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Efficient laser wakefield accelerator in pump depletion dominated bubble regime

V. Horny ©,"" P. G. Bleotu®,! D. Ursescu®,' V. Malka®,"? and P. Tomassini ©®'
'Extreme Light Infrastructure - Nuclear Physics, Strada Reactorului 30, RO-077125 Magurele, Romania
2Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 7610001, Israel

® (Received 17 June 2024; accepted 1 August 2024; published 6 September 2024)

With the usage of the postcompression technique, few-cycle joule-class laser pulses are nowadays available
extending the state of the art of 100 TW-class laser working at 10 Hz repetition. In this Letter, we explore
the potential of wakefield acceleration when driven with such pulses. The numerical modeling predicts that
50% of the laser pulse energy can be transferred into electrons with energy above 15 MeV, and with charge
exceeding several nanocoulombs for the electrons at hundreds of MeV energy. In such a regime, the laser pulse
depletes its energy to plasma rapidly driving a strong cavitated wakefield. The self-steepening effect induces a
continuous prolongation of a bubble resulting in a massive continuous self-injection that explains the extremely
high charge of the beam rending this approach suitable for promoting Bremsstrahlung emitter and generator of
tertiary particles, including neutrons released through photonuclear reactions.

DOI: 10.1103/PhysRevE.110.035202

Laser Wakefield acceleration (LWFA) of electrons [1] has
opened up new opportunities for the generation of high-energy
electron bunches and their application in various scientific
[2,3], medical [4], and industrial [S] domains. While the main-
stream of the current LWFA research lies in the generation of
high-quality beams, either in the sense of high energy [6,7],
low energy spread [8,9], or low emittance [10,11], there are
particular applications where those parameters are of lower
importance. These include the exploitation of LWFA electrons
as a source of radiation and secondary particles and tertiary
particles where the conversion efficiency of the laser pulse
energy into the electron bunch and its total charge is crucial.

The LWFA experiments have been mainly conducted with
available laser pulses of full width at half maximum duration
7, 2 25 fs. The laser focusing is matched with the plasma
density to secure the smooth laser pulse guiding over many
Rayleigh lengths, as the natural diffraction of the focused
beam is compensated by relativistic self-focusing. The match-
ing condition reads k,wo = 2,/ag (for ap > 2) [12] where

kp = wp/c, wp == is the plasma frequency and n, is
the electron density, wy is the laser waist size, and ay =
0.855/T1sA; um is the laser strength parameter, ;g is the laser
peak intensity in units of 10'® W cm™2, and Alym 18 A3
the laser wavelength is in microns. After a given distance
of propagation of the laser in the plasma, the acceleration
of trapped electrons ends. This occurs either when the laser
pulse energy is too depleted or even in the case the electrons
overtake the accelerating part of the bubble. The propagation
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distances on which those occur scale as L,q >~ —kl —w’z w,T; and

P @p

L; >~ t;—‘%ﬁ)\/a_o, respectively (for agp > 1). While the former
linearly scales with the pulse duration, the latter only weakly
depends on the intensity.

In the bubble regime [13—15], nC-class beams were pre-
dicted [16] and demonstrated [17,18] with a transverse
self-injection mechanism. A possible increase of the trapped
charge has been proposed by exploiting controlled injection
schemes such as ionization [19] or density shock injection
[20,21]. An alternative suggestion recommends exploiting
near-critical-density plasma, substituting the standard bubble
with a laser bubble as a 3D electromagnetic electrostatic
soliton [22].

In this Letter, we discuss on available laser parameter
space, with a few-cycle, joule-class laser pulses, and its ben-
efit in the context of LWFA with the generation of nC-class
electron bunches at energies in the order of hundreds of
MeV. Such pulses are generated through the thin film com-
pression (TFC) technique [23,24], providing an inexpensive
and efficient shortcut to the upgrade of TW into PW-class
laser systems without further amplification stages. The TFC
method was successfully demonstrated at the 100 TW peak
power level laser systems [25-29], while the demonstration at
the 1 PW level is anticipated [29,30]. The recent experimental
results [31] showing an efficient pulse duration compression
ratio of a 1.5 J laser down to 6 fs show the maturity of the
approach that motivates the present research.

In this range of parameters, thanks to its short duration,
the laser pulse depletes the energy to plasma rapidly. Still, up
to the depletion point, the pulse is intense enough to drive
a strong plasma wave in a fully cavitated wakefield regime.
The combination of both effects causes significant relativis-
tic self-steepening [32,33] resulting in a strong relativistic
self-focusing of a pulse which initially might be but neces-
sarily does not have to be matched to the plasma density.
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FIG. 1. Evolution of electron density n, (a)-(d), their average energy (E; .) (e)—(h), and the electric field E, (1)—(D).

Consequently, the bubble length continuously increases, re-
sulting in massive continuous self-injection.

A set of numerical simulations of the electron acceler-
ation has been conducted employing the SMILEI code [34]
in the quasi-3D geometry with the decomposition into four
azimuthal modes. The fundamental numerical parameters are
the following. The grid resolution is always 0.25 ca)l’l and
1 ca)l_1 in the longitudinal and radial direction, respectively.
The integration timestep is 0.22 a)l_'. The simulation box
length L, and width L, are always set in such a way that the
former is as large as at least three plasma wave periods and
the latter is at least four times the laser waist size.

Plasma is represented only by electron macroparticles
which are initially cold and randomly initialized within the
cell. The number of macroparticles per cell is 20 and 6 in
the inner and outer volumes separated by the position » =
0.7L,, respectively. At the left boundary, there is a 2 um-long
vacuum followed by a 8 um of linear density ramp to avoid
unintended nonphysical effects at the boundary. The pulse is
focused to x; = 10 um and enters the box at #, = 60 fs. The
potential effects of carrier-envelope phase variations (CEP)
of the pulse were anticipated [35], however, here for pulse
longer than 6 fs, its influence on the pulse and bubble shape
evolution, as well as the final electron spectra, is proved to be
negligible. They always last at least till the peak of the laser
pulse energy conversion to electrons has been achieved. The
list of presented simulations and their numerical parameters is
given in the Supplemental Material [36].

As an illustrative example, a case with a laser pulse of
E;o=1.517 and 7; = 6 fs being initially focused to a waist
of wy = 10 um leading to ap = 8.57 is chosen. The plasma
density is of a quasimatched value of 1.71 x 10! cm™3

(;f/";lo = 1.33). Figure 1 details the dynamic evolution of
key parameters, including electron density, average electron

kinetic energy within a cell, and the electric field along the
polarization direction. This visualization unfolds across four
distinct temporal snapshots: the onset of self-injection into
the nonlinear bubble (r = 0.25 ps), the zenith of peak laser
intensity (# = 0.76 ps), the pivotal time points of 7, = 1.12
ps when the maximum laser-to-electrons E,/E; ¢ and ¢, =
2.19 ps when the peak electron energy are achieved, respec-
tively. The displayed region is confined to the central segment
of the simulation box. Following the formation of the bubble,
a sequence of events transpires—the relativistic self-focusing
occurs, propelling the continuous longitudinal expansion of
the bubble and initiating substantial, sustained continuous
self-injection. In the insets in the bottom row, the value of
the E, at the laser axis around the laser pulse peak location
is shown, illustrating the processes of self-steepening and
pump depletion. The simulation showcases a hybrid regime
of LWFA and plasma wakefield acceleration (PWFA) [37].

The acceleration process is further analyzed in Fig. 2. Panel
(a) shows the energy balance within the simulation box during
the acceleration; the green and brown curves show the energy
stored in electromagnetic fields and as kinetic energy of sim-
ulation particles, respectively, and the blue curve is their sum.
The initial swift decrease of the electromagnetic energy is
caused by its rapid transfer to the wake wave and consequently
to the kinetic energy of electrons.

Panel (b) illustrates the evolution of the parameter Ij.x
primarily representing the laser pulse intensity that has an
initial value of 1.5 x 10%® W cm~2. Following the laser pulse
ingress into the simulation box (+ = 60 fs), its intensity, thanks
to the relativistic self-focusing effect, rapidly increases and
reaches 9.6 x 102 W cm~2 at t = 760 fs. Over the following
350 fs, the laser pulse energy is essentially absorbed by the
plasma.

Comparing panels (a) and (b), it can be observed that the
maximum kinetic energy stored in all the electrons within the
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FIG. 2. (a) Temporal evolution of the total energy in the simulation box E, (blue), the kinetic energy of simulated particles E, (brown),
electromagnetic energy E; (green). (b) Temporal evolution of the quantity /,,, = max “7°|E|2. (c) Temporal evolution of electron spectra.
(d) Electron spectra at the moments of the maximum conversion efficiency E,/E; o (red) and when the maximum electron energy is achieved

(black).

box is achieved at the same moment the laser pulse vanishes
(t, = 1.12 ps). Its value is 1.01 J, corresponding to 67% of
the initial laser energy. In the early phase (¢ < t.), the total
energy in the simulation box slowly decreases as the electrons
not captured in the plasma wave gradually leave the simula-
tion box, either through the transverse boundary, but mainly
because of the movement of the simulation window. The later
(t > t,) more rapid decrease is caused by the transfer of the
energy stored in the accelerated electron bunch to the wake
wave driven by the bunch itself. The total electromagnetic
energy is Ef =0.37 J at t =t,. It reasonably agrees with
the theoretical expectation derived using a simple model of
electrostatic fields in the relativistically moving ellipsoidal
bubble. The electromagnetic energy stored in a bubble is
defined as U = [, (5¢E> + 5, B)AV = [ (G¢E] + jeE} +
ﬁBé )dV. The E,, E,, and By fields within the bubble of the
longitudinal and transverse semiaxes A and B = C are given
by a model from Ref. [38], generalizing the description of the
fields in the spherical bubble [39,40]. After an integration, we
obtain

_ 8_7'[ anf q>2A2 +B?

U= , 1
15 ¢ ° A M)
where
3 1
wtpta

For A =B = C =R, it simplifies to U = %Z—EanS. Taking
our values from simulations n, = 1.71 x 10" cm™> and A =
20um, B =12 um, we get U = 0.25 J. Indeed, the energy
stored in the wakefield itself is relatively large under such
a configuration. Considering that the electron bunch has not
yet achieved dephasing at the instant of ¢,, the difference
1 — U/E; sets the maximum energy fraction which can be
transferred from the laser to the electrons, as, from that mo-
ment on, the energy accumulated in the bunch is consumed
for driving its wakefield, potentially accelerating a fraction
of trapped electrons to even higher energies, but losing the
energy in total.

Indeed, such an evolution is illustrated in the electron
spectra reported on panel (c). The initial energy peak, approxi-
mately 195 MeV, materializes at ,. Subsequently, the electron
bunch expends its energy amplifying an even more potent
wakefield. A secondary electron bunch attains a maximum

energy of 380 MeV at f,, = 2.19 ps. The vertical dashed lines,
depicted across panels (a)—(c), delineate both those pivotal
temporal junctures. Panel (d) presents the electron spectra at
those two selected moments. At the time of z,, the charge
above [15, 100, 200] MeV is [6.3, 4.2, 0.95] nC.

A set of simulations was conducted to investigate the ro-
bustness of the scheme. Figure 3 presents the results of a
parameter study. Scanning has been conducted in two direc-
tions. The plasma density is varied, and the laser focusing is

either set to match the plasma density (left panels, f’\}”{% =1)
or kept constant (right panels). Both injected charge Q [panels
(a) and (b)] and laser-to-electron conversion efficiency E, /E; o
[panels (c) and (d)] remain remarkably stable in the density re-

gion of 5 x 10" cm™ to 4 x 10" cm—3, reaching the values
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FIG. 3. Properties of the electron bunches when maximum con-
version efficiency E,/E; is achieved. (a), (b) Charge above [15,
100, 200] MeV (red circles, magenta crosses, blue triangles). (c),
(d) E./E . (e), (f) Mean electron energy. (a), (c), (e) Laser focusing
is matched to the plasma density (;i}% = 1), selected values of w
and a, are presented above the upper x-axis and marked with dashed
gray lines. (b), (d), (f) Always kept wy = 10 um, ay = 8.57. A green
dashed and dotted line and dashed gray line mark the matched
density and the one chosen for the secondary sources example,
respectively.
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of about 5-7 nC and 252%, respectively. The latter suggests
that the saturation of E, .15 mev/E} o is achieved, considering
the necessary losses to the electrostatic energy of the bubble.

Above the self-injection threshold, the mean energy of the
accelerated electrons decreases [panels (e) and (f)] as the
plasma density increases, in agreement with the scaling law
[12]. Below such threshold, of about tens-of-pC bunches are
accelerated in the following plasma wave buckets, achiev-
ing E,/E; o in order of percents at most. For the cases with
n, > 5 x 10" cm™ in the right column, we observe an in-
crease of the injected charge up to 12.8 nC for n, = 8 x 10"
cm~3. There, the mixed LWFA /PWFA regime is entered even
before the pump depletion of the driving pulse, resulting in
the secondary injection to the bucket driven by the primary
bunch, however, reducing the E,/E; conversion efficiency
significantly.

Reflecting the state of the art from the literature, a grad-
ual progress toward the generation of higher-energy bunches
achieved by the community can be observed. The selected
experimental results with standard >25 fs, joule-class pulses
[17-19,41-43] report charges in order of hundreds of pC for
laser energies from 1.5 J [43] to 3.4 J [17]. In particular, the
study [42] reports achieving charges above 100 MeV of 1.2,
(1.7) nC with 27 fs laser pulse energies of 3, (10) J, respec-
tively, and predicts a generation of 2.5 nC bunch with PW
pulse of energy of 30 J. The conversion efficiency E./E;  is
always up to the order of percents. Similar efficiency has been
achieved also with thin-film-compressed 13 fs, 3.2 J pulses
[44]. The theoretical papers with 4.7 J [22] and 12 J [16],
30 fs pulses anticipate the conversion efficiency to electrons
in order of 15%, in line with the analytical scaling based on
similarity theory for ap > 1 [45] where E,/E; o ~ 0.2 has
been derived.

In recent years, the rapid advancements in high-repetition-
rate, few-cycle laser systems [46] have spurred a growing
interest in LWFA driven by mJ- and TW-level laser systems
operating at up to kHz repetition rate. With 2-30 mJ laser
energy, 1-50 MeV electron bunches of charge ranging from
hundreds of fC to 25 pC are currently produced [47-49]
or predicted [50-53]. Furthermore, 8 fs, 100 mJ pulses are
expected to produce a laser-to-electrons conversion efficiency
as high as 26% [54].

The newly available laser pulse parameters of short dura-
tion and large energy allow for a great laser to high energy
electrons conversion efficiency in a broad range of plasma
densities. The density itself then sets the final electron en-
ergy and charge. This new regime should make applications
where both high number and high energy of accelerated elec-
trons more and more pertinent, for example for very high
energy electron radiotherapy (VHEE-RT) [55] or converted to
secondary particles and radiation. Besides betatron radiation
and inverse Compton scattering [56], the interaction of such

energetic electron bunches with high-Z converters results in
the emission of intense broadband x-ray radiation through
a process of Bremsstrahlung [57,58] that can be converted
to fast neutrons, promoting then applications such as nonde-
structive testing [59], industrial inspection [60] and imaging
[61], or radiation therapy [62]. For example, in the case with
ay = 8.57, wo = 10 um, and n, = 5.13 x 10'® cm™3, marked
by a green dashed dotted line in Fig. 3, the Monte Carlo
FLUKA [63,64] simulation suggests that Bremsstrahlung ra-
diation carrying 27% of initial laser energy and 9.5 x 10®
photoneutrons are released from the rear side of the 1.5 cm
thick lead converted. The optimization of the secondary and
tertiary sources of particles and radiation will be subjects of
follow-up research.

In conclusion, we introduce a robust laser wakefield accel-
eration regime where the energy transfer efficiency from the
laser pulse to relativistic electrons through the plasma wave
is higher than 50%. It is characterized by an ultrarelativistic
(ap > 1) and quasimatched (k,wo ~ 2,/ap) pulse intensity so
as to drive a plasma wave in the fully cavitated wakefield
regime and by the short pulse duration (w,7; < 1) which
favors a fast conversion of the laser pulse energy into the
electromagnetic energy of the bubble. Combining both as-
pects results in significant self-steepening and self-focusing
effects which reshape the laser pulse and induce massive and
continuous self-injection. Moreover, the trapped electrons do
not enter the dephasing phase of the acceleration process
as the laser pulse energy is etched before. Our simulations
confirm that with a few-cycle, joule-class laser pulses which
are feasible with state-of-the-art technology based on the thin
film compression technique, the electron bunches of charges
of 11.5 nC above 15 MeV or 4.7 nC above 100 MeV can be
generated, assuming the improvement in the focusability of
such laser pulses.
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