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Laser-wakefield acceleration has been demonstrated to be a promising technique for compact electron
accelerators. However, it is still challenging to achieve high-quality 100-MeV electron bunches of sub-
femtosecond duration with current techniques. Here, we present and numerically demonstrate an efficient
scheme to produce such high-energy tunable ultrashort electron bunches, which is achieved by the use of
a nonlinear wakefield driven by a terawatt few-cycle laser pulse in a tailored plasma channel. With the
driving laser pulse energy of 25 mJ only, the resulting electron bunch can reach 101 MeV with 7.8-pC
charge, approximately 4 mrad divergence, approximately 3% energy spread, energy efficiency above 3%,
and a duration of hundreds of attoseconds. As such laser pulses may be obtained with a kilohertz repetition
rate and high stability, our scheme could be interesting for ultrafast science and accelerator community.
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Electron accelerators are crucial tools to promote sci-
entific and technological advances [1-3], which can ben-
efit greatly from the availability of compact accelerator
technologies. Laser-wakefield acceleration (LWFA) [4—7]
is an emerging acceleration technique that can produce
100-MeV [8-10] to few-GeV [11,12] electrons in a table-
top scale due to its ultrahigh accelerating gradient on
the range of GV/cm, which is more than 3 orders of
magnitude higher than those achievable in conventional
radio-frequency accelerators. However, current LWFAs
normally rely on Joule-class and multicycle pulsed-laser
systems operating at a few-Hz repetition rate, thereby
restraining their dissemination and applications. Terawatt
(TW) few-cycle laser pulses typically have multimillijoule
(multi-mJ) energies that can operate at a kHz repetition rate
[13]. There is an increasing interest in developing LWFAs
with such TW lasers, which may exploit unique abilities
for applications, such as acceleration of ultrashort electron
bunches and coherent synchrotron radiation by subcycle
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laser pulses [14,15], stable kHz MeV electron sources by
near-single-cycle laser pulses [16], etc.

Over the past decade, there have been considerable
efforts to address this quest for electron acceleration using
high-repetition-rate multi-mJ lasers interacting with solid
targets [17], gas targets [18-20], or liquid targets [21].
However, the energies of the accelerated electrons are
limited to the 100 keV to 3 MeV range. Moreover, the
beam divergence (hundreds of mrad) and energy spread
(on the order of 100%) are usually relatively large. There
is no practicable way to focus and transport the electron
beam with such a large divergence and a broad energy
spread, making it hard for practical applications. Recently
progresses have been made in kHz LWFAs using near-
single-cycle laser pulses in relatively high-density (n, =
10%° cm™3) plasmas [16], where electron beams have been
produced with approximately 1-pC charge, divergences
of approximately 45-mrad FWHM, and energy peaks at
approximately 5 MeV but still with large energy spreads
up to 60%. There is also unavoidable physical limitation on
the energy gain of electrons accelerated in the blowout or
bubble regime [22,23] AE o agn.mec?/n, < 10 MeV due
to the dephasing length limited in the 100-um range, where
ne = mew(z) /4me? is the critical plasma density, e and m,
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are, respectively, the electron unit charge and mass, and
ap and wg are, respectively, the laser amplitude and fre-
quency. On the other side, these methods rely on either the
ionization injection or the self-injection, but both injec-
tion mechanisms are highly sensitive to laser parameters
such as the carrier-envelope phase (CEP) and laser inten-
sity, making electron injection and acceleration difficult
to control. More recent studies have shown that the sta-
bility of electron injection can be greatly enhanced by
using a density gradient [24,25], but it is still difficult
to achieve stable electron acceleration with high-charge
and low-energy spreads at a few percent level and to
increase electron energy to reach the 100-MeV level while
maintaining a high stability. In addition, it remains chal-
lenging in the generation of attosecond electron bunches
from LWFAs, which should be interesting for attosecond
physics and ultrafast applications [26,27]. In the previ-
ous studies, significant efforts have been made to produce
attosecond electron sources, but they mostly either have a
very large divergence of hundreds of mrad [28,29] or have
a low energy of multi-MeV [30,31]. There is no practi-
cable method proposed to produce high-quality 100-MeV
attosecond electron sources.

In this work we propose a scheme to solve these prob-
lems, which can produce high-quality subfemtosecond
(sub-fs) electron bunches at the 100-MeV level driven by
a TW few-cycle laser pulse in a density-tailored plasma
channel. The produced bunches show desirable proper-
ties and their durations can be as short as a sub-fs (or
attosecond) scale. This potentially makes it possible to

generate attosecond light pulses in the hard x-ray or even
y-ray range. The scheme may be realized with existing
compact kHz laser systems, enabling it to achieve stable
electron acceleration at a high repetition rate for various
applications.

Figure 1 illustrates the schematic diagram of our
scheme. A nonlinear plasma wake is excited by a rela-
tivistic laser pulse propagating in an underdense plasma.
Here a plasma channel is used to efficiently guide the laser
pulses and hence the electrons can be accelerated over
many diffraction lengths [32-36]. We demonstrate this
scheme using three-dimensional (3D) relativistic particle-
in-cell (PIC) simulations with the EPOCH code [37] that
has been equipped with the NDFX scheme [38] for solv-
ing Maxwell’s equations. The simulation box has a size
of 60X1o(x) X 26X19(y) X 26A¢(z) with 2400 x 156 x 156
grid cells, which moves at the speed of light ¢ along the
x direction, where two macroparticles per cell are used for
both electrons and ion species (or protons) and absorbing
boundary conditions are employed for both particles and
electromagnetic fields. The linearly polarized laser pulse
has a spatial-temporal profile of

Y\ .,
a = gpexp _v? sin”(7wt/210)e,,
0

with the normalized amplitude ay = 1.8, spot size wy =
6X9, wavelength iy = lum, oscillation period Ty =
27 /wy, and pulse duration 7y = 10 fs (FWHM), which cor-
responds to the peak intensity of 4.4 x 10'® W/cm?, peak

FIG. 1.

Schematic illustration. (a) A relativistic TW-class laser pulse propagates in a density-tailored plasma channel with three

segments for injection, acceleration, and transportation, respectively. In the first segment, some plasma electrons at the rear of the first
few buckets are trapped via the density gradient injection, and are then accelerated by the strong wakefield to high energies in the
following accelerator segment. In the final conveyor segment, the accelerated electrons are transported from the plasma to the vacuum.
(b)~(d) Ilustration of 3D views of the TW laser-driven wakefield accelerator using 3D PIC simulations, which correspond to snapshots

shown in Figs. 2(b)-2(d) and more details are given correspondingly.
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power of 2.5 TW, and pulse energy of 25 mJ. Such laser
pulses are readily available at existing kHz laser systems.
The plasma channel has a transverse parabolic density pro-
file of n, = ngp + Ang with a 1-mm longitudinal length,
where ny is the on-axis density, Ang = (A(Z) /nzwg)rghnc is
the channel depth, and 7y, is the channel radius. The lon-
gitudinal density structure of the plasma includes three
different segments: in the first segment the density bump
at the entrance of the plasma acts as an injector via the
density-transition (or shock-front) mechanism, the follow-
ing plasma segment with a lower density works as an
accelerator, and the falling slope at the end of the plasma
serves as a conveyor for extracting the electrons from
the plasma. Here the density bump can be produced by
inserting a blade placed at the entrance of a supersonic
gas nozzle [39]. After that the density channel can be
formed by using a picosecond laser prepulse technique
[40]. According to the density-transition injection method
[39,41], the on-axis density profile of the injector is set to
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as shown in Fig. 2(a), where ®(x) is the step function,
K1 :x—L1/2, K2 :x—L1 +L2/2, K3 :x—Ll —L2/2,
L1 = 60)\,0, Lz = 35)»0, Nel = 0.009710, and Nep = I’lel/z,
respectively. The scale length of the falling slope is 504,.
Figures 2(b)-2(d) illustrates the evolution of the laser
field, plasma density, and wakefield at different positions.
At the beginning of the interaction, the electrons cannot
catch up with the plasma wake and thus cannot be injected
and accelerated. This is mainly attributed to the high phase
velocity of the wake, which can be estimated by assuming
the local phase velocity of the plasma wave during a den-
sity transition, where the laser group velocity is considered
as vy 2 ¢ since its change induced by a slow variation in

the density is small in underdense plasmas [1]. Thus the
local phase velocity of the plasma wake can be given by

Boh = [1 + (& /k,)dk, /dx]™", (1)

where dk, /dx = (k, /2n.)dn./dx. As the light-frame coor-
dinate is £ = x — ¢t < 0 behind the laser driver, one has
Bpn ~ 1 for the laser propagation in underdense plasmas
with a uniform density profile dn./dx ~ 0; B, > 1 at
a density up ramp dn./dx > 0; and By, < 1 at a den-
sity down ramp dn./dx < 0. In consequence, when the

laser drives the plasma wake through the density down
ramp, the electron injection will occur due to a rapid
decrease of the plasma-wave phase velocity [42,43]. The
corresponding plasma wavelength A, ~ 27 c/w, increases

substantially, where w, = \/4me’n,/m, is the plasma fre-
quency. As shown in Figs. 2(b) and 2(c), the size of plasma
buckets enlarges remarkably after the down-ramp den-
sity transition, i.e., A, > A, for the first bucket in the
wake. Consequently, considerable electrons move faster
than the local-wave phase velocity, so that they are sud-
denly injected into the accelerating phase of the wakefield
and then be trapped and accelerated. Figure 2(e) exhibits
the trajectories of some typical electrons accelerated in the
first bucket, where the injection occurs rapidly during this
density transition, which is quite different from that in the
self-injection mechanism.

We now discuss the physics of this acceleration scheme.
The phase velocity can be further expressed as Byp, =
[1 + mdh, /dx]~" for these plasma wave buckets with & =
—ma,, behind the laser driver, where m is the serial num-
ber of the plasma buckets behind the laser pulse. In order
to trap the electrons into plasma buckets, the minimum
energy necessary is Vmin ~ Bpn/2A¢ + A¢p/(1 + Bpn) in
the limit y,A¢>> 1 [44], where y, = (1 —pB5)""2,
A¢ = Gmax — Pmin, and the normalized wakefield poten-
tial ¢ = e®/m.c* is assumed to oscillate in the range
Gmin < @ < Pmax periodically with a nonlinear plasma
wavelength. A low B, requires a low injection threshold
for trapping the electrons, which results in more elec-
trons trapped in the second bucket than the first bucket
since Bpn2 < Bph1. The third bucket has an even lower
Bpn- However, its wakefield strength is so much lower (i.e.,
¢3 < ¢ = ¢;) that only a small number of electrons can
be trapped. These injected electrons are then accelerated
by the wakefield to high energies until they enter the decel-
erating (or dephasing) region. Here, we consider only the
electrons accelerated from the first bucket unless otherwise
stated, since the electrons trapped in the following second
and third buckets dephase very quickly and also defocus
quickly [see Fig. 2(d)]. On the other hand, to reduce the
broad energy component of electron beams in the follow-
ing buckets, a promising way is to utilize a density-tailored
plasma with a shock front at the end of the plasma struc-
ture [45]. This will be studied in the near future, where we
can place another obstacle at the exit of the gas jet to form
such a shock front.

Compared to the previous kHz LWFA methods with
typical 100-um-level acceleration lengths, the length (L
ctn./np) is dramatically increased to reach nearly 1 mm
in our scheme. This leads to electron acceleration by the
intense wakefield (£, > 1 GV/cm) to high energies reach-
ing up to the 100-MeV level, as shown in Fig. 3. The
energy of trapped electrons increases with the accelera-
tion length (L, = cf) until they enter the deceleration area
as the energy gain relation of AE = eE,L,, where the
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(a) On-axis density distribution of the plasma channel. The color dots in (a) represent different positions shown in [(b),

black dot], [(c), yellow dot], and [(d), green dot]. The plasma density (n.) and the transverse laser field (£, ) in the upper graphs, the
longitudinal wakefield (E,) and its corresponding on-axis distribution in the lower graphs are shown at different positions x = 90X,
(b), 180X (c), and 600X (d). The density and laser field are normalized to n. and Ey = m.cwy/e, respectively. (e) The trajectories of
some typical electrons accelerated in the first bucket. (f) Snapshot of the electron bunches transported from the plasma to the vacuum.

accelerating field of the wake can be estimated by E, ~
ET{1 —[(c —vg)/Rplt}, EY = \Jagmecw)y, /e is the peak
amplitude, vy > [l — 3a)ﬁ /2] is the phase velocity in
the underdense plasma limit a); < w?, the radius of the

wake cavity is approximately R, >~ 2,/ag/k,. Thus one
can obtain

AE ~ eE"ct (1 _T % z) , @)
A Rb

which predicts the scaling of the electron energy with inter-
action time ¢, as seen in Fig. 3(b). At the time r = 100075,

the increase of the energy gradually slows down, because
the injected electrons nearly arrive at the dephasing region
in the first bucket. Besides, when the drive laser propagates
in a longer plasma, the effects of laser redshift, depletion,
and diffraction become considerable and thus obviously
reduce the pulse energy, which impede electron acceler-
ation. Therefore, taking an appropriate plasma length of
about 1 mm is beneficial for high-quality electron acceler-
ation. The resulting electron beam shows the peak energy
of 101 MeV and the conversion efficiency of 3.1% from
the laser pulse to the quasimonoenergetic electron bunch
accelerated in the first bucket. Finally, the produced bunch
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has a 7.8-pC charge with a low divergence of approxi-
mately 4 mrad, a narrow energy spread of approximately
3%, and a short-bunch duration of <1 fs.

The charge, energy efficiency, and duration of the gener-
ated electron beams can be tuned by changing the plasma
parameters. Here we mainly investigate the effect of the
injector segment on the electron beams, because it plays
a more useful role on injection, trapping and beam prop-
erties of the electrons in the wakefield as compared with
the accelerator segment that is primarily responsible for
accelerating the trapped electrons to high energies. Addi-
tional simulations show that, when the scale length of
the falling slope at the end of the plasma is within the
range of 100 um, there is no significant effect on the prop-
erties of electron beams transported out of the plasma.
Otherwise, the trapped electrons will enter the dephas-
ing region and consequently decrease their energy during
propagation in the falling slope of the plasma. Figure 4(a)
shows the effect of the density down-ramp length L, on the
accelerated electrons. It is shown that a moderately short
length is beneficial for electron acceleration with higher
charges and energy efficiencies. This is attributed to a
decrease in the wave-breaking time [46] f,, = 2(L; + x0)/c
in the relativistic limit, since the scale length of the density
inhomogeneity L; = Ly(ne; + 1) /2(ne; — ne2) decreases
when using a shorter L,. This leads to an increase in
the probability of the injection and thus more electrons
can be trapped into the plasma wake and be accelerated,

by Eq. (2). The distribu-
tions of accelerated electrons
in energy-longitudinal space
(c) and energy angle (d).

L2

FWHM: ~4 mrad

e

where the electron charge can be approximately scaled as
O x 1/L,, as seen by the dashed line in Fig. 4(a). It is
noted that the electron bunches have a low charge when
taking a long down ramp (e.g., L, = 45X), however, the
bunch generated in the first bucket has a short duration of
about 800 as. Moreover, the increase of the inhomogeneity
length may cause the injected electrons to be closer to the
tail of the wakefield and thus increase their peak energy.
Such ultrashort relativistic electron bunches are useful for
attosecond x-/y-ray pulse generation and many ultrafast
studies [26-31].

Figure 4(b) presents the dependence of electron accel-
eration on the plasma density 7, in the injection segment.
One can see that a moderately high-density plasma is ben-
eficial to inject more electrons into the wake, where both
the charge and energy efficiency of the electrons increase
with #n.;. This is because the density gradient becomes
sharp with a small B, which gives rise to a decrease
in the inhomogeneity length L; and so a decrease in the
breaking time #,;, thereby causing a low threshold for elec-
tron trapping in the wake wave. One may find that the
charge of the trapped electrons scales as Q  n,; from
numerical simulations. For example, when using n, =
0.012#n,, the electrons produced in the first bucket have
a surprisingly high charge of as high as 34 pC and ultra-
high energy conversion efficiency reaching 8.5%, both of
them are more than tens of times higher than those gen-
erated in the kHz multi-mJ LWFAs [16-21]. Furthermore,
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FIG. 4. Energy efficiency (1), peak energy (E,), charge (Q), and beam duration (#;) of the electrons accelerated in the first bucket
as functions of (a) the length L, of the plasma density down ramp between the injector and accelerator, and (b) the density 7., in the
injection segment. The dashed lines in (a) and (b), respectively, indicate the Q o 1/L, fitting and the Q « n, fitting for the total charge
of the electrons injected in the first bucket. (c) Distributions of the plasma density and the transverse electric field for three cases with
different initial laser phases ¢ = 0 (i), /2 (ii), and 7 (iii) at the same position x = 7501, where all other parameters are the same as

those shown in Fig. 2.

it is interesting to note that the durations of the electron
bunches decrease significantly when using a low density
(e.g., ne; = 0.008n.), which can be as short as about 600
as in the first bucket, making them suitable for appli-
cations requiring attosecond-scale electron bunches. The
peak energy of the accelerated electrons increases with
reducing 7, since they can be injected closer to the tail

of the wake.

To examine the effects of laser parameters on our
scheme, we investigate the drive pulse with three different
initial phases (or CEPs), while keeping all other parame-
ters unchanged. Simulation results indicate that the initial
laser phase has no obvious effects on this acceleration
scheme, where the produced electron bunches have nearly
the same beam quality, energy, and charge even for pulse
propagation over a 750-um distance, as shown in Fig. 4(c).
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FIG. 5.
generated from a 10-mJ LWFA.
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Furthermore, the electron injection can be controlled by
using a density transition and the laser pulse can be steadily
propagated through a 1-mm-scale plasma channel with-
out significant diffraction, strong redshifting, or nonlinear
effects. These make it feasible to achieve high-quality elec-
tron acceleration with high charge and high energy at a
high stability.

To further demonstrate the robustness of this scheme,
we consider a case with only 10-mJ laser pulse to drive
the electron acceleration. This pulse driver has a same
spatial-temporal profile as that shown in Fig. 2, and with
ap = 1.5, wg = S5Xg, and 79 = 8.3fs (FWHM), which has a
peak intensity of 3 x 10'® W/cm?, peak power of 1.2 TW,
and pulse energy of 10 mJ. The plasma has a similar
profile as that shown in Fig. 2, while other parameters
are adjusted accordingly with L, = 20X¢, n,; = 0.007n,,
and n, = n.;/2. Figure 5 shows the resulting electron
bunch has an approximately 3.8-pC charge and a high
energy peak at 47 MeV with a small energy spread of
approximately 4% and approximately 8 mrad low diver-
gence (FWHM). This reveals that our scheme is robust
to drive high-quality high-repetition-rate electron accelera-
tion, which not only can operate at existing box-sized kHz
laser systems, but also has high charge and high energy
with high beam quality.

In conclusion, we propose and demonstrate, by 3D PIC
simulations, an efficient way to produce high-quality elec-
tron bunches using a multi-mJ TW-class laser pulse in a
tailored plasma channel. The charge, energy, and dura-
tion of the electron bunches can be flexibly controlled
by choosing the laser plasma parameters. In a typical
case with the driving laser energy of 25 ml, the elec-
tron bunches are accelerated to beyond 100 MeV with a
duration as short as a few hundred attoseconds, low diver-
gences of approximately 4 mrad, narrow energy spreads
of approximately 3%, large charge of tens of pC and high
energy efficiency above 3%. Our work suggests a promis-
ing way for compact relativistic kHz electron sources for
a variety of applications, such as ultrashort x-ray gener-
ation [2,47,48], compact free-electron lasers [49,50], and
electron injectors for GeV particle accelerators [51].
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