2.3%
[see Fig. 5(b)].

This experiment exemplifies the disruptive potential of
the technology in high-average-current electron sources.
Indeed, assuming a gold UV quantum efficiency of 107>
[25] and a typical conversion efficiency from near-infrared
(NIR) to UV of 7.5%, then linear photoemission would
require a tenfold increase in laser power to generate the
same average current, about 0.75 W in the NIR against the
80 mW used in the experiment.

V. MEAN TRANSVERSE ENERGY OF THE
EMITTED ELECTRON BEAM

In this section, we explore the mean transverse energy
(MTE) [26] of the nanogroove cathodes. After showing
that surface nanopatterning can lead to very large nonlinear
yield enhancements in metals, we now seek to explore the
effects of such enhancement on the transverse brightness
of the beam. Early work on nanopatterned photocath-
odes has found larger emittance values than are expected
from a flat surface [10]. Since then, substantial work tai-
lored at improving the photoemission properties of these
cathodes has been carried out, e.g., by selecting and opti-
mizing the fabrication technique for minimal roughness
and sharp patterns and by developing methods for in situ
optical characterization of the structures [18]. Owing to
such developments, we are now able to relate photoemis-
sion properties such as the cathode electron-beam MTE to
the surface mechanical and optical characteristics.

We investigate the transverse emittance of the grooves
using the solenoid-scan method. The electron gun is biased
at high voltage to generate a beam from one of the cathodes
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FIG. 7. Solenoid-scan measurements of the normalized emit-
tance of the generated beam. The size of the beam (shown here
in the Larmor frame) is measured as a function of the current in
the beam-line solenoid. Fits to a linear model of the beam line
are shown as the curves, with the best-fit emittance in the legend.

in the square [row two and column one in Fig. 2(b); 680-
nm pitch and 14.5-nm width]. The generated electron beam
passes through a solenoid lens a few centimeters away
from the cathode and hits a scintillator screen 60 cm away.
Here, the rms spot size of the beam is measured as a func-
tion of the strength of the solenoid lens. The experiment is
repeated at 20, 19, and 18 kV (data shown in Fig. 7) and
the beam sizes are fitted using a linear model of transport
including the accelerating electric field in the gun, follow-
ing the procedure in Refs. [6,27], to recover the initial
phase-space moments. The laser rms spot size at the cath-
ode is measured to be 20 wm. We find the cathode MTE to
be asymmetric, with MTE, = 510 meV and MTE, = 250
meV. The x and y axes are as before, with X running against
the grooves and y running along them. The MTE along y
is close to what is typical for a flat metal with this excess
energy [28]. On the other hand, the MTE in the horizontal
(x) plane shows a substantial increase, which we attribute
to geometric effects, as described below.

While nanopatterning has clear benefits for the nonlin-
ear yield of photocathodes, those same nanoscale features
are a form of surface roughness, which is well known to
cause an increase in the MTE of the emitted electrons
from a photocathode [29]. Two major effects contribute to
this increase: the additional transverse momentum gained
from the local distortions of electric fields around surface
features (as in Fig. 1) and the local deviation of the aver-
age direction of photoemission with respect to the global
beam-line axis, which follows the surface normal. For
nanogroove photocathodes, these effects will vanish in one
direction (p in our setup), due to the translational symmetry
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FIG. 8. A schematic showing how the initial momentum distri-

bution (measured in units of keV/c, where c is the speed of light)
from each face of the nanogroove may be combined to form an
estimate of the MTE including roughness effects.

of'the structure. To understand the increase of emittance on
the horizontal (x) axis, we now estimate the contribution of
both effects in our setup.

For the first effect, we compute the value of the exter-
nally applied electric field around the nanogrooves using
the finite-difference method [16], assuming perfect edges
(i.e., a radius of curvature equal to the simulation mesh
size). This is shown as the blue arrows in Fig. 1(a). We then
compute the integral of the transverse field along the par-
ticle trajectory, starting from the groove edge, to find the
maximum transverse energy acquired by the electrons. For
the maximum achievable cathode field in the gun (which
will maximize this effect) of 7 MV m~!, this effect only
adds approximately 10 meV of transverse energy to the
emitted electrons.

To estimate the effect of the local variations of the sur-
face normal on the MTE, we start by randomly sampling
the three-dimensional momentum distribution of electrons
emitted from a flat metallic surface [28], generating a set
of 100000 virtual particles. Assuming a work function
for gold of 5.4 eV [30] and a fourth-order photoemission
process, a numerical calculation of the MTE of these par-
ticles gives a value of 257 meV, in close accordance with
our measurement in the vertical plane and the analytical
expression MTE = (nhv — ¢)/3. Rotating the distribution
following the local normal to the surface and adding
together all of the contributions, we can obtain an estimate
of the total MTE including the effect of nanopatterning.
The number of electrons emitted from each nanogroove
face along the surface is weighted by the integral of the
fourth power of the intensity along it, extracted by FDTD
simulations [Fig. 1(a)]. This gives a ratio of side wall to top
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emission of 6.9:1 and a total estimated MTE, with normal
vector effects included, of 481 meV. Adding in the approx-
imately 10 meV calculated above due to the effects of the
transverse fields, this approaches our measured value in the
horizontal plane of 510 meV. A visual of how this estimate
is made can be found in Fig. 8.

VI. CONCLUSIONS

In this work, we report the development and engineering
of a nanopatterned metal photocathode for high-brightness
ultrafast electron generation. We demonstrate increased
average current when using plasmon-assisted multiphoton
photoemission with respect to linear photoemission in our
setup, overcoming the major drawbacks of metal cathodes
caused by their poor quantum efficiency (QE) in the UV
and hopefully paving the way for their use in high-average-
current-high-brightness applications, such as x-ray free-
electron lasers (x-FEL) and ultrafast electron diffraction
(UED) setups.

Our fabricated cathodes closely match their designed
optical performance. In particular, we are able to tune the
peak absorption wavelength of the structure to the spectral
peak of the driving laser.

The electron yield is strongly enhanced via surface
nanostructuring, a factor in excess of 10° over fourth-
order photoemission from flat gold, and a reduction in
power by a factor of approximately 10 compared to lin-
ear photoemission for the intensities achieved in this work.
Continuous operations at high average current show no
degradation [Fig. 5(a)]. To showcase the potential impact
of such nanopatterned cathodes, we compare their require-
ments with typical metal photocathodes used in large-
scale facilities. As an example, The Linac Coherent Light
Source (LCLS) x-FEL at the SLAC National Accelera-
tor Laboratory [31] uses linear photoemission from flat
copper cathodes. By using the operational values for the
laser, cathode QE, and beam charge [32,33] (3 ps FWHM,
150-pC pulse from a 1-mm hard-edge spot size, a QE
of 4 x 107%), and a typical operational conversion effi-
ciency from IR to UV of 7.5%, a flat copper cathode
requires about 240 wJ of energy in the IR pulse, compared
to the 8 wJ necessary for the gold nanostructured photo-
cathode presented here. The advantage of nanopatterning
becomes even more pronounced in applications requiring
low charge and femtosecond-long pulses, such as UED
setups [34]. In the example shown in Fig. 5(a), 1.5-fC elec-
tron beams are produced using only 1 nJ of IR energy,
extracted directly from an ultrafast laser oscillator.

The normalized transverse emittance of the photoemit-
ted beam is measured systematically for different beam
energies, providing a benchmark value for the transverse
brightness of nanopatterned cathodes. The measured asym-
metry in the emittance can be fully explained by the geom-
etry of the structure, with its asymmetric roughness. These

results suggests an interesting application of nanogroove
arrays as a future platform for studying the effects of rough-
ness on electron source brightness. In these systems, the
roughness can be engineered to take on certain profiles.
Further, the fact that the cathode “acts flat” in one direc-
tion provides a control measurement to directly compare
the effects of roughness against in each sample. For the
application of cathodes in high-brightness photoinjectors,
although the emittance is increased in the direction normal
to the grooves, it is still in line or better than typical values
measured in ultrafast x-ray user facilities [4].

An interesting future application of emission from pat-
terned surfaces is the possibility of obtaining transverse
electron-beam density modulation and shaping. Since elec-
trons are only emitted near the groove edges, structures
could be engineered to generate nanoscale beamlets and
density modulations. Using linear optics to perform an
emittance exchange [35], this modulation can be trans-
ferred into time and used to drive temporal patterning
of the beam, which is of interest to coherent x-ray light
sources [36]. Also, a round beam [37,38] could be gener-
ated to average out the emittances in both directions.

To further reduce the emittance from plasmonic photo-
cathodes, emission from a flat surface would be required,
e.g., by using a plasmonic lens, as described in Ref. [18],
where surface-plasmon interference is used to produce
large and instantaneous field enhancements in pattern-
free areas well below 1 wm. The implementation of this
design could improve the transverse brightness from metal
cathodes even further over the state of the art.
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APPENDIX: SENSITIVITY OF REFLECTANCE TO
LASER ANGLE OF INCIDENCE

In Sec. III, the laser angle of incidence is used as one
of the free parameters when fitting the FDTD simulations
to measurements of reflectivity (i.e., Fig. 3). Given the
requirement that the angle of incidence should be the same
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FIG. 9. The variation of the modeled nanogroove reflectivity
as the laser angle of incidence is varied: (a),(d) & = 0.0; (b),(e)
0 = 0.5; (c),(f) 8 = 1.0. The parameters of the reflectivity peaks
compared with the measurements [as in Figs. 3(b) and 3(c)] are
shown for a few angles compared with the best-fit value of 9,
given in (b) and (e).

across all 16 nanogroove samples on the wafer, a best-fit
value of 8 = 0.5 is found and the best-fit simulations agree
closely with our measurements. To better understand the
effect of this angle on our results, we repeat the analysis,
but for several fixed angles of incidence. These results are
summarized in Fig. 9.

The main impact of changing the angle of incidence is
to change the width of the absorption peaks without affect-
ing their location. This suggests that the groove width,
which does change the location of the peak and is the only
remaining free parameter, can be accurately predicted from
data even when there is uncertainty in the tilt of the cath-
ode. Confirming this, the best-fit groove width varies on
average by only 5% as the angle is varied in Fig. 9.

Additionally, we propose in Sec. IV that aligning the
absorption peak with the spectrum of the driving laser
is important to optimize the performance of the cathode.
Since the position of the absorption peak of the cathode
does not change much with the angle of incidence, the
nonlinear yield should be equally robust. This is a use-
ful property for applications where engineering constraints
place limits on how well the angle of incidence of the laser
can be known.
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