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We introduce a solution for producing ultrashort (∼fs) high charge (∼pC) from ultracompact guns

utilizing single-cycle THz pulses. We show that the readily available THz pulses with energies as low as

20 μJ are sufficient to generate multi-10 keV electron bunches. Moreover, it is demonstrated that THz

energies of 2 mJ are sufficient to generate relativistic electron bunches with higher than 2 MeVenergy. The

high acceleration gradients possible in the structures provide 30 fs electron bunches at 30 keV energy and

45 fs bunches at 2 MeVenergy. These structures will underpin future devices for strong field THz physics

in general and miniaturized electron guns, in which the high fields combined with the short pulse duration

enable electron beams with ultrahigh brightness.
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I. INTRODUCTION

The achievable acceleration gradient in an accelerator
device is known to be the main limiting factor governing
the emittance and consequently the length of the output
bunch. In a conventional particle accelerator, the electrical
breakdown of metals introduces a strong limitation on the
accelerating fields which are typically 10–100 MV=m [1].
This fact turns out to be the major limit determining the
maximum accelerating gradients in many large scale
facilities like SLAC [2], CERN’s compact linear collider
(CLIC) [3] and the design of the next linear collider (NLC)
[4]. Moreover, the small acceleration gradient dictates long
accelerator lengths, making it the main impediment in
developing compact and therefore lower cost devices based
on beams of particles with relativistic energies. The desire
to realize compact accelerators has spurred much research
into the use of alternative acceleration schemes, such as
dielectric laser acceleration (DLA) [5–7], laser-driven
plasma acceleration (LPA) [8–17], and THz acceleration
[18–20].
The empirical studies done by Loew and Wang [1,21]

had initially shown that electron field emission, scaling as
f1=2=τ1=4 with f the operation frequency, and τ the pulse
duration of the accelerating field, is the main reason for
electrical breakdown [22]. The above approximate scaling
behavior justified research toward higher operating
frequencies and ultrafast schemes to achieve compact
accelerators [23]. However, the recent comprehensive study

on breakdown thresholds of various accelerators by Laurent
et al. [24] and Dolgashev et al. [25] demonstrated that
pulsed heating of the accelerator walls is the dominant
factor limiting acceleration gradients. This conclusion
confirmed the observed lower operational gradients in
existing facilities when compared with predictions from
the previously derived scaling laws. The authors concluded
that the pulse duration of the accelerating field plays the
major role in the breakdown event, since it is directly linked
to the pulse energy governing the pulsed heating in the
device. Therefore, focusing efforts on efficient acceleration
using short pulses opens new potentials to realize high
gradients, which in turn leads to low-emittance bunches
and compact devices.
Generally, there is a conceptual gap between standard

accelerator technology and ultrafast science. Microwave
and millimeter-wave technology, used in conventional
accelerators, are very well developed for producing con-
tinuous wave (CW) radiation. Therefore, accelerators are
mostly designed with narrowband excitations. Examples
are the widely used cascaded cavities which operate based
on a resonant behavior and traveling wave accelerators, in
which fields of a guided mode are employed for accel-
eration [26,27]. Hence, direct usage of a standard accel-
erator geometry excited by a short pulse laser incurs
wasting a large portion of input energy. The goal in this
study is to introduce novel structures that aim to accelerate
particles from rest using short pulse excitation, which we
like to call single-cycle ultrafast electron guns.
The last decade has witnessed extensive efforts on

acceleration of electrons using optical pulses [5–8,14–17].
However, the acceleration schemes based on optical pulses
suffer from the difficulties caused by the short optical
wavelengths. Some examples are emittance growth of the
electron beam, increased energy spread in the bunch, and
challenging timing synchronization for optical acceleration.
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Research in THz pulse generation using optical rectification
has led to single-cycle pulses [28–30]. The achieved
performance in this process has reached percent level optical
to THz conversion efficiency [30,31]. Considering that
picosecond lasers are necessary for single-cycle THz gen-
eration, which have been developed to much higher average
power and pulse energies than 100 fs type of lasers, THz
acceleration using single-cycle pulses has become a viable
option. The first sub-keV devices are already realized and
the predictions are evidenced based on experimental results
[32]. Nonetheless, this scheme similarly demands broadband
devices which function based on short pulse excitations.
This paper presents structures for accelerating particles

using single-cycle THz pulses. The considered temporal
profile of the excitation is a single-cycle pulse described
by fðtÞ ¼ A0 expð−2 ln 2ðt − t0Þ

2=τ2Þ cosðωðt − t0Þ þ ϕ0Þ,
where A0 ¼ A0ðxÞ and t0 ¼ �x=c stand for the position
dependent amplitude and phase, respectively and ϕ0 is the
carrier envelope phase of the signal. ω ¼ 2πf0 denotes the
angular frequency of the signal and τ ¼ 1=f0 is the pulse
duration of the single-cycle pulse. The temporal signature
of such a single-cycle pulse is shown in Fig. 1. Note that the
above solution is an approximate solution for a single-cycle
pulse and suffers from the inaccuracy of containing a
nonzero DC component. However, the error is 0.001 of the
peak-field which is not important for the purpose of our
study. Although we have considered the illustrated single-
cycle pulse, the principle also works for few-cycle pulses, at
the expense of additional energy. We present structures
which are useful in two different regimes of (i) low energy
and (ii) high energy THz beams.
Detailed numerical simulations of the introduced

structures play a central role in the presented research.
For this purpose, a DGTD/PIC code is employed, which
captures all the involved field diffraction effects through
the 3D full-vector time-domain solution of the Maxwell’s
equations using a discontinuous Galerkin time domain
(DGTD) method and computes the electron trajectories
using a particle in cell (PIC) algorithm. All the bunch
evolution calculations in this study are carried out with the
consideration of space-charge effects which is simulated
using a point-to-point algorithm. For more details on
the implemented algorithm, the reader is referred to [33].

For initialization of macro-particles in the guns, we
have used the ASTRA photoemission model [34,35].
Note that ASTRA does not simulate the particle accel-
eration within transient fields and is merely used for bunch
generation.

II. LOW-ENERGY SINGLE-CYCLE ULTRAFAST

ELECTRON GUN

A. Parallel plate gun

Based on the recent demonstration of 1% level optical to
THz conversion efficiencies [36], 2-mJ level slightly sub-ps
pulses can safely generate 20-μJ level single-cycle THz
pulses typically at 300 GHz central frequency. If this beam is
focused down to the diffraction limit, the total electric field at
the focus with 2λ spot size (λ is the central wavelength) is
about 50 MV=m. In this field, initially at rest electrons
are able to move maximally δx ¼ eEτ=mω≃ 7.5 μm, being
2–3 orders of magnitude smaller than the wavelength.
Consequently, the electrons are affected by both accelerating
and decelerating cycles, leading to an inefficient acceleration
process. To acquire an efficient acceleration scheme, two
goals must be achieved: (1) The accelerating field should be
enhanced in order to lengthen the amplitude of electron
vibration, and (2) the electron should leave the pulse before
the decelerating cycle begins.
Figure 2(a) schematically shows the idea for a two-

dimensional (planar) device that pursues the above goals.
Two metallic plates form a structure like a 2D horn receiver
antenna to focus the incoming linearly polarized THz beam
below the diffraction limit. Although the insertion loss of
the incident energy is unavoidable, the confined THz beam
travels through the region between the two plates and
reaches the injection point of electrons. The photocathode
laser (usually a UV laser synchronized with the THz pulse)
releases an electron bunch from the cathode surface, when
the accelerating field of the THz pulse arrives at the
injection point. The electrons are then accelerated by the
incoming THz beam and leave the acceleration region after
a distance d, i.e., the separation between the two plates. The
value of d is designed so that the electrons experience
merely the accelerating half-cycle of the THz pulse. The
input THz beam is a 20-μJ single-cycle Gaussian pulse with
central frequency f0 ¼ 300 GHz and focused to a spot size
diameter equal to 2 mm (2λ). We assume L ¼ 500 μm and
D ¼ 50 μm and optimize the other dimension for best
acceleration, which yields θ ¼ 16° and d ¼ 30 μm. The
designed gun realizes a three-fold enhancement in the peak
accelerating field (Emax

z ¼ 150 MV=m). Using the PIC
simulations, it is demonstrated that an electron released
at the instant with acceleration gradient E0 ¼ 50 MV=m
(ϕ ¼ 20°) gains 1.33 keV energy when leaving the accel-
eration region. A gun with similar parameters was recently
demonstrated with energies up to 0.8 keV [32]. Figures 2(b)
and 2(c) show the energy of the electron along its

x
FIG. 1. Temporal signature of a single cycle pulse considered as
the excitation in this paper.
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acceleration path as well as the profile of the accelerating
field (Ez) at three different time points.

B. Horn gun

There exist several techniques to enhance the efficiency
of the above concept in planar devices: (1) In a planar
device, the focusing of the THz beam is carried out only in
the vertical plane, i.e., the E-plane. The same focusing can
also be introduced in the H-plane to further enhance the
accelerating field. (2) The focusing in the H-plane intro-
duces cutoff frequencies to the wave propagation.
Therefore, the length of the injection region should be
reduced to a fraction of the wavelength to enable the
tunneling of the accelerating field into the acceleration
point. (3) Adding a reflector at the receiving side of the

structure with λ=4 distance from the electron injection
point, causes the preceding decelerating half cycle to be
inverted and added to the accelerating cycle upon reflec-
tion. Therefore, the total acceleration gradient at the
injection point is enhanced. (4) The same cutoff frequency
effect holds also for the receiving side of the structure.
Consequently, structuring the right side of the gun similar
to the left side enhances the tunneling and thereby increases
the acceleration gradient. By taking the above consider-
ations into account, an ultrafast electron gun driven by a
low-energy single-cycle THz pulse is designed as shown in
Fig. 3(a). The structure consists of two oppositely standing
horn couplers (with different lengths) which realize a high
acceleration gradient within a single cycle. Thus, the design
is named as a horngun. The energy of an electron at rest,
injected at the instant with vertical field Ez ¼ 50 MV=m,

(a)

(b)

(c)

FIG. 2. (a) Schematic illustration of the planar single cycle THz
gun, (b) Energy of an electron released at the instant with Ez ¼
50 MV=m versus the traveled distance, (c) Snapshots of the
accelerating field (Ez) profile over two half-space cuts of the gun
at t1 ¼ 22 ps, t2 ¼ 27 ps, and t3 ¼ 33 ps.

(a)

(b)

(c)

FIG. 3. (a) Schematic illustration of the low energy ultrafast
electron gun, (b) Energy of the accelerated electron versus the
traveled distance, and (c) Snapshots of (Ez) profile over two half-
space cuts of the gun. Note the change in the color map scaling
for different snapshots.
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in terms of travel distance as well as snapshots of the
accelerating field profile in the device are shown in
Figs. 3(b) and 3(c). The simulations evidence an enhance-
ment of the acceleration gradient by a factor of 15, leading
to a peak acceleration field of 782 MV=m. The final energy
of the electron leaving the gun is 35.3 keV, being ideal for
electron diffraction imaging.
For the study of bunch evolution, we assume a copper

cathode excited by a UV laser pulse with pulse duration
equal to 40 fs and spot size diameter 40 μm. The UV laser
energy is chosen such that 1 pC of charge is released which
is modeled by 20’000 macro-particles. The evolution of the
bunch properties as well as snapshots of the bunch profile
are shown in Fig. 4. The mean energy of the bunch
increases to 35 keV with an energy spread of about 3%,
which happens due to the large spot size of the injected
bunch compared to the THz wavelength (1 mm). It is
observed that due to the collisions of the electrons with
the metallic boundaries due to the transverse momentum
of electrons [Fig. 4(e)], only 57% of the photoemitted
electrons are extracted out of the gun. This effect shows the
limitation on the bunch size and correspondingly the

amount of charge which can be accelerated with good

quality using the proposed THz gun. Our simulations show
that placing the introduced gun within a longitudinal
magnetic field, i.e. producing the so-called magnetized
beam, enhances the aptitude of the gun in terms of
accelerated bunch charge. For this purpose, structures
producing 1 T-level magnetic fields are required. The final
normalized emittances of the bunch are ðen;x; en;y; en;zÞ ¼
ð0.02; 0.06; 0.013Þ mmmrad and the output bunch length
is about 95 fs.
In addition to the bunch acceleration study, a sensitivity

analysis of the introduced gun is also of utmost importance.
For this purpose, we change each of the values independ-
ently by �10% from the optimum design, study the THz
propagation, inject electrons at the instant when the
accelerating field is 50 MV=m, and evaluate the acceler-
ation performance. The results of this analysis evidence
maximum 3% change in the final energy as the sensitivity
of the device to implementation errors (Fig. 5). This is a
very promising sensitivity compared to conventional elec-
tron guns, which has its origin in the broadband operation
of the device.

III. HIGH-ENERGY SINGLE-CYCLE ULTRAFAST

ELECTRON GUNS

A. Two-dimensional concept

In the above designs, it was observed that optimum
focusing of the THz beam with only 20 μJ energy leads to
peak fields as large as 0.8 GV=m on the electron emitter,
which is close to the damage threshold of copper and other
metals [37]. This means that increasing the energy of the

x
x
x

(a) (b)

(c) (d)

(e) (f)

FIG. 4. Acceleration of 1 pC photoemitted bunch in the high
energy THz gun: (a) bunch charge, (b) size, and (c) energy in
terms of travelled path and (d) shape, (e) transverse phase space,
and (f) longitudinal phase-space 100 μm from gun exit are
depicted (red dots: output particles; blue dots: trapped particles).

FIG. 5. Results of the sensitivity study for the horn gun. The
legend on the left of the plot introduces the studied parameters.
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input THz beam to achieve higher acceleration rates is not
realistic. However, today’s THz generation technology has
realized higher THz energy levels [31]. Consequently, an
issue is illuminated; how can one achieve efficient accel-
eration using high energy short pulses without surpassing
the damage threshold? Here, we try to answer this question
by introducing structures which operate based on single-
cycle THz beams with around 2 mJ energy at 300 GHz
central frequency.
For this purpose, two important points must be taken into

account: (i) The electron may gain relativistic energy,
which intensifies the effect of the transverse magnetic field
of the THz pulse. This effect causes a push from the THz
pulse along its propagation direction and leads to a curved
trajectory for the electron motion. (ii) A high-energy THz
beam should not be focused to small spot-sizes to avoid
dark current excitation. As a consequence, to achieve an
efficient acceleration, matching the phase front of the THz
beam with the electron trajectory is essential.
The configuration illustrated in Fig. 6 is a 2D presentation

of the concept devised to solve the above two problems.
First, two linearly polarized THz beams are symmetrically
coupled into the multilayer structure in order to cancel out
the magnetic field where they overlap. Second, the phase
front of the THz beam is divided into several parts, which are
isolated from each other using thin metallic surfaces. In each
layer, dielectric inclusions are added to delay the arrival time
of the pulse to the acceleration region. By properly designing
the filling factor of dielectrics and the thickness of each layer,
continuous acceleration of electrons from rest throughout the
whole phase front can be achieved.

B. Multilayer gun

As learned from the study on low energy guns, focusing
the incoming excitation in the transverse plane enhances
the acceleration efficiency. Furthermore, to avoid sus-
pended thin metallic films in vacuum (Fig. 6), we consider
quartz (ϵr ¼ 4.41) and teflon (ϵr ¼ 2.13) for delaying the
arrival time. The structure shown in Fig. 7(a) is the ultrafast
THz gun designed for operation based on two single-cycle
THz Gaussian beams with each 1.1 mJ energy and central
frequency 300 GHz. Without loss of generality, the beam
profile is flat top along the acceleration axis and Gaussian
in the transverse direction with 2 mm spot size. For a
completely Gaussian beam, individual couplers should be

designed to couple the beam energy into the gun input (see
Supplementary Material [38]). We assume that two linearly
polarized plane waves with the aforementioned temporal
signature and peak field 0.5 GV=m illuminate the multi-
layer gun from both sides. An eight layer configuration is
designed for the considered excitation with the thickness
of each layer hi ¼ f0.1; 0.27; 0.35; 0.40; 0.42; 0.43; 0.44;
0.45g mm, and the length of the quartz inclusions
Li ¼ f0.2; 0.865; 1.55; 2.25; 2.95; 3.7; 4.4; 5.1g mm. The
size of the acceleration channel is considered to be

FIG. 6. Schematic illustration of the high-energy ultrafast gun concept.

(a)

(b)

(c)

FIG. 7. (a) Schematic illustration of the optimized ultrafast
electron gun, (b) electron energy EeðzÞ versus the traveled
distance and position of the electron superposed on the accel-
erating field map Ezðz; tÞ as the subset, and (c) snapshots of the
field profile at four different instants labeled in (b).
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g ¼ 120 μm. The simulation results shown in Fig. 7(b)
demonstrate acceleration of an electron from rest to
2.1 MeV. Similar to the previous cases, the electron is
released at the point with Ez ¼ 50 MV=m. The realization
of phase front matching with the electron motion is shown
by snapshots of the field profile in Fig. 7(c) and the
subfigure in Fig. 7(b) showing the accelerating field
Ezðt; zÞ superposed on the particle position zeðtÞ. The
small average momentum of the particles in the bottom
layers causes small traveling distances within one half-
cycle. Therefore, the thicknesses of the layers need to be
smaller than the top layers to achieve the required syn-
chronism. This effect leads to the observed gradual increase
in the energy gain in different layers [Fig. 7(b)].
By again initializing a photoemitted electron bunch, the

bunch evolution in the proposed gun is simulated. We
assume that a 40 fs UV laser pulse generates 1 pC charge
over a 60 μm spot size, which is modeled using 20’000
macro-particles. The simulation results (Fig. 8) demon-
strate acceleration of 40% of the bunch to 2.1 MeV with
1.1% energy spread, output bunch length of 45 fs, and

normalized emittances equal to ðen;x; en;y; en;zÞ ¼ ð0.13;
0.13; 0.09Þ mmmrad. The main reason for the particle loss
is the deflection of the electron trajectories out of the
vertical path considered for acceleration. This leads to
collision with the metallic layers and in turn loss of
electrons, which could again be mitigated by focusing
coils (see the Supplementary Material [38]).
Our detailed investigations of the introduced high energy

ultrafast gun showed several advantages of such a scheme
compared to conventional cascaded or traveling wave
cavities. First, due to the inherent operation of the device
with broadband excitations, the sensitivity of the gun
outcome to the design parameters is minimal. This is
illustrated in Fig. 9 for the variations in dielectric lengths
and layer thicknesses. It is observed that even 10% change
in the designed parameter is tolerated by the device.
Second, the pulse heating due to the magnetic field is
not only minimized by the single cycle operation, but also
the magnetic field is canceled at the electron acceleration
region.

IV. CONCLUSION

We have presented various structures that can serve as
miniaturized electron guns excited by single-cycle THz
pulses. Devices for both low energy (μJ level) and high
energy (mJ level) THz pulses are proposed. The maximum
normal electric field on the surface was allowed to be as
high as 0.8 GV=m, although the scaling equations predict
much higher thresholds for extremely short pulse excita-
tions. This leads to potential additional improvements in
terms of acceleration gradient and justifies the use of
ultrafast structures to achieve compact accelerators. The
presented ultrafast electron guns are promising devices to
realize short bunches for applications in electron diffractive
imaging, microscopy and compact radiation sources.
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FIG. 8. Acceleration of 1 pC photoemitted bunch in the high
energy THz gun: (a) bunch charge, (b) size, and (c) energy in
terms of traveled path and (d) shape, (e) transverse phase space,
and (f) longitudinal phase-space 3 mm from gun exit are depicted
(red dots: output particles; blue dots: trapped particles).
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FIG. 9. Sensitivity of the multilayer gun to variations in (a) layer
thicknesses and (b) length of quartz inclusions.
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