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The generation of collimated electron beams from metal double-gate nanotip arrays excited by near infrared laser pulses is studied. Using
electromagnetic and particle tracking simulations, we showed that electron pulses with small rms transverse velocities are efficiently produced
from nanotip arrays by laser-induced field emission with the laser wavelength tuned to surface plasmon polariton resonance of the stacked
double-gate structure. The result indicates the possibility of realizing a metal nanotip array cathode that outperforms state-of-the-art

photocathodes. © 2013 The Japan Society of Applied Physics

he use of field emission sources for atomic-resolution

electron microscopy! has motivated research on their

application to free-electron lasers (FELs)* ™ and THz
vacuum electronic devices’™® that demand current and beam
brightness higher than conventional cathodes. The require-
ments for cathodes are most stringent for X-ray FELs since
their radiation power and shortest wavelength largely depend
on the electron beam quality at the cathode. In the case of the
SwissFEL X-ray FEL being constructed at the Paul Scherrer
Institute, the cathode should generate 200 pC electron pulses
with 10 ps duration with an intrinsic transverse emittance
below 0.2 mm-mrad,” and it should be compatible with the
acceleration field in the order of 100 MV/m in order to
minimize the space charge effect during the initial accel-
eration of the electron pulses.” Existing and planned
X-ray FELs commonly employ photocathodes excited by
UV laser that produce electron beams with the brightness
approaching a theoretical limit.'” Hence, whether one
can utilize the high brightness of field emission sources
to realize a cathode that outperforms state of the art photo-
cathodes is an urgent question with a potential impact
on the X-ray FEL technology in the near future. For this
purpose, we propose double-gate field emitter arrays (FEAs)
with on-chip electron extraction (Gex) and collimation
(Geo1) gate electrodes excited by near infrared (NIR) laser
pulses.

To increase the total current, FEAs combine electron
emission from a large number of nanotip emitters.®!!"1?)
The generation of field emission current up to 0.4 A from
a single-gate Spindt FEA'Y and current of ~0.6 A from
diamond FEAs without gate electrodes'® induced by elec-
trical potential in dc or microsecond pulse has been reported.
However, to fulfill the X-ray FEL cathode specification, it is
mandatory to achieve higher emission current with shorter
pulse duration, as well as an order of magnitude decrease
of the electron velocity spread in the direction transverse
to the axis of the electron gun.'*!'> Recent experiments
indeed showed that the intrinsic transverse beam emittance
of FEAs of 1 mm diameter is 1-3 mm-mrad,'®'” corre-
sponding to the rms transverse velocity u, of ~3 x 1073 ¢
(c is the speed of light in vacuum), which has to be reduced
by more than an order of magnitude to be compatible with
the X-ray FEL requirement.
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To generate short electron pulses, NIR laser pulse
excitation of metal FEAs has been proposed and experi-
mentally studied.'®'” Up to 5pC electron pulses were
generated from a 10°-tip single-gate FEA with a Sum
array pitch excited by 50fs NIR laser pulses with the
wavelength of 800nm.!” To produce higher charge pulses,
for example with the charge of 200pC to match the
SwissFEL requirement, the yield of the FEA has to be
increased to minimize the beam emittance by keeping the
array size the same or smaller. One of the promising ways
proposed recently is to increase the tip density by reducing
the array pitch below 1 pum and to tune it so that the surface
plasmon polariton (SPP) of the gate electrode is in resonance
with the photon energy of the illuminating NIR pulses.?”
The simulation showed that the extraordinary optical trans-
mission (EOT)*" persists in the presence of molybdenum
emitters, and the electron yield reaching 107% was pre-
dicted.?” Since the laser-induced field emission from metal
emitters is localized at the nanometer-size tip apex,'*?>>%
one can expect to reduce u, of the laser-excited electron
beams in a double-gated structure®>? as demonstrated in
recent experiments.28’3()>

In this work, we therefore explore the feasibility of
FEAs for the advanced accelerator applications by combin-
ing the recent developments on the NIR laser excitation of
FEAs and the double-gate technology. In particular, by using
three-dimensional electromagnetic and particle tracking
simulations, we study the NIR laser-induced field emission
from double-gate FEAs with plasmonic gate electrodes and
their beam collimation characteristics.

The proposed device is schematically shown in Figs. 1(a)
and 1(b). To analyze its operation, we used a three-
dimensional double-gate emitter model shown in Figs. 1(c)
and 1(d). We assumed a cone shaped molybdenum emitter
terminated by a spherical apex with the radius of curvature
(Rip) of 5nm. The aperture diameter of G, was 200 nm and
the aperture diameter of G., was 600 nm. The large G,
aperture diameter is a key to suppress the current reduction
when the collimation is strongest at large negative collima-
tion potential V., applied between G., and G while
extracting the electrons from the emitters by applying the
extraction potential Vg between Gex and the emitter
substrate (Em) [see Fig. 1(b)].2%*” We set the external
acceleration field F,.. of 100 MV/m, a typical value for RF
cavity photoinjector.!” The material of the gate electrodes
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Fig. 1. (a) Generation of high-charge and low-emittance electron pulses
from a double-gate metal nanotip array excited by NIR laser pulses.

(b) Close-up view of the proposed device. (c) and (d) show the cross-
sectional views of the model along the y = 0 plane, from the side and
oblique angle, respectively. The height and the base radius of the emitter are
120 nm. The thickness of the gate layers is 50 nm. The separations between
Gex and Em and between Gy and G, are 120 nm.

was assumed to be copper since it can not only support
SPP at optical frequencies but it is also compatible with
the high F,.. In the particle tracking and electrostatic
simulation, we included F,. in the model by placing an
anode at a distance of 1.5um above G, and assumed
its potential equal to 150 V, while fixing the potential of G
to ground potential. From the electron distribution at the
anode, u; of the double-gate emitter was evaluated. For
simplicity, the insulator layers that support the gate layers
mechanically in actual devices were replaced by vacuum in
the simulation.

To calculate the optical electromagnetic field distribution,
we used a finite element electromagnetic solver (COMSOL
Multiphysics, RF module®”) with adaptive tetragonal
meshing. To simulate the laser excitation of a large array,
we assumed a 750-nm-wide cuboidal unit cell and applied
the periodic boundary condition in the transverse direction.
The dielectric functions of the emitter and gate layers were
taken from Ref. 32. The array pitch of 750 nm was chosen
to set the expected EOT resonance through the gate layers
close to the wavelength of 800 nm.'? A finite shift Axgp of
the tip position from the center of G¢ is crucial to have the
optical electric field Fy, at the tip apex several times higher
than the optical electric field Fj of the incident field as
shown previously in the case of single-gate FEAs.?*%) In the
present simulation, we assumed Ax;;, equal to 30 nm. For the
sake of minimizing the beam divergence (1), the center of
G0 Was also shifted by Ax. equal to 30nm. We assumed
that the incident optical field is polarized in the x-direction
and illuminates the emitter vertically.

For the particle tracking simulation, we used a solver
(CST Particle Studio®”) that discretizes the emitter model by
an adaptive hexahedral meshing with the number of mesh
cells up to 8 x 107. The distribution Jiy; of the electron flux
at the emitter apex generated by the laser illumination was
calculated separately from the combination of the excitation
light intensity obtained from the electromagnetic simulation
described above and the electron flux density P, obtained
from the Fowler—-Nordheim current density® determined
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Fig. 2. Cross-sectional optical electric field distributions of a 750-nm-
pitch molybdenum-tip array with the copper double-gate electrode under
vertical incident laser irradiation on the y = 0 plane for the photon energies
of (a) 1.4, (b) 1.6, and (c) 1.7 eV. Note the 30 nm shift of the emitter and the
collimation gate in the x-direction. (d) Relation between yield of electrons
generated by laser illumination and photon energy, normalized by the peak
value at Ey, of 1.6eV. The ratio of the optical electric field Fy, at the tip-
apex center to the field Fy of the incident light field is also shown for
structures with copper gate (dash-dotted line) and molybdenum gate (dotted
line). The color scale of Fy, is indicated at the top right.

from the electrostatic field Fy. and barrier height ® equal to
(W — Epp) (W of 4.5¢eV is the work function of molybde-
num and Ep, is the photon energy of the exciting laser) by
assuming a uniform excited electron distribution.® F,. was
calculated by using an adaptive tetragonal mesh three-di-
mensional finite element solver (COMSOL Multiphysics").
Anticipating the maximum Fy. of 6 GV/m at the tip apex
under the maximally collimated beam condition as in the
previous laser-induced field emission experiment,'” we set
Ve t0 70V and Vo to =76V [see Fig. 1(b)]. We note that
this simulation procedure was applied previously for a 2 um
base emitter double-gate structure®® that showed an
excellent agreement with experiment.

Figures 2(a)-2(c) show the distribution of the optical
electric field, when Ej;, of the normal incident light field is
equal to 1.4, 1.6, and 1.7 eV, respectively, along the y =0
plane, which goes through the center of the shifted emitter.
These show that the incident light field with Ep, of 1.6eV
resonantly propagated into the emitter cavity and enhanced
F,p, at the tip apex at the same time. This resonant behavior
shows that EOT through the double-gate aperture holes is
conserved in the presence of the molybdenum emitter. This
directly extends the same effect proposed for single gold
gate FEAs.”” Importantly, Fyp, at the tip apex should be
larger than the incident field Fy by a factor of ~9 to achieve
the NIR laser-excited electron yield of ~107° (see below).
As shown in Fig. 2(d), right ordinate, this condition is
achieved at the resonance. Further, as shown in the inset,
the distribution of the enhanced F, at the emitter tip is
symmetric around the emitter tip axis despite the struc-
tural asymmetry caused by the finite Axgp,. This is
advantageous for minimizing u, at the optimum collimation
(see below).

© 2013 The Japan Society of Applied Physics
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In Fig. 2(d), we display the electron yield Y, obtained by
integrating Jiy; over the apex surface at each Epp,. This shows
that Y, and F,, have nearly identical Ep, dependence. As a
comparison, we also calculated the optical electric field
distribution of the same double-gate emitter but when both
gate electrodes consist of molybdenum (green dash-dotted
line). The lack of the enhancement of the F,-to-Fy ratio in
the Mo gate emitter clearly indicates the importance of the
SPP resonance for the F,, increase of the copper gate emitter.

The maximum Fqp-to-Fy ratio of the copper double-gate
emitter equal to 9 is approximately the same as the Fo,-to-Fj
ratio equal to 9.5 for a 5-um-pitch single-Mo-gate emitter
with Ry, of 5nm (irradiated from 60°, not shown). This
indicates that when Fy. and the intensity of the illuminating
laser are the same, both emitters generate the same number
of electrons per tip. Therefore, the electron yield of the 0.75-
um-pitch double-Cu-gate array is expected to be higher
than that of the 5-um-pitch array by a factor of 44 owing
to the increased tip density. As a result, combining with
the empirical electron yield (6 x 1078) of the 5-um-pitch
array,'” we estimate the electron yield of the 0.75-um-pitch
Cu-double-gate emitter to be equal to 2 x 107% when it is
excited at the resonance photon energy of 1.6eV. This leads
to the possibility of generating 200 pC electron pulses from a
10-tip FEA with the array diameter of 1 mm by exciting
the FEA with NIR laser pulses with the beam energy of
~0.1mJ.

By using the Jiy; calculated from F;, at the resonance
(photon energy of 1.6eV) and Fy., we performed the particle
tracking simulation with 10* particles. In Fig. 3(a), we show
the relation between the velocity v, in the x-direction and the
position x of the particles (x-phase space) at the anode plane
for Vo1 of 0, =76, —82, and —90 V. V,. was fixed at 70 V.
This shows that the v,-spread was substantially reduced
by decreasing V.o from 0 to —76V, and then increased at
—90V due to the overfocusing. The closeness of the tip to
G x in the positive x-direction deformed the x-phase space in
the positive x side. However, the y-phase space stayed sym-
metric as shown in Fig. 3(b) (V.o = —76V). Figure 3(c)
depicts the electron orbits at V., of —76V observed along
the y = 0 plane. For display purpose, a limited number of
orbits are shown in the figure. This demonstrates that the
diverging orbits near the emitter apex are collimated after
the electrons pass through the G, aperture. Figure 3(d)
summarizes u; calculated at various V., values. The
horizontal line indicates u, equal to ugy, of 4 x 10~* ¢, which
is the boundary; below this level, the estimated beam
emittance for 1-mm-diameter FEA is less than 0.1 mm-mrad
and more than a factor of 2 lower than that of the state-
of-the-art photocathode.!” Despite the asymmetry of the
emitter structure, it predicts that u is below uy for Vg
between —72 and —82 V. The finite Ax;;p, also introduced the
finite mean v, and the tilt of the beam in the x-direction
at zero V.. However, when the collimation condition is
optimum, this is reduced to a value much less than uy,, and
its effect becomes negligible.

The compatibility with the high acceleration field is
an important issue for the use of FEAs in accelerators.
Experimentally, stable operation of single-gate FEAs under
acceleration up to 30MV/m in 100-ns-pulse high-voltage
diode gun was demonstrated.'® Also, a recent publication by
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Fig. 3. (a) and (b) show the phase space of the laser-induced electron
pulse from the Cu double-gate Mo-tip array in the x-direction on the plane at
1.5um above G, with the electron extraction potential of 70 V and
acceleration field of 100 MV/m. (a) Phase space in x-direction at V.o of
0, =76, —82, and —90 V. (b) Phase space in x- and y-directions at V., of
—76 V. (c) Trajectories of small number of electrons at V., of =76V
(the cross section is along y = 0 plane). (d) Variation of rms transverse
velocity u; (filled square) and mean velocity (open square) of the laser-
induced field emission beam with the decrease of V., from 0 to —80V.
The broken line indicates u; equal to 4 x 10~* ¢ with the corresponding
intrinsic beam emittance of 0.1 mm-mrad for a 1 mm-diameter cathode.

Li et al.>” has reported a stable operation of nanostructured
copper cathode in an RF cavity gun with the maximum
acceleration field of 70 MV/m. These results indicate that
stable operation of the nanofabricated FEAs in the actual
gun environment is possible. Therefore, the test of FEAs in
the actual RF gun environment is an interesting next step of
research.

In the report of Li et al.,’” they utilized the SPP resonance
of the nanostructure copper surface to enhance the multi-
photon photoemission excited by femtosecond NIR laser
pulses. The similar SPP effect is observed also in our
simulation: F, at the gate aperture edge was enhanced at the
SPP resonance condition [Fig. 2(b)]. At the G.x edges, the
multi-photon photoemission is likely to be negligible under
the operation condition of the double-gate FEAs since the
DC fringe field from the gate potential increases the barrier
height at the G¢x aperture edge and inhibits the electron
emission.'®!”) The multiphoton photoemission from the G .
layer can also be substantially reduced by exciting the FEA
with laser pulses with durations more than 10 times longer
than 50 fs with the same pulse energy of ~0.1 mJ for 200 pC
generation.

The impact of the space-charge effect on the electron
propagation and the emittance is other important subject
because of the plurality of the FEA beam.'® We therefore
repeated the particle track simulation assuming static tip
current up to 200 pA at Ve of =78 V with Vg of 70V and
Foee of 100MV/m. We found that the increase of i is
negligible up to the tip current of 20 LA (corresponding to
10 ps pulse beam for 200 pC electron charge generation from
a 10°-tip FEA). When the tip current is increased to 200 pA
(corresponding to the 1ps FEA pulse case), u; increases to
4 x 10~*¢. Further analysis in the case of transient and
pulsed current propagation as well as the case with different
device geometries may lead to more optimized performance

© 2013 The Japan Society of Applied Physics
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and operation condition. Therefore, it is also an important
future research direction.

In summary, we studied the feasibility of stacked double-
gate FEAs for advanced accelerator applications. Our
simulation showed that, by engineering the device structure
to effectively couple the NIR excitation of the SPP of the
gate to the emitter tip, NIR laser pulses with pulse energies
in the order of 0.1 mJ can generate 200 pC electron pulses
with the intrinsic emittance below 0.1 mm-mrad from 10°-tip
FEAs with the array diameter of 1 mm. We consider that
actual fabrication of such shifted-tip double-gate emitter
arrays is feasible; Recent report on the prototype submicron
pitch single-gate FEAs®® showed that tip-gate alignment
precision over 1 mm diameter by electron beam lithography
is below a few nanometers. Hence these FEAs are highly
promising for future accelerator applications and X-ray
FELs that require ultra-high-brightness and high-current
electron beams.
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