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ABSTRACT

This paper explores direct density modulation of high-current electron beam emission from an RF cold cathode using optical excitation. We
theoretically study the photo-assisted field emission of periodically bunched electron beams of various pulse shapes under the combined
excitation of an RF field and an optical field, using an exact quantum model. Both continuous-wave (CW) and pulsed optical fields are con-
sidered. The emission current pulse amplitude, pulse width, electron number density per pulse, as well as pulse shape and its harmonic con-
tents are investigated in detail. For CW photon sources in the UV to NIR range (i.e., 200–1200 nm), increasing the optical intensity under
an RF bias tends to change the current pulse from a Gaussian to sinusoidal-like shape, thus offering strong flexibility to control the fre-
quency components in beam current emission. Pulsed photon sources combined with an RF field can produce sharp, high-current electron
bunches with pulse duration comparable with or even less than that of the optical pulse. A contour map of the density modulation depth is
constructed for different combinations of RF and laser fields. The results provide insight into unlocking new opportunities to achieve direct
density modulation during electron current emission by optical means.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156328

I. INTRODUCTION

Electron beam-based devices are critical to applications such
as particle accelerators,1 high-power electromagnetic sources
ranging from microwaves to x-rays,2–5 vacuum electronic
devices,6–9 e-beam lithography,5 electron microscopy,10–13 space-
vehicle neutralization,14 and emerging vacuum nanodevices.15–18

They are key elements in telecommunication systems, satellite-
based transmitters, radar, communication data links, and electronic
countermeasures.19 There continues to be strong interest in increas-
ing the output power, frequency tunability, and bandwidth of elec-
tron beam-based vacuum electronics devices, for uses as radiation
sources and power amplifiers, from GHz to THz and beyond.20–23

Free-electron beam-based devices utilize the collective interac-
tion of an electron beam with a circuit structure (e.g., either periodic
structure or cavity) to convert electron beam energy into electromag-
netic radiation. The energy conversion from electron beams into
electromagnetic radiation relies on beam modulation.21,24 Beam
modulation is achieved either by controlling the electron emission
from the cathode (prebunching) or by passing the electrons through
an RF electric field structure that modulates the velocities of the elec-
trons. The former is referred as density modulation, whereas the

latter is as velocity modulation in the literature.21,25 One may keep in
mind that, strictly speaking, density modulation and velocity modu-
lation of the beam cannot be separated as can be seen from the (line-
arized) continuity equation; thus, they were used only to distinguish
the different ways of initiation of the beam modulation. At present,
traveling wave tubes (TWTs) mainly rely on the velocity modulation
of the electron beam for power amplification. After the electron
velocities are modulated, there is a substantial delay before beam
density modulation becomes appreciable, until when the useful gain
is produced. Dramatic improvements in TWT performance can be
enabled by direct density modulation (i.e., prebunching of electron
beam) during emission.26 In particular, with this initial density mod-
ulation, velocity dispersion in the beam can be minimized, and the
substantial portion of the interaction circuit for the purpose of con-
verting initial velocity modulation into sufficient density modulation
can be eliminated. This would result in compact devices with reduc-
tions in overall dimensions and weight, through the elimination of
the premodulation circuit. Furthermore, initial beam density modu-
lation during emission would eliminate the launching loss of the
input RF signal, which is a serious intrinsic problem in TWTs based
on initial velocity modulation.27,28
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The idea of using direct current modulation of electron beams in
microwave amplifiers has existed for decades. Density modulation in
amplifiers has gone by the name of inductive output amplifiers
(IOAs).25 Historically, density modulation was accomplished with a
grid that lays over the surface of a thermionic emitter to control the
electron emission.25,29–31 With the advancement of vacuum microelec-
tronics and field emitter arrays (FEAs), the gate-to-emitter spacing has
been reduced to submicron scale, which significantly decreases the
electron transit time, thus offering a higher frequency operation.32

However, the capacitance of the field emitter arrays always limits the
modulation frequency. Also, there are significant challenges for using
FEAs in high-power tubes, because premature failure due to arcing
often occurs at current levels much smaller than the design require-
ments.33 The breakdown is a major challenge for FEAs because of the
high fields within the structure and the thin-film gate electrode. An
electrical short between the gate and any individual emitter will burn
out the entire FEA and render it unusable.34 While shields can be
added to mitigate the damaging effects of the electrical shorts, the high
operating voltage is needed to field emitter arrays to draw sufficient
current.

In this paper, we explore direct density modulation of high-
current electron beam during its emission from an RF cold cathode
using optical excitation. This is motivated by the recent rapid devel-
opment in ultrafast lasers and photonics, which has opened up enor-
mous opportunities to control electron beam dynamics at ultrashort
spatial-temporal scales, thus offering unprecedented scientific
advances. Pulsed laser-induced (or assisted) electron emission offers
the possibility of manipulation and control of coherent electron
motion in ultrashort spatiotemporal scales.1,33,35 The timing of elec-
tron beam emission, and therefore of the electron beam density
modulation, can be achieved in femtosecond scale (well beyond the
RC limit of the emitters), by laser illuminating DC-biased sharp
metallic tips.36,37 This ultrafast electron emission due to pulsed laser,
or optical gating, would potentially provide unrivaled precision in
phase-control of electromagnetic signals from electron-based devices.

There have been efforts to use laser illumination of photocath-
odes to achieve microwave amplification with high efficiency; however,
the development of such devices, i.e., the so-called lasertron,38,39 was
inhibited largely because of the lack of reliable and affordable electron
emitters in the 1980s. With recent advances in materials and nano-
technology, there appear a variety of robust electron emitters with
promises for high-current applications, e.g., carbon fibers,40–42 carbon
nanotubes (CNTs), and carbon nanofiber (CNF)43–48 based field emit-
ters. Also, cathode geometry has been investigated to enhance emis-
sion.49 Excitation of field emitters with photon sources would offer
potential to control the emission current with strong flexibility.

It has been shown that photo-assisted field emission current
under the combination of static bias and optical field is signifi-
cantly larger than either photoemission due to the optical field
alone or field emission due to static field alone.50–53 Because of the
high nonlinearity of photo- and field-emission, the combined RF
bias and optical fields are expected to produce agile current pulse
shapes tailored for specific applications. Another advantage of
optical gating is that, in the case of emitter arrays, individual emit-
ters can be selectively excited using prescribed optical gating. This
selective gating would be able to produce multiple electron beams
with separate modulations simultaneously, by various combinations

of field emission, photoemission, and even thermionic emission. The
proposed photo-assisted field emission requires greatly reduced RF
(or DC) bias to achieve high current compared to the traditional
FEAs, which can help prevent instability induced by poor vacuum
conditions when pressed local biased electric field at the emitter tip
is close to the field emission threshold. Furthermore, the occurrence
of arcs is diminished as the relevant heating effect due to photoelec-
tron emission is restrained when the pulses are in a short temporal
duration.54 Thus, the issue of breakdown can be mitigated to provide
a more stable and robust emitter operation.55

Here, we theoretically analyze the emission of periodically
bunched electron beams under the excitation of an RF field and an
optical field, using an exact quantum model.50,56,57 We apply
a sinusoidal RF electric field (1 GHz) and an optical field (wavelength
from 200 to 1200 nm) simultaneously to a cold cathode. Electron
emission properties, such as peak current density, current pulse
width, pulse shape, its corresponding harmonic contents, and electron
numbers per RF cycle, are comprehensively analyzed for a wide range
of RF field and optical field [i.e., wavelength, laser intensity, and
continuous-wave (CW) or pulsed form]. Note that we consider a rep-
resentative RF frequency of 1 GHz for this study, however, frequencies
of 10 GHz or higher may be even more interesting with our proposed
optical method, where thermionic cathodes are precluded from com-
peting and standard field emission cathodes are challenged.

II. QUANTUM MODEL FOR ELECTRON EMISSION

As shown in Fig. 1, we consider electron emission from an RF
cold cathode under an RF field F0 and an optical field F1cosωt, where
F1 and ω are the optical field strength and its angular frequency,
respectively. The RF field is F0 ¼ A cosω0t, with A and ω0 being the
amplitude and angular frequency of the RF field, respectively. For RF
fields of GHz frequency, it has a period (∼ns) that is orders of magni-
tude longer than that of the optical field, e.g., 0.67–4 fs for wave-
lengths in the range of 200–1200 nm (UV–NIR). Therefore, the RF
field can be regarded as a constant static field in one or multiple laser
cycles. Consequently, the photo-assisted field emission induced by the
combination of RF and optical fields is modeled using our recently
developed quantum model by solving the one-dimensional (1D)
time-dependent Schrödinger equation (TDSE) exactly,50,56,57 which is
applicable for the arbitrary static electric field, emitter properties (i.e.,
Fermi energy, work function, and with or without dielectric coat-
ings58,59), and optical field (i.e., wavelength and strength). The
quantum model has shown good agreement with experiments56,57

and it has been extended to various scenarios, such as two-color laser-
induced photoemission,51,53,60,61 few-cycle pulsed laser-induced pho-
toemission,52 electron emission from dielectric-coated metal sur-
faces,58,59,62 and electron emission in the nanogaps.63,64

To model the time-dependent oscillating surface barrier
[Fig. 1(b)], for simplicity, both the RF field and optical field are
assumed to be perpendicular to the cathode surface and cut off at
the cathode–vacuum interface. The Schottky barrier lowering
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e3F0/16πε0

p
due to the image charge effect is included, where e is

the (positive) elementary charge and ε0 is the permittivity in free
space. It should be noted that our analytical model uses a triangular
barrier only, where barrier correction factors65 and the effect of pos-
sible changing barrier height due to an oscillating optical field are
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not considered, which may be subjects of future studies. Based on
the exact solution of TDSE subject to the oscillatory surface barrier
due to the RF static and laser fields,50,56 we obtain the time-averaged
electron transmission probability from the energy level of ε,

D(ε) ¼ P1
n¼�1

wn(ε), (1)

where wn(ε) denotes the electron transmission probability through
the n-photon process, with n < 0 representing multiphoton emission
process, n = 0 direct tunneling process, and n > 0 multiphoton
absorption process. The detailed expressions wn(ε) can be found in
Refs. 50 and 56.

Thus, the total emission current density J in a laser cycle can
be calculated by

J ¼ e
ð1
0

D(ε)N(ε)dε, (2)

where N(ε) ¼ mkBT
2π2�h3

ln 1þ exp EF�ε
kBT

� �h i
is the supply function

derived from the free-electron model for metal, with EF , kB, and T
being the Fermi level, the Boltzmann constant, and the tempera-
ture, respectively, and N(ε)dε gives the flux of electrons inside the
metal impinging normal on the metal surface with initial energy
between ε and εþ dε.56

To explore the flexibility of density-modulated electron beam
emission, we consider the combination of RF fields with either CW
or pulsed photon/laser sources, as illustrated in Fig. 2. The latter is
motivated by the fs scale of the timing of the photoelectron emis-
sion under pulsed laser illumination. High-frequency beam modu-
lation with precise bunch profiles may be easily realized by the
optically gated emitters. It is desirable to produce a train of tightly
bunched electrons at a repetition rate of the microwave frequency,
in order to achieve synchronism between the electron bunch and
the microwave for effective interaction. One possible approach is to
use the RF signal A cosω0t to trigger the laser at a certain

FIG. 1. (a) The periodical emitted bunched beam produced from sharp emitter array under an RF field and a laser field. (b) The quantum model with a one-dimensional
solid-vacuum interface under an RF field F0 and a laser field F1cosωt, with EF being the Fermi energy, W0 the work function of the cathode, ε the initial energy, and W
the effective work function considering the Schottky effect.

FIG. 2. Cathode excitation using (a) an RF field and a CW laser field, (b) an RF field and a pulsed laser field. The laser pulse is triggered by an RF field at a certain
voltage level.
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predetermined level Atrigger , so that high-current electron emission
occurs only when the laser is triggered [Fig. 2(b) and Fig. 8]. The
electron bunch length can be controlled by tuning the trigger level
voltage Atrigger . Because of the finite rise and fall time of the laser
pulse, instead of a constant amplitude of F1 as for the CW laser,
the amplitude of the pulse laser is modeled as F1e�t2/σ2

, where F1 is
the peak of the optical field, and σ ¼ τp

2
ffiffiffiffiffi
ln2

p ffi τp
1:665, with τp being the

full width at half maximum (FWHM) of the optical pulse length.
We assume that the laser pulse length is much longer than the laser
period (i.e., more than 10 laser cycles50,52) so that the laser amplitude
F1e�t2/σ2

can be seen as a constant within a laser cycle and Eqs. (1)
and (2) can still be applied to calculate the emission current density.

It is important to note that the field magnitudes A and F1
used here are the local field strength at the cathode surface, which
may be significantly larger than the input RF and/or optical fields
if one considers the large local field enhancement near the sharp
emitter tips. The external input fields needed to yield the presented
current density level would be lowered according to their corre-
sponding field enhancement factors, i.e., Finput�RF ¼ A/βstatic and
Finput�optical ¼ F1/βoptical , where the local field enhancement factors
for RF field βstatic and optical field βoptical are typically on the order
of 104–105 and 10, respectively.45–47,59 As the frequency of the field
increases from DC/RF to optical range, the skin depth increases
and can become comparable to or even larger than the physical
size of the tip, thus, the electric field can penetrate inside the mate-
rial and the screening effect of free electrons inside the emitter
becomes less effective, yielding a significantly reduced field
enhancement factor for optical field as compared to the DC/RF
field. Techniques such as surface coating, designing tip geometry
with plasmonic resonance enhancement, and resonant tunnel-
ing59,62,66,67 can further increase the local field enhancement and
reduce the input RF and optical field strengths in practice.

III. RESULTS AND DISCUSSION

A. Electron emission under RF field and continuous
laser field

Figure 3 shows the periodic bunched emission current density
J calculated from Eq. (2) during the positive RF half-cycles under
various combinations of laser and RF field strength. The cathode is
assumed to be gold, with nominal work function W0 ¼ 5:1 eV and
Fermi energy EF ¼ 5:53 eV. The temperature is T = 300 K. Unless
prescribed otherwise, these are default cathode properties in this
study. The laser has a wavelength of 200 nm, and its heating effects
are ignored due to the weak laser intensity used.57,68 RF field has a
frequency of 1 GHz, with its negative half-cycles being neglected in
the calculation.

The RF field magnitudes A corresponding to curves in green,
blue, red, yellow, and purple [bottom to top in each subfigure
in Figs. 3(b)–3(d)] are 0, 0.1, 1, 2, and 3 V/nm, respectively. In
Fig. 3(a), we plot emission current density J under the RF field only
with A = 1, 2, and 3 V/nm (bottom to top) calculated from Eq. (2),
which are almost identical to the current density calculated (black
dotted line) from the Fowler–Nordheim (FN) approximation

equation,65,69

J ¼ αaW�1F2
0exp � βbW

3
2

F0

 !
, (3)

where a � 2:46 965� 10�25 A J V�2 and b � 1:06 5 15
�1038 J�3/2 Vm�1 are the first and second FN constants, and α ¼ 1
and β ¼ 1 are generalized correction factors. The emission current
density for the cases under only laser fields of 0.001, 0.01, and
0.1 V/nm reads 0.5, 53, and 5282 A/cm2, respectively, as shown at
the bottom of Figs. 3(b)–3(d), which are much larger than that of
with RF field only in Fig. 3(a). With the 10 times increase of
laser field, the corresponding emission current density is
increased by about 100 times without the RF field. As the laser
field increases from 0.001 to 0.1 V/nm with the RF field, as shown in
Figs. 3(b)–3(d), the peak emission current density increases from
1 to 10 715 A/cm2 for A = 0.1 V/nm. A larger A increases the emis-
sion current density even further. Thus, the presence of photons
provides significant flexibility in controlling the emission current.
More importantly, the shape of the temporal emission current
density J varies in different combinations of the RF amplitude and
laser field. From Figs. 3(a)–3(d), we observe when the RF field
dominates the emission process (i.e., large RF field but small laser
field), the shape of the temporal emission current density is in a
Gaussian profile. When increasing the laser field, the current
density profiles change toward a sinusoidal shape.

Figures 4(a)–4(c) show the emission current density J in posi-
tive RF half-cycles with RF field amplitude A = 2, 2.5, 3 V/nm,

FIG. 3. Electron emission current density J varies with t under different combi-
nations of RF field strength and laser field strength. The amplitude of the RF
field A corresponding to curves in green, blue, red, yellow, and purple (bottom
to top in each subfigure) is 0, 0.1, 1, 2, and 3 V/nm, respectively. The frequency
of the RF field is 1 GHz. In (a), current density under RF only (F1 = 0) is plotted,
and the dotted black lines are plotted from the FN approximation, Eq. (3). The
laser field has a wavelength of 200 nm and strength F1 = (b) 0.001, (c) 0.01,
and (d) 0.1 V/nm.
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respectively. The lines varying in color green, purple, yellow, red,
and blue (bottom to top in each subfigure) correspond to F1 = 0,
0.006, 0.008, 0.01, 0.012 V/nm. The corresponding optical intensi-
ties I[MW/cm2] ¼ ε0cF2

1 /2 ¼ 1:327� 105 � (F1[V/nm])2 are 0,
4.8, 8.5, 13.3, 19.1 MW/cm2, where c is the speed of light in
vacuum, for linearly polarized lasers. When A = 2 V/nm, those
curves can be fitted with a sinusoidal function of a magnitude of
740, 514, 329, 185, 0.18 A/cm2 from top to bottom and a frequency
of 1 GHz. As A increases, the shape of the emission current
changes from an approximately sinusoidal shape to a Gaussian-like
profile, similar to Fig. 3. Because of the high nonlinearity of photo-
assisted field emission, increasing A produces a sharp peak in the
middle, and the width of the peak becomes narrower, as shown in
Figs. 4(b) and 4(c). It is also found that as A increases from 2 to
3 V/nm, the difference in emission current under different laser
fields gets smaller. This is because the RF field is much larger than
the laser field, and it plays the dominant role in modulating the
emission current.

A frequency domain analysis of the emission current is done
using the fast Fourier transform (FFT). The amplitude spectrum of
emission current density at multiples of RF frequency (1 GHz) is
shown in Figs. 4(d)–4(f) for Figs. 4(a)–4(c), respectively. The dom-
inant frequency term is observed at 1 GHz, which is the same as
the frequency of the RF field. As A increases, there appear more
high-harmonic contents in the beam current, as shown in Fig. 4(f).
For a given A, increasing the laser field tends to increase more on
the fundamental frequency component in the emission current.

The effect of the RF field on the modulation of electron beams
is provided in Fig. 5, with different laser fields of 0, 0.006, 0.008,
0.01, 0.012 V/nm, corresponding to the intensity of I = 0, 4.8, 8.5,
13.3, 19.1MW/cm2. Figure 5(a) shows that the peak emission
current density increases with the RF field. When A = 3 V/nm, the
peak emission current density remains almost unchanged for the
given range of laser intensity due to the dominant direct tunneling
under the RF field. Figure 5(b) shows the FWHM of the emission
current density under different RF fields. When A = 2 V/nm, there is
a sharp increase of FWHM as I increases from 0 to 4.8MW/cm2.
FWHM remains constant as I further increases. When A = 2.5 V/
nm, after the sharp increase of FWHM as I increases from 0 to
4.8MW/cm2, FWHM gradually increases as I further increases.
When A = 3 V/nm, FWHM almost keeps constant since RF field
strength is much larger than the laser field and the modulation by
the laser field becomes weak. Figure 5(c) shows the number of
emitted electron flux per RF cycle, N, which is calculated by,

N ¼ 1
e

ð2π/ω0

0

J(t)dt, (4)

where J(t) is the temporal emission current density calculated from
Eq. (2). It is interesting to find that N has similar trends as peak
emission current density. This may indicate that for CW lasers, the
laser intensity has a stronger influence on the emission current
amplitude and a weaker influence on the modulation of beam width,

FIG. 4. (a)–(c) Emission current density J varies with time t in 2.5 cycles under various laser fields with the RF amplitude A = 2, 2.5, and 3 V/nm, respectively. (d)–( f ) The
amplitude spectrum of the emission current density at the multiples of RF frequency (1 GHz) for (a)–(c) correspondingly. The laser wavelength is 200 nm.
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especially when the RF field is much larger than the laser field
strength.

The effect of laser wavelength on the emission current density
is shown in Fig. 6. For fixed laser and RF field strength, emission
current density decreases rapidly as laser wavelength increases. This
is because of the lower quantum efficiency for longer laser

wavelengths.57 When F1 increases from 0.006 to 0.012 V/nm, the
peak emission current density increases from 185 to 740 A/cm2 for
λ ¼ 200 nm and from 0.20 to 0.23 A/cm2 for λ ¼ 1000 nm. A
shorter wavelength laser has stronger effects on the modulation of
the emission current. It is also observed that as the laser wavelength
increases, the peak width decreases. Figures 6(e)–6(h) show the

FIG. 5. (a) Peak emission current, (b) full-width at half maximum (FWHM), and (c) number of emitted electrons in a half RF cycle, as a function of RF field A under differ-
ent laser intensity I. The laser wavelength is 200 nm.

FIG. 6. The effect of laser wavelength on emission current density J. (a)–(d) λ ¼ 200, 400, 800, and 1000 nm, respectively. (e)–(h) Amplitude spectra of the emission
current density at multiples of RF frequency, corresponding to (a)–(d), respectively. RF field amplitude A = 2 V/nm.
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amplitude spectra of emission current density at multiples of RF
frequency (1 GHz) using FFT, corresponding to Figs. 6(a)–6(d),
respectively. It is obvious that as laser wavelength increases, there
appear more higher-harmonic contents in the density-modulated
electron beam.

The effect of laser wavelength on the modulation of emission
current (i.e., peak emission current density, FWHM, and the
number of emission electrons per RF cycle) is shown in Fig. 7.
Figure 7(a) shows the peak emission current density as a function
of the laser wavelength range from 200 to 1200 nm with an interval

FIG. 7. (a) Peak emission current density, (b) full-width at half maximum (FWHM), and (c) number of emitted electrons in a half RF cycle, as a function of laser wave-
length under various laser intensities. RF field amplitude A = 2 V/nm. The corresponding laser field strength is F1 ¼ 0, 0:006, 0:008, 0:01, 0:012 V/nm for the intensity
of I ¼ 0, 4:8, 8:5, 13:3, 19:1 MW/cm2.

FIG. 8. Emission current density temporal profile under pulsed laser of full-width at half maximum (a) τp ¼ 0:05 ns; (b) τp ¼ 0:025 ns; (c) τp ¼ 0:001 ns. (d)–(f )
Amplitude spectra of the emission current density at multiples of RF frequency corresponding to (a)–(c), respectively. The laser wavelength is 200 nm and A ¼ 2:5 V/nm.
The corresponding laser intensity is I ¼ 19:1, 13:3, 8:5, 4:8, 0MW/cm2 for F1 ¼ 0:012, 0:01, 0:008, 0:006, 0 V/nm.
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of 200. It is apparent the peak emission current density decreases
quickly when the laser wavelength λ changes from 200 to 600 nm
and then levels off for longer wavelengths, where the peak current
density is also insensitive to the laser intensity. Figure 7(b) shows
the FWHM of the current pulse decreases rapidly with λ changing
from 200 to 1200 nm. Also, increasing laser intensities from 4.8 to
19.1 MW/cm2 has little influence on the FWHM of the current
pulse with fixed λ. Figure 7(c) shows the number of emitted elec-
tron fluxes per RF cycle, N, in different wavelengths. When the
laser intensity is fixed at 19.1 MW/cm2, the number of emitted
electrons is 1:6� 1012, 8:4� 1010, 1:7� 109, 2:1� 108, 1:1� 108,
9:0� 107 with wavelength being 200, 400, 600, 800, 1000,
1200 nm, respectively. It is noticeable that N shows similar trends
as peak emission current density. This indicates again that, for CW

lasers, the laser intensity has a stronger influence on the emission
current amplitude and a smaller influence on the beam width.

B. Electron emission under RF field and pulsed laser
field

In this section, we consider electron emission under an RF
field and a pulsed laser field [Fig. 2(b)]. For simplicity, we assume
the peak of the laser field aligns with the peak of the RF field in all
the pulsed laser calculations. Figure 8 shows the emission current
density temporal profile and corresponding FFT amplitude spectra,
for laser pulses of τp ¼ 0:05 , 0.025, and 0.001 ns. As the laser
pulse length decreases, the emitted electron beam width decreases,
while the peak emission current density stays the same for a fixed

FIG. 9. FWHM of the emission current density as a function of laser wavelength under various laser intensities for (a) continuous-wave laser field; (b) pulsed laser of dura-
tion τp ¼ 0:05 ns; (c) τp ¼ 0:025 ns; and (d) τp ¼ 0:001 ns. Here, RF field amplitude A = 3 V/nm. The corresponding laser intensity is I ¼
0, 119, 332, 650, 1075 MW/cm2 for F1 ¼ 0, 0:03, 0:05, 0:07, 0:09 V/nm.

FIG. 10. The number density of emitted electrons per RF cycle as a function of laser intensity under different wavelengths for (a) continuous-wave laser field; (b) pulsed
laser of duration τp ¼ 0:05 ns; (c) τp ¼ 0:025 ns; and (d) τp ¼ 0:001 ns. Here, RF field amplitude A = 3 V/nm.
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laser field. For a given RF field amplitude A and laser pulse dura-
tion τp, peak emission current density increases, but beam width
decreases when F1 increases. Compared to the RF field only case
(black dotted lines), the emission current density induced by
combined RF and laser fields is increased by more than 10 times.
In comparison with the emission current density under a CW
laser field [Figs. 4(a)–4(c)], the width of the electron beam
becomes narrower and can be controlled by the laser pulse duration.
Figures 8(d)–8(f) show the FFT amplitude spectra at multiples of RF
frequency accordingly. For each τp, the amplitude of the spectra
decreases with frequency. As τp decreases, the reduction of higher
harmonics becomes slower. Compared with the CW laser field
(Figs. 4 and 6), pulsed laser-induced electron emission has
higher-harmonic terms.

Figure 9 shows the effects of laser pulse duration on the
FWHM of the emitted current density. For comparison, the width
of the emission current density for a CW laser with A = 3 V/nm is
shown in Fig. 9(a), which has a similar trend as in Fig. 7(b). For a
pulsed laser, the pulse width of the emission current density
increases with laser wavelength for a given laser intensity, while it
decreases with the laser intensity for a given laser wavelength. The
emitted current pulse width is more sensitive to laser intensity for
shorter laser wavelengths.

Figure 10 shows the number density of emitted electrons per
RF cycle N under laser fields of various durations. It can be found
that N decreases when the wavelength increases or laser intensity
decreases. As the pulsed laser duration decreases, N becomes less
sensitive to laser intensity and wavelength.

Figure 11 shows contours of constant average current density
Javr and the ratio of average over the peak of current density Javr/Jpk
calculated using our quantum electron emission model in Eq. (2),
where Fig. 11(a) is for CW laser, and Fig. 11(b) is for pulsed laser
with duration τp ¼ 0:025 ns. It shows that both density Javr and
Javr/Jpk can be adjusted over a wide range of values by controlling

RF amplitude, laser field, and laser pulse duration. It shows signifi-
cantly increased flexibility to achieve density modulation during
electron emission over a wide range of parameter space by using
optical means, as compared to voltage-controlled field emission
(cf. Fig. 14 of Ref. 32). Javr/Jpk as small as 0.04 can be achieved
using pulsed lasers as shown in Fig. 11(b), which is an order of
magnitude smaller than the typical value of Javr/Jpk > 0.3 from
voltage-controlled field emission.31,32

IV. SUMMARY

We demonstrate various pulse shapes of pre-bunched electron
beams emitted from an RF cold cathode under different combina-
tions of RF field and optical field (continuous-wave or pulsed). The
profile of the produced emission current can be modulated by
varying RF field (amplitude and frequency) and optical field (laser
wavelength, laser intensity, pulse length). The emission current
pulse amplitude, beam width (i.e., FWHM of the current pulse),
electron numbers per pulse, as well as the harmonic spectrum, are
investigated in detail under various combinations of RF and optical
fields. The results confirm that photo-assisted field emission under
the combination of RF field and optical field is significantly
larger than electron emission due to either the RF field or optical
field alone. For CW photon sources in the UV to NIR range (i.e.,
200–1200 nm), increasing the optical intensity under an RF bias
tends to change the shape of the current emission pulse from a
Gaussian-like profile toward a sinusoidal-like profile, thus offering
great flexibility to control the harmonic contents in electron beam
current emission. Pulsed photon sources together with an RF field
can produce sharp, high-current electron bunches with pulse dura-
tion comparable with or even less than that of the optical pulse. We
have also provided a contour map to show a wide range of average
current density and density modulation depth (in terms of the ratio
of average-to-peak current density), by controlling the RF field and

FIG. 11. Average current density Javr (A/cm
2) and the ratio of average over the peak of current density Javr/Jpk in various RF amplitude and laser field with 200 nm wave-

length for (a) CW laser, and (b) pulsed laser of duration τp ¼ 0:025 ns.
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laser field (either CW or pulsed). The results provide insight into
unlocking new opportunities to achieve direct density modulation
during electron current emission using optical means, which may
be utilized to enhance the operational efficiency of free-electron
beam-based electronics, such as TWTs or particle accelerators.

It is worthwhile to note that our results have ignored the
effects of space charge,17,70 which is expected to not only change
the surface barrier during emission but also modify the shape of
the initially emitted electron bunches during its transport. The
former requires consistent calculation by considering the Poisson
equation71,72 during electron emission, whereas the latter needs
careful examination of electron dynamics after their emission from
the cathode surface.73–75 Future works are planned to quantify
these effects in directly density-modulated electron beams.

Further studies may also include the effects of field enhance-
ment factors for both RF and optical fields for a given emitter and
uncertainty quantification of their impact on the pulse shape of the
emitted electron bunches. Also, practical implementation of photo-
assisted field emission needs to address issues such as laser jitter
and alignment,76,77 as well as geometrical and material effects of
the electron emission system.
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