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High-quality and prebunched electron beams can produce coherent x-rays with high intensity and
narrow bandwidth, which are essential for modern light sources. An all-optical scheme based on plasma-
based acceleration for producing bright electron beams that are prebunched on the nanometer scale is
proposed. By using a density modulation created by two low intensity counterpropagating lasers, the phase
velocity of the plasma wake excited by an intense driver laser in a uniform plasma can be modulated at a
frequency twice that of the colliding lasers, thus turning the injection on and off. The injected electrons are
microbunched at the Doppler-shifted modulated wavelength, corresponding to the phase velocity of the
gradually expanding wakefield. It is demonstrated that by controlling the properties of the drive and
colliding lasers, beams with exotic prebunched structures can be produced, which may have critical
applications in ultrafast high power x-rays. This extremely compact, all-optical scheme for producing
ultrabright prebunched electron beams may therefore enable novel applications for ultrafast x-ray users and

arouse general interest in various fields.

DOI: 10.1103/5yxp-sjmh

I. INTRODUCTION

High-quality relativistic electron beams with prebunched
structures have significant applications in modern light
sources [1]. When these prebunched electrons radiate, such
as when they wiggle in magnets, the radiation emitted from
different periods adds coherently, greatly enhancing the
intensity and narrowing the spectrum [1]. Furthermore,
prebunched electron beams can drive free-electron lasers
(FELs) [2] in seeded mode to generate fully coherent
radiation with stable power in a short undulator and enable
high radiative energy extraction efficiency when using a
tapered undulator.

Many schemes have been developed within the conven-
tional accelerator community to prebunch electrons with
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millimeter to micron periods, such as modulating the
envelope of the laser pulse illuminating a photocathode
[3,4], using a mask in a dispersive beamline in combination
with an energy chirp [5], or in front of a longitudinal to
transverse exchange region [6]. Beam space-charge oscil-
lations have also been explored to enhance the bunching
rather than diminish it [7-9]. To produce nanometer-scale
bunched beams for x-ray generation, several concepts have
been proposed using lasers to manipulate the electron phase
space in combination with magnetic chicanes and undu-
lators. Such concepts include cascaded high-gain harmonic
generation [10,11] and echo-enabled harmonic generation
[12-15]. These concepts essentially imprint the field
modulation of a laser pulse onto the beam current profile
with a harmonic number of ~100.

Plasma-based accelerators (PBA) [16-18] can sustain
GV/cm acceleration gradients in centimeter-long plasmas
and thus hold the promise of building compact and
economical XFELs [19-23], which can serve a signifi-
cantly broader x-ray user community. PBA might also
enhance the capability of existing facilities. Ultrashort and
ultraintense laser pulses or charged particle beam drivers
excite nonlinear plasma wave wakes that can become large
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enough to trap (self-inject) plasma electrons through
various mechanisms [24-30]. The plasma wakes are non-
linear oscillationsphased so that the phase velocity is near
the speed of light. The electrons are usually self-injected
into the first wavelength (oscillation) of the wakefield.

The resulting beams typically exhibit trivial current
profiles devoid of microstructures. However, a prebunched
beam with a period of tens of microns can be formed if
electrons are trapped in a series of wakes [31]. Ionization
injection may produce beams with ~100 nm period [32]
due to the phase-dependent tunneling ionization probability
[33]. Higher-dimensional effects seem to limit the modu-
lation period of these self-injected beams. Recently, we
showed through simulations that the combination of a
density downramp and a periodic density modulation can
produce bright electron beams with nanometer period [34].
A GeV-class electron beam driver propagating in the
downramp produces a wakefield with a wavelength of
the first oscillation that gradually increases, thereby reduc-
ing the phase velocity below a trapping threshold. The
additional modulation leads to a periodic oscillation of the
phase velocity, which turns the injection on and off.
Evidence of these prebunched beams from PBA have been
found in experiments [35,36].

In this article, we propose an all-optical (three laser
pulses) method to generate high-quality prebunched elec-
tron beams with a period of a few nanometers in a nonlinear
laser-driven plasma wakefield. Two low-intensity, hundreds
of fs long counterpropagating and co-polarized laser pulses
collide inside a uniform underdense plasma and create a
sinusoidal electron density modulation through the ponder-
omotive force where they overlap [37]. The use of a
uniform plasma instead of a plasma with a density down-
ramp makes the setup simpler. A third intense and short
laser pulse driver co-propagates and is delayed with respect
to the front of the co-propagating low-intensity laser. It is
polarized in the orthogonal plane with respect to the low-
intensity pulses. This intense pulse creates a fully nonlinear
plasma wave wakefield and drives self-injection as the
wakefield expands slowly through the evolution of the
driver laser. The counterpropagating low-intensity pulse
overlaps with the drive laser and the other low-intensity
pulse (for some duration) leading to the modulation of the
electron density. The injected electrons are then mapped
into a prebunched beam with a significant Doppler shift of
the modulated wavelength [34,38].

The parameters of the low-intensity colliding lasers (e.g.,
pulse profile, polarization, and frequency) can be utilized to
control the characteristics of the modulated plasma density
encountered by the driver to potentially produce pre-
bunched beams with exotic features, such as chirped
periods or slice dependent modulation amplitudes, which
can generate x-rays with exotic properties. This all-optical
system is found to generate ultrabright and nanometer-scale
prebunched beams, while offering the advantages of

compactness, simplicity, and synchronization, providing
a feasible path to the construction of compact high-power,
ultrafast, and fully coherent x-ray sources.

II. MODULATION OF THE PHASE VELOCITY OF
A WAKE USING TWO COUNTERPROPAGATING
LOW-INTENSITY LASER PULSES

The concept is illustrated in Fig. 1(a), where two
identical and counterpropagating 800 nm wavelength,
linearly polarized (LP) laser pulses with spot sizes of
10 pm and peak normalized vector potentials of a; =

nffu')l = 0.002 propagate in a long and uniform plasma with

n, = 10" cm™3. For simplicity, the frequency and the peak
electric field of the colliding lasers, @, and E1, respectively,

2
npe .
are the same, and w, = 4/~ is the plasma frequency,
meg

where m and e are the electron mass and charge, c¢ is the
speed of light in vacuum, and ¢ is the vacuum permittivity.
Each colliding laser has a temporal profile consisting of
rising and falling edges of e = gy = 10w, (56 fs) and
a flattop of duration tp,, = 60w, ' (337 fs). The profile of
the rising and falling edges can be found in the Appendix.
The plasma exists between z = 0 and 100¢/w,, (168 pm).
The heads of the colliding lasers simultaneously reach the
left and right plasma boundaries at t = O fs, respectively.
When counterpropagating lasers overlap inside the plasma,
a standing wave is formed, and its ponderomotive force
pushes the electrons from the peaks to the troughs of the
force while heavy ions remain at rest for the duration of
overlapping of the lasers [37]. After an initial rise, the
density perturbation in the laser overlapping region reaches
a quasisteady state since the charge-separation force
between the electrons and ions balances the ponderomotive
force. One-dimensional (1D) analysis gives the spatial
density perturbation as [34] én ~ i cos(2k,z), which is
a sinusoidal modulation at 2k; with an amplitude
of it = 2a3 (z—;)znp.

One-dimensional simulations are performed using the
fully relativistic and nonlinear PIC code osIriS [39] to
study the plasma response to two counterpropagating
lasers, and the parameters can be found in the Methods
section. Figure 1(b) shows the density evolution at a node
(solid line) and an antinode (dashed line) of the electric
field. The density perturbation during the quasisteady state
agrees well with the theoretical prediction 67 = 0.0014n,,.
In addition, part of the density perturbation oscillates
around on with an amplitude of 67i; with a frequency of
w,, after the initial rise. The value of 67, can be diminished
by using lasers with larger ¢, as demonstrated by the red
and yellow lines in Fig. 1(b). This quasisteady state exists
during the time the lasers overlap, which is ~350 fs for
these two points. After the lasers pass through each other,
the ponderomotive force disappears. If the lasers decay
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Schematic for all-optical prebunched beam generation. (a) Two long and low intensity colliding lasers modulate the plasma

density through the ponderomotive force when they superimpose, which can turn the injection on and off frequently in a nonlinear wake
driven by an intense drive laser to form a prebunched electron beam (not to scale). (b) The density perturbation at z = 84.2 pm (solid
lines) and 84.4 um (dashed line). Profile 1: t,;c = try = 56 15, tg,, = 337 fs; profile 2: t;,. = tr = 112 15, tg, = 293 £s; and profile 3:
tise = tran = 309 fs, tg,. = 0. (c) The density perturbation encountered by the head of a drive laser, which is 280 fs behind the colliding
lasers. (d) The phase velocity modulation of the tail of the wake excited by a drive laser with ag = 0.5.

within a few plasma periods, the spatial density modulation
continues to oscillate at the plasma frequency due to the
ions’ restoring force, as shown in Fig. 1(b). The amplitude
of these oscillations can be controlled through the fall time
(tr) of the lasers. As these oscillations are at the plasma
frequency, they do not lead to modulations of the wake’s
phase velocity.

When an ultrashort and ultraintense laser or charged
particle beam driver propagates through a uniform plasma,
its ponderomotive or space-charge force pushes electrons
forward and sideways from their equilibrium positions,
thereby exciting a plasma wave wake with a phase velocity
approximately equal to the group velocity of the driver
(vq ~ c) [18]. The plasma oscillation frequency depends on
the local plasma density as @,(z) o y/n,(z) (nonlinear
corrections can be included if necessary), therefore the
phase velocity of the wake in a nonuniform plasma can
deviate from v4 [40,41]. If the characteristic scale length of
the plasma density modulation is much longer than the
plasma wavelength 4, all electrons within the wavelength
of the wakefield experience an approximately constant
ion density during their oscillations and we have [38§]

vy R where £ = ¢t — z is the coordinate in

l—(dwp/iiz)wglé’
the speed of light frame. A small-amplitude density
modulation of the form 67 cos(kyz) can thus induce a

phase velocity modulation given by

onk
6vy, & 60y sin(kyz) = —c—n—mfsin(kmz). (1)
n, 2

The phase velocity modulation amplitude is proportional to
the density modulation amplitude, the modulation wave
number, and the distance behind the driver.

In the proposed prebunching scheme, we are interested
in a density modulation whose period is much smaller than
the plasma wavelength, i.e., 4,, < 4,. The excursion of the
oscillating electrons z. is typically much longer than the
modulation wavelength, thus they experience a varying ion
density during one oscillation cycle. Their oscillation
frequency, therefore, is not solely determined by the ion
density at the equilibrium position but rather by an
integrated contribution from the ions they encounter. As
a result, the corresponding 67, is smaller than that
predicted by Eq. (1) [34].
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FIG. 2. Amplitude of the phase velocity modulation extracted
from 1D PIC simulations with different modulation periods 4,
(a) and different a (b). The result predicted by Eq. (1) is in black
and the simulation results are in blue and red. The excursion of
the plasma electrons under different a is shown in (b) by the red
CrOSSes.

In these 1D simulations, an 800 nm wavelength laser
pulse with ayp=0.5 and a full-width-half-maximum
(FWHM) pulse duration of 21 fs is used to excite the
plasma wakefield. The head of the laser pulse is 280 fs
behind the head of the co-propagating colliding laser.
Figure 1(c) shows simulation data of the plasma density
encountered by the head of the drive laser, which is a
sinusoidal modulation with 2@;. Colliding lasers with slow
rising edges can suppress the envelope oscillation. The
variation in phase velocity of the tail of the first wake
caused by this density modulation is shown in Fig. 1(d).
The modulation is approximately sinusoidal with an
amplitude of ~0.05¢, which is less than the prediction
of Eq. (1) (0.12¢ for & = 2nc/w,). This is because the
excursion of plasma electrons is 0.1¢/w,, which is com-
parable with the modulation period 4;/2 = 0.24c/w,.

To quantify the degradation to the modulation of v, we
scan 69, VS Ap with fixed 67 =0.0014n, using a

premodulated plasma, and the result is shown in
Fig. 2(a). When the modulation period is much longer
than the electrons’ excursion, the 67, extracted from
simulations agrees well with the formula. A large deviation
between the formula and the simulation results is observed
when A, <c/w, for this set of parameters. When
An $0.24 c/w, (400 nm), 67, starts to decrease as Ay
decreases. Specifically, when A, = 0.12¢/w, (200 nm),
07y 1s an order of magnitude smaller than the formula.
We also show 67, from a counterpropagating laser-modu-
lated simulation (red cross) in Fig. 2(a), which is slightly
smaller than that from the premodulated case. Note that the
ion density is uniform in the laser-modulated case and the
ponderomotive force of the standing wave plays the role of
the ion density modulation for a premodulated plasma [34].
In Fig. 2(b), we also plot the electron oscillation excursion
amplitude vs a, while fixing 4, = 0.24 ¢/w,. It is found

that the excursion scales as 7, a(z), and 67, approaches
the theoretical prediction 0.12¢ as a, decreases.

III. ALL-OPTICAL PREBUNCHED
BEAM GENERATION

We next carry out simulations with all the elements of the
scheme included self-consistently. The quasi-3D version of
OSIRIS is used with a customized Maxwell solver [42,43],
which can eliminate numerical Cherenkov radiation [44,45]
and nonphysical space-charge fields [43], and thus model
the motion of the injected electrons with high fidelity.
A linearly polarized (LP) laser pulse driver with ay = 4, a
spot size of wy = 4kg1 ~ 6.7 pm, and a FWHM intensity
duration of 25 fs (4.46 w, 1) propagates into the plasma
280 fs after the head of the co-propagating colliding laser
and excites a fully nonlinear plasma wake surrounded by a
high-density electron sheath [46] [Fig. 1(a)]. The polari-
zation of the drive laser is perpendicular to that of the
colliding lasers to prevent the drive laser from contributing
to the density modulation. The wavelength (frequency) of
the drive laser and the colliding lasers can be different,
however, for simplicity we choose a wavelength of 800 nm
for all three pulses. The plasma density is n, = 10" cm™,
which corresponds to @,/w, ~ 13.2 or n,/n.~0.0057,
where n, is the critical density corresponding to an
800 nm wavelength. The drive laser has a peak power
of 24 TW, corresponding to P/ P, = @ = 8, where P, is

2
)
It is not possible to perfectly match the laser, therefore for
the chosen pulse length the projected spot size increases
(laser diffracts) initially and it is subsequently self-focused
by the plasma [48]. We first show results from a simulation
where only the drive laser is present. Figure 3(a) shows the
evolution of the peak a, and the motion of the center of the

wake (which is defined as the position where E, = 0) as a

[0)

the critical power for self-focusing [47] (P.[GW] ~ 17
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All-optical generation of prebunched beams. (a) The evolution of the peak a of the drive laser and the velocity of the wake

center. (b) The charge density distribution of the injected electrons in the (z;, £) space. The blue and red lines show the &-distribution at
z; = 65 and 92 pm. (c) The longitudinal phase space and the current profile of the injected electrons at = 912 fs. (d) The bunching
factor for electrons with £ < 21.4 pm when the polarization of the drive laser is perpendicular (blue) or parallel (red) to that of the
colliding lasers. A result corresponding to the case where the drive laser is parallel to the colliding lasers and 1; = 1600 nm is shown in
yellow. The plasma electron density distribution at z = 67.3 pm (e) and 101 pm (f). The insets show the enlarged density distribution
near the wake tail. The black solid lines represent the density lineout at £ = 20.2 pm, marked by the dashed lines.

function of the location of the front of the laser, z. The
velocity of the wake center vy g ¢ is lower than ¢ for z ~
45 pm and z between 65 and 145 pm. Note that the phase
velocity of the tail of the wake is what determines injection,
however, diagnosing the phase velocity of the tail is
complicated by the presence of the injected electrons.
Thus we use v, of the wake center to infer v, of the tail,
ie., we assume (¢ —v,)/c~ (dw,/dz)w,'¢ so that the
value of ¢ — v, at the tail is approximately twice that of the
center.

The sheath electrons can obtain a large forward velocity
when they return toward the axis at the tail of the wake and
some of them acquire a speed faster than the phase velocity
of the wake’s tail. They can thus become trapped during the
wake expansion [38,48]. The plasma downramp is absent

in this setup and the evolution of the laser pulse plays a
similar role to that of the downramp, namely, to expand the
wake and inject electrons.

Figure 3(b) shows the charge density distribution of the
injected electrons in the (z;, &) space when the colliding
lasers are not present, where z; is the initial longitudinal
position of the electrons and ¢ is their position in the speed
of light frame after injection relative to the front of the drive
laser. There is an approximate linear mapping between z;
and ¢ for electrons [38] with z; = 60 pm. This mapping
originates from a continuous expansion of the wake and
ensures the generation of a prebunched beam if the
injection is turned on and off frequently by the modulated
plasma density. Due to the initial evolution of the laser, the
injection before z; &~ 60 pm is not as organized. This figure
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also shows that the injected beam duration &£~ pm is
significantly compressed when compared to the injection
duration oz; ~ 100 pm.

When the drive laser and the co-propagating laser collide
with the counterpropagating laser, each location () with in
the drive laser will now encounter a plasma with a density
modulation at 2w;. The spot size of the colliding lasers is
chosen to be significantly larger than that of the drive laser
(10 pm compared to 6.7 pm), to ensure that all radii of the
wake experience considerable density modulation. The
phase velocity of the wake’s tail is therefore additionally
modulated at a frequency of 2w;. If the amplitude of this
modulation is large enough then the injection can be turned
on and off at a frequency of 2w, forming a prebunched
beam with a period of 7 nm. The beam loading effect
causes a slow reduction of the v, at the tail, which does not
disrupt the high frequency discrete injection and pre-
bunched beam generation, as long as the modulation
amplitude of v, is properly chosen.

The longitudinal phase space (blue) and the current
profile (red) of the injected beam are shown in Fig. 3(c). An
initial energy chirp of ~80 MeV/um is present because
electrons at the head of the beam have been accelerated for
longer times than those at the tail. This energy chirp can be
subsequently canceled by the negatively chirped wakefield
[see Fig. 4(a)] over some acceleration distance [34]. The
current profile shows a clear but small amplitude modu-
lation for £ <21.4 pm. The inset provides a zoomed-in
view of the current profile, which clearly shows the
periodic modulation. The main body of the injected beam
has a small slice normalized emittance of ~30 nm and a
slice energy spread of ~0.5 MeV for this part [48]. On the
other hand, the head of the high current beam is charac-
terized by a relatively large normalized emittance
(>100 nm) and a large energy spread (several MeV).
The bright, chirped, and prebunched main body of the
beam can enable a self-selection FEL process to produce
attosecond radiation when colliding with an optical undu-
lator at the plasma exit [49]. If the beam is further
accelerated to GeV energies with low energy spread, then
a seeded XFEL in a magnetic undulator is possible [34].
The slice energy spread of the injected beam may degrade
the prebunched structure. The high acceleration gradient of
the nonlinear plasma wake can boost the beam energy
rapidly and suppress the degradation during acceleration.
After the plasma, the slice energy spread poses a limitation

3

on the beam drift distance as Ly << ™ 4, where y, = =2 is
d o, b b mc

the relativistic factor of the beam upon exiting the plasma,

o, = % is the slice energy spread, and 4, is the prebunched

wavelength.

The bunching factor, b(k) = |3 %, exp(ikz;)|/N, is
widely used to quantify the modulation of prebunched
beams, where N is the number of the electrons. We show

the bunching factor for electrons with & < 21.4 um in
Fig. 3(d). There is a peak at k=~ 115k; (A= 7 nm) with
b =~ 0.01. The modulation of the current profile is shallow
and we do not observe a distinct energy modulation caused
by the beam-plasma oscillation [34]. The harmonic number
h, which is defined as the ratio between the wavelength of
the colliding lasers and the prebunching period is /2 =~ 115.
Since the electrons are injected at the tail of the nonlinear

wake, the harmonic number can be written as
Az Az ~ ;
h~ A—Zé ~ m ~ Zyé, which has the same y, depend-

ence as in a relativistic Doppler shift. A wake with a slower
expansion rate results in a larger v, and a larger h, and
vice versa.

The phase velocity modulation induced by the collid-
ing lasers with a; = 0.002 (corresponding to 6i/n, ~
1.4 x 1073) is sufficiently large to turn the injection on
and off. We scan &71/n,, from 2.5 x 107* to 4 x 107 in a
premodulated plasma and find that the bunching factor
remains similar. The modulation depth of the injected
current is dominated by the spread of & for electrons
originating from the same z;. We show the & distribu-
tion for two representative z; in Fig. 3(b). For
60 pm < z; < 80 pm, the FWHM width of ¢ is
5 ~ 10 nm. There is a split of the mapping for electrons
with z; 2 80 um, i.e., the &-distribution at a fixed z exhibits
a two-peak or three-peak structure. The width of the
main peak is even shorter than that between
60 pm < z; < 80 pm. Figures 3(e) and 3(f) show the
plasma electron density distribution at two different propa-
gation distances. The sheath surrounding the wake has one
layer at z = 67.3 pm while it splits into 7 layers at
z =101 pm [50] and only the electrons in the innermost
two or three layers can obtain enough forward velocity to
be trapped. We can see that the split of the mapping is
consistent with the sheath structure of the nonlinear wake.
This multilayer fine structure will be smoothed out by a
finite plasma temperature but the larger ones remain.

The prebunched wavelength can be decreased by using
colliding lasers with shorter wavelengths [34]. However,
the minimum period is limited by the aforementioned
E-spread in £ Simulations using a premodulated
plasma indicate that when A, = 300 nm (corresponding
to a 5.3 nm prebunching wavelength), the bunching fac-
tor decreases to only one-fourth of its value with
Am = 400 nm. Note that a premodulated plasma with a
period of 1, is equivalent to a laser-modulated plasma with
A1 = 24, It is possible to fine-tune the parameters of the
drive laser to excite nonlinear wakes with narrow and
simple sheath structures. In general, the wakes excited by
tightly focused beam drivers exhibit a single-layer and
narrow sheath compared to those produced by laser drivers.
Thus, an electron beam driver can generate prebunched
beams with deeper modulation and shorter periods, at the
expense of a more complicated setup.
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IV. EFFECTS OF THE COLLIDING LASER
PULSES ON THE PREBUNCHED BEAMS

The parameters of the colliding lasers, such as envelope
profile, duration, intensity, frequency, and polarization, can
affect the properties of the injected electrons. In this
section, we examine the effects of a few of these param-
eters. We first consider what happens if the colliding
lasers have two distinct frequencies, @, and ;, where
“r” refers to right going and “1” refers to left going. If the
vector potentials for each wave have equal amplitude,
then the total normalized vector potential is a =
a,[cos(k.z — w,t) + cos(kiz + yt)] = 2a, cos (kz — Awt)x
cos (Akz — @t), where k= k’erk‘ =200 Ak = k';k‘ ,
Aw = 5. The ponderomotive force is F, « (a*), where
() refers to averaging over the high frequencies. Upon
making the substitutions and assuming Aw <K @,
we obtain F, « cos (2kz — 2Awt) ~ cos (k,z — 222¢8),
where k, = k. + k and Eq. (1) is modified to dvy =
— 0k

ny 2

bubble and injection inside the first bucket, the 2% £ term
can be neglected. If a;, and ay, are not equal, then the a?
factor in the expression of on should be replaced
by (“5)>.

The colliding pulses must be linearly polarized along the
same direction to form a standing wave and in the
simulations for the case shown in Fig. 3, the polarization
direction of the drive laser is chosen to be perpendicular to
that of the colliding lasers. If they are parallel, the beating
between the laser driver and the counterpropagating collid-
ing lasers provides a ponderomotive force that modifies the
plasma wake and the injection dynamics. Quasi-3D sim-
ulation results are shown in Fig. 4 to illustrate the
importance of the relative polarization. A well-behaved
wake is formed with perpendicular polarizations while the
second half of the wake is modulated significantly with
parallel polarizations, which destroys the subtle injection
dynamics. A quasi-3D simulation confirms that a pre-
bunched structure is absent for parallel polarizations, as

Esin(kyz —242¢&). For slow expansions of the

(a)
5
— ‘l
§
S 0
)
N
W
-5 !
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——1I: A, =800 nm ——II: A, = 1600 nm
10 20 -15 -0 -5 0
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shown in Fig. 3(d) (red curve). This also indicates that it is
not feasible to prebunch the injected electrons using only
two pulses with the same frequencies: the drive laser and
the counterpropagating laser.

On the other hand, the beating between the ponder-
omotive forces of the drive laser and the counterpropagat-
ing colliding laser that arise for parallel polarization can be
eliminated by introducing a large frequency (wavelength)
difference between them. As shown in Fig. 4(a), the
modulation ripples on the FE, field disappear when
A1 = 1600 nm and are reduced for 1; = 1200 nm. In the
1600 nm case, a prebunched beam with a period of 16 nm
and b = 0.025 is injected as shown in Fig. 3(d).

We can vary the duration of the colliding pulses and/or
the delay between the driver and the colliding pulses to
limit the extent of the modulated plasma region encoun-
tered by the driver, thereby producing a beam that is
partially premodulated. When a beam with a premodulated
tail propagates inside a resonant undulator, the superradiant
radiation emitted from the tail can extract energy from
“fresh” electrons efficiently when slipping forward, thus
producing radiation pulses whose power grows as the
propagation distance squared (P o z?), and whose duration
decreases as the inverse square root of the distance
(tr « z7'/2) [51]. Thus, by sending beams with prebunched
tails into an optical undulator, we may generate high-power
attosecond x-ray pulses in an all-optical and extremely
compact manner.

Furthermore, we can replace the long backward propa-
gating colliding laser pulse by a series of short pulses with
controllable durations and separations to premodulate the
injected electrons in a series of positions. The use of lasers
with flying foci could add even more flexibility and
control [52]. These beams can produce a train of attosecond
radiation pulses in a resonant undulator. If backward short
pulses have fixed relative phases and are delayed equally,
these properties can be inherited by the density modulation
of the electron beam, which can enable mode-locked
FELs [53] to produce ultrashort radiation pulse trains with
a comblike spectrum.

®) 500 1
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300 0
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FIG. 4. Effects of the colliding lasers on the prebunched beams. (a) On-axis E, of the plasma wake driven by an 800 nm wavelength
drive laser for different polarizations and wavelengths of the colliding pulses. The lines are vertically offset. (b) The Wigner function of
the density modulation during the injection when two colliding pulses with # = 6.3 fs=2 are used.
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It is also feasible to produce exotic plasma density
modulations and precisely map them to the injected beams.
If two colliding lasers with a linear frequency chirp f = %%
are used, the driver can encounter a density modulation
with a chirped wavelength over the injection distance. An
example is shown in Fig. 4(b), which represents the Wigner
function of density modulation during the injection,
where colliding lasers with = 3.2 x 10~ fs~2 are used.
Experiments conducted at an XFEL facility have shown
that an electron beam with chirped prebunched period can
emit chirped radiation in the extreme-ultraviolet spectrum
in an undulator, which can be further compressed to
subfemtosecond duration and GW power [54]. Our all-
optical prebunched beam generation concept might push
this scheme into the soft x-ray spectrum to generate
ultrashort and high-power radiation. Furthermore, an elec-
tron beam with a chirped prebunched structure can enable
the generation of an isolated monocycle x-ray pulse in a
tapered undulator [55].

V. CONCLUSION

In summary, we have proposed an all-optical PBA-based
scheme that can generate high brightness, low energy
spread, multi 10 kA electron beams that are prebunched
at nanometer scales. Such beams can be used to drive
compact XFELs. An intense drive laser creates an expand-
ing wakefield, thereby slowing down its phase velocity to
trigger self-injection. When the drive laser also encounters
density modulations caused by two low intensity colliding
lasers, the wakefield’s phase velocity is also modulated
such that the injection is turned on and off periodically. As a
result of the longitudinal mapping between the injection
time and the phase in the wakefield, a prebunched beam is
formed. Additionally, by controlling the properties of the
colliding lasers, the plasma density modulation can be
tuned to produce injected beams with chirped bunching
period or partially bunched beams. These exotic beams can
enable novel FEL operation modes and generate ultrafast
high power x-rays. This all-optical and extremely compact
prebunched beam generation scheme may bring more
opportunities for next-generation compact x-ray sources
and enhance the capabilities of existing x-ray user facilities.

This concept also has much flexibility. The properties of
the drive laser affect the injection process and the properties
of the injected beam, such as the injection region, the
brightness, the pulse duration, and the compression ratio.
This was discussed thoroughly in previous publications
[48]. Additionally, a density ramp with a small density
gradient can be utilized to further control the harmonic
number, i.e., a density upramp (downramp) can increase
(decrease) h. For instance, h is decreased to 58 in a
downramp ranging from z = 63 pm to 105 pm with a
density jump of 0.1n,. The proposed scheme has a loose
requirement on the synchronization between these three
laser pulses, i.e., the driver laser needs to experience a

density-modulated plasma during the injection. Since
hundreds of fs long colliding pulses are used and their
induced plasma density modulation can sustain hundreds of
fs, the synchronization between these three laser pulses is
~100 fs, which is readily realized in contemporary high-
power laser facilities.
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APPENDIX: SETUP OF PARTICLE-IN-CELL
SIMULATIONS

For the fully self-consistent quasi-3D simulations of the
all-optical scheme to generate prebunched injected beams,
we use a fixed window with a box size of 125k, x 12k,
and 100,000 x 2400 cells along the z and x directions,
respectively. The plasma rises smoothly from z =0 to
10" cm™ at z = 10k, to eliminate possible injection from
the boundary and then remains constant until z = 100k, h
where it drops sharply to 0. The grid size along the z

. . . _ 1 —1 ~ .
direction is dz = gk, to ensure there are ~4 points per

bunching wavelength and the transverse grid size is dx =

21m ky ! to resolve the thin wake sheath structure. Thirty-two
macroparticles per cell are used to represent the preionized
plasma electrons. The rising and falling edges of the
colliding lasers and the drive laser have a polynomial

profile of 107* — 15¢* 4 67°, where 7 = or 7 = -. At

rise Tran

the start of the simulation (r = —12.5w,"'), the leading
edges of the colliding laser pulses are located at the left and
right edges of the simulation window, i.e., z = —12.5k; 1
and 112.5k; !. The leading edge of the drive laser is
located at z =0 at the start of the simulation and it is
delayed by 62.5 w, ! The driver laser is symmetric with
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hise = tan = 5.8 @, ' Recall w,' =5.6fs and ¢/w, =
1.68 ym. Recently developed advanced Maxwell
solvers [43,56] are needed for modeling the subtle injection
and acceleration of the bright prebunched beams.

A moving window propagating at the speed of light in
vacuum c is used in simulations without colliding laser
pulses. The box size is 14k, I'x 12k, ! and there are
11,200 x 2400 cells along the z and x directions, respec-
tively. All other settings are identical to those in the
simulations with colliding lasers.

The 1D simulations with the colliding pulses use a fixed
window with a box size of 125k; Iand 20,000 cells along
the z direction, and 128 macroparticles per cell to represent
the plasma electrons. A moving window propagating at ¢
with a size of ZOk; I and 64,000 grids is used in the 1D
simulations without colliding pulses. The same plasma
profile as in the quasi-3D simulations is used.
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