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Understanding the interaction of a kilojoule picosecond laser pulse with long-scale-length preplasma
or homogeneous near-critical-density (NCD) plasma is crucial for guiding experiments at national short-
pulse laser facilities. Using full three-dimensional particle-in-cell simulations, we demonstrate that in this
regime, cross-filament stochastic acceleration is an important mechanism that contributes to the production
of superponderomotive high-flux electron beams. Since the laser power significantly exceeds the threshold
of the relativistic self-focusing, multiple filaments are generated and can propagate independently over
a long distance. Electrons jump across the filaments during the acceleration and their motion becomes
stochastic. We find that the effective temperature of electrons increases with the total interaction time
following a scaling like Tor ox 7%, By irradiating a submillimeter-thick NCD target, the space charge
of electrons with energy above 2.5 MeV reaches tens of microcoulombs. Such high-flux electrons with
superponderomotive energies significantly facilitate applications in high-energy-density science, nuclear

science, secondary sources, and diagnostic techniques.
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I. INTRODUCTION

The advent of kilojoule laser facilities, such as the
National Ignition Facility Advanced Radiographic Capa-
bility (NIF-ARC) [1], the Laser MegaJoule PETawatt
Aquitaine Laser (LMJ-PETAL) [2], and the Laser for Fast
Ignition Experiment (LFEX) [3], expands the frontier of
laser-plasma interaction (LPI). It has attracted great atten-
tion [4—18] due to its broad applications in high-energy-
density (HED) science [13,19], probing [8,20] and driving
[21,22] inertial confinement fusion (ICF), production of
high-flux electron beams [5,6,16] and secondary sources
(e.g., ions, neutrons, and x rays or y rays) [9,17,18], lab-
oratory astrophysics [23], nuclear science [24], etc. These
lasers are limited to deliver picosecond pulses with large
focal spots of tens of micrometers due to both techno-
logical and infrastructure constraints [17]. The interaction
physics of such pulses with plasmas is quite different
from the usually discussed subpicosecond pulses with
diffraction-limited small focal spots (typically, < 10 wm)
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[25-32]. On the one hand, the long interaction time brings
us to the mesoscale between kinetic and fluid regimes;
on the other, the large focal spot results in quasi-one-
dimensional plasma expansion in laser-solid target inter-
actions. However, in underdense plasmas, it may trigger
filamentation instability [33—36], since the laser power is
several orders of magnitude higher than the threshold of
relativistic self-focusing [37,38]. The enhancement of scal-
ings of electron [6,12,14,15,17] and proton acceleration
[9,17,18] has been observed in experiments and simula-
tions but the debate about the acceleration mechanisms still
remains controversial.

Previous studies of such laser pulses have focused on
the interaction with overdense plasmas and the effects of
the long pulse duration. Theoretical investigations have
mainly relied on one- or two-dimensional (2D) particle-
in-cell (PIC) simulations, since three-dimensional (3D)
simulations demand large computational resources. How-
ever, to thoroughly understand the underlying physics
and quantitatively explain the experimental results, it is
essential to conduct 3D simulation studies. On the other
hand, recent experimental and numerical researches have
demonstrated that in the interactions of femtosecond or
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subpicosecond laser pulses with small focal spots with
near-critical-density (NCD) plasmas, the maximum energy
and flux of both electrons and ions can be much higher
than those obtained with solid targets [31,39—44]. This is
because a long plasma channel is formed due to the self-
focusing and coalescence of adjacent filaments, in which
abundant electrons are accelerated predominantly by direct
laser acceleration (DLA) [45-48]. However, when a laser
pulse with a large focal spot is used, the distances between
neighboring filaments may be much larger than the skin
depth, so they do not influence each other and the coa-
lescence cannot proceed further [35]. Therefore, many
channels survive for a long time. This self-focusing pro-
cess can only be properly described by 3D simulations, the
reason for which has been explained in Ref. [35]. Never-
theless, how it affects the LPI on the multipicosecond time
scale, especially for electron acceleration, is still unclear.
In this paper, we investigate the long-time interaction of
realistic picosecond laser pulses with large focal spots with
submillimeter NCD plasmas via full-scale 3D PIC simula-
tions. We find that most energetic electrons are no longer
confined in an individual channel. They are first acceler-
ated by DLA in a channel and then they may jump across
into adjacent channels. This triggers the stochastic motion
of electrons. As a result, electrons can be further heated
up to superponderomotive energies. The effective electron
temperature increases with the interaction time (defined by
the laser pulse duration and depletion in an extended NCD

0.65
plasma) as Te o< 7,77,

I1. SIMULATION PARAMETERS AND MAIN
RESULTS

We conduct 3D PIC simulations with the Virtual Laser
Plasma Lab (VLPL) code by considering realistic laser and
plasma parameters [49]. A y-polarized laser with an inten-
sity of 4.74 x 10" W/cm? and a wavelength of A = 1 um
is incident on a fully ionized homogeneous plasma with
an electron density of n, = 0.65n, and length 400\. Here,
n. = m.w}/4me* is the critical density, where wg, m,
and e are the laser frequency, electron mass, and charge,
respectively. The temporal and spatial profiles are Gaus-
sian distributions. The pulse length is t; = 0.7 ps [full
width at half maximum (FWHM)] and the whole interac-
tion time reaches over 3 ps. The focal spot is d; = 504
(FWHM), leading to a power of 1.5 PW and an energy of
1 kJ. The ion composition is nee+ : B+ : Hos+ =3 14 :2
[31,39,50]. The simulation box is 4251 x 2504 x 250A.
The first 10A and last 15A spaces in the x direction are
vacuum. The longitudinal resolution is 4, = 0.1A. In trans-
verse dimensions, within the focal spot (i.e., |y, z| < 422),
a finer resolution of s, = h, = 0.5X is used, while outside
this region, the cell size increases exponentially by a fac-
tor of 1.05 to save computational resources. A numerical
Cherenkov-free rthombi-in-plane (RIP) Maxwell solver is

used [51]. We use four macroparticles per cell for electrons
and one for ions of each type. The numerical conver-
gence is confirmed by comparing the physical quantities
of interest at different resolutions.

The laser power is more than 4 orders of magni-
tude higher than the power threshold of relativistic self-
focusing [37,38] of P, = 17(a)o/a)p)2 ~ 26 GW. There-
fore, the laser pulse breaks up into many small filaments
when it enters the plasma. Each carries the critical power
and undergoes the self-focusing process. Figure 1 illus-
trates the temporal evolution of the magnetic fields |B,|
[Figs. 1(a)-1(c)] and the electron density [Figs. 1(b)-1(d)]
at t = —0.033 ps [Figs. 1(a) and 1(b)] and 0.367 ps
[Figs. 1(c) and 1(d)]. One can clearly see evidence of the
multifilaments in the B, field and the corresponding multi-
channels in the density distribution. The channels are not
evacuated completely and the residual electron density is
about 0.2n.. During the interaction, the maximum laser
intensity reaches 2 x 10%° W/cm? due to the self-focusing.

In Fig. 2, we show the temporal evolution of the trans-
verse modes by analyzing the B, field, where it is evi-
dent that over a long time, the dominant mode is around
0.2ky, especially when the laser peak enters the plasma
(t = 0). This means that the distance between neighbor-
ing filaments is usually much larger than the skin depth
d; = c/w,. Therefore, the magnetic fields are shielded by
the surrounding plasma and the coalescence induced by
magnetic attraction cannot occur further naturally [35,52].
The channels can remain almost straight and well sepa-
rated up to = 0.367 ps. After that, induced by hosinglike
instability [53,54] and transverse expansion of ions [35],
the distances between neighboring channels can become
smaller and some of them merge into several larger ones
[Figs. 1(c) and 1(d)], corresponding to the longer modes
in Fig. 2(c). The laser pulse is completely absorbed at
x =375\ and t = 1.767 ps (about 3 ps after the start of
LPI), while the self-generated quasistatic magnetic field
can last for an even longer time. Note that since the aver-
age distance between two neighboring filaments is about
10 times larger than our transverse resolution, the funda-
mental physical phenomena should be similar, with even
higher resolution.

In our regime, most of the laser energy is absorbed by
the plasma. This is a key advantage compared to laser-solid
target interaction [55—57]. The conversion efficiency from
laser to particles reaches 84%. At ¢t = 2.1 ps, the energy
carried by electrons is about 770 J and the rest is mainly
absorbed by ions, in which protons, carbon ions, and oxy-
gen ions carry 16.7 J, 27.1 J, and 24.1 J, respectively.
In VLPL, we register all electrons that leave from the
simulation-box boundaries. The space charge of forward-
moving electrons with energies above 2.5 MeV reaches
38 wC (approximately 2.4 x 10'%), which is more than one
order of magnitude higher than that reported in Ref. [18],
where solid targets and 450-J laser energy have been used.
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The 3D PIC simulation results of a long NCD plasma irradiated by a kilojoule picosecond laser pulse. The magnetic field

|B;] [(a),(c)] and electron density [(b),(d)] are presented at # = —0.033 ps [(a),(b)] and 0.367 ps [(c),(d)], respectively, showing that
strong filamentation occurs when a large-focal-spot laser is used. Here, = 0 corresponds to the time when the laser peak enters the
plasma. Only part of the simulation box (within +30A and a length of 901) is shown.

In Fig. 3, we show the energy distribution [Fig. 3(a)]
and divergence [Fig. 3(b)] of electrons, in which, for
electrons registered at the side boundaries, we only con-
sider those high-energy ones with y > 16. This leads to
a total space charge of electrons of about 7.6 wC, while
the space charge of electrons confined inside 15° (almost
all of them are registered at the rear boundary) is only
about 0.3 nC. A distinctive feature is that the peak bright-
ness appears at around 30°, instead of in the laser direc-
tion, the difference between which is about a factor of 2.
This feature can be used to distinguish the cross-filament
stochastic acceleration (CFSA) from other acceleration
mechanisms [6,11,14,45,58] in experiment. The effective
temperatures Ty around angles of 0° and 15° are 10.8
MeV and 8.6 MeV, respectively, much larger than the pon-

deromotive scaling [25] Tyond = (/1 +a3/2 — Dm,c* ~

1.6 MeV. At 45°, the temperature is much lower, at about
3.8 MeV. Moreover, the relatively low forward flux can
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FIG. 2. The temporal evolution of the wave-number spectra
of the B, field observed at x = 50A: (a) t = —0.233 ps; (b)
t = —0.033 ps; (c) t = —0.367 ps. The color scale corresponds
to the relative spectral intensity.

be partly attributed to the Alfvén current limit [59] J4 =
mec3By /e = 178y kA. Taking the beam length about 1 ps
and y = 20 (=~ T.), this gives 0.34 nC.

The effective temperature of electrons inside the box
at t=2.1 ps is about 2.2 MeV, as shown in Fig. 4(a),
while for protons and carbon ions, the corresponding effec-
tive temperatures are about 800 keV and 4.4 MeV [i.e.,
367 keV/u; see the red and blue lines in Fig. 4(b)]. There
are 5 x 10'* protons with energy > 10 keV and 10'® pro-
tons with energy above the threshold (i.e., 1.64 MeV)
of the "Li(p, n)’Be reaction [60]. Since the characteristic
energies of protons and carbon ions (per nucleon) are lower
than that of electrons, subsequently, the electron energy
will be further transferred to ions via thermal expansion
over a much longer time, leading to even more abundant
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FIG. 3. (a) The energy spectra per steradian d’N/dEdS2

of electrons that leave the simulation box up to 7= 2.767
ps around 6 = 0° (red), 15° (blue), 30° (magenta), and 45°

(black), where d2 = sinfdfd¢, 6 = arctan(,/p? + p?)/p, and

¢ = arctan(p./p,). (b) The angular distribution of the high-
energy electrons.
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FIG. 4. (a) The energy spectrum of electrons that stay inside
the simulation box at ¢t = 2.1 ps. (b) The energy spectra of pro-
tons (red) and carbon ions (blue) that stay inside the initial
plasma boundary (i.e., 101 < x < 4101) at¢t = 2.1 ps.

energetic ions. This result may find applications in the pro-
duction of high-flux neutrons by replacing some of the
plasma components with nuclear materials [61-64].

1. ELECTRON-ACCELERATION DYNAMICS

A. Stochastic acceleration

To understand the underlying physics, we perform 3D
simulations with a particle tracer. Hereinafter, the laser
intensity is fixed at 4.74 x 10'® W/cm?. A laser pulse with
a smaller focal spot of d;, = 35.3X and a shorter pulse dura-
tion of 7, = 500 fs is used to reduce the computational
cost. The plasma density is 0.75#n,, to deplete the pulse in a
shorter distance. In Fig. 5(a), we present the 2D cut of the
electron density distribution at t = 0.117 ps, where many
filaments are formed. The solid lines, color coded with
respect to the y factor, depict the trajectories of several rep-
resentative electrons. One can see that these electrons jump
across multichannels during their acceleration, different
from that in DLA, where resonant electrons are trapped in
a single channel and undergo betatron oscillation [31,45].
When the electrons jump from one channel to the neigh-
boring channels, their motions become stochastic. This is
because in different channels, the phase of the laser field,
determined by the residual electron density and the channel
direction, is different [65]. Here, the origin of the stochas-
tic motion is different from that in the well-known regime,
where it is induced by two counterpropagating pulses [58].

Figure 5(b) shows the CFSA process of a representative
electron, where the electron trajectory (the colored line) is
plotted on top of the transverse field in a comoving win-
dow with a width of A, = £30A. The black line illustrates
the time evolution of the electron y. One can see that the
electron experiences lots of random kicks (corresponding
to oscillations of y) as it jumps across the filaments and
that the value of y is slowly increasing.

To evaluate the stochasticity of the system, we calculate
the Lyapunov exponent A;, [66,67]:

2 D |P(Py + 8P) — P(Py)|

ALy = In s
= oAt > I8P
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FIG. 5. (a) The particle trajectories and density distribution,
showing that electrons jump across several filaments during the
acceleration. (b) The witnessed E, field for a representative elec-
tron that experiences CFSA. The black line shows the evolution
of the y factor. In (a) and (b), the trajectories of electrons are
shown by the lines color coded with their corresponding y factor.

where P(Py) and P(Py + 6P) are the electron momen-
tum without and with perturbation, respectively, §P is
initial momentum perturbation, and At is the time that has
elapsed after the perturbation added in simulation. Here,
we add 5P = 6P, = 0.01m,c at t = —0.2 ps. For negative
ALy, the system is stable to small perturbations. However,
if A7, is positive, the system is chaotic. The calculation
of Eq. (1) is shown in Fig. 6(a), where the black line
represents the Lyapunov exponent Az, averaged over 300
particles the initial positions of which are randomly dis-
tributed near the front of the plasma and the red line shows
the Ary for a representative single particle. In Figs. 6(b)
and 6(c), we present the trajectory and momenta space of

30

h (b)

—Averaged
—Single electron

0.3 0.6 0.0 0.3 0.6 0 40 80
At(ps) At(ps) Pyx/MeC

3

'<—— perturbation

Lyapunov exponent Ay
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FIG. 6. The stochasticity of the electron acceleration. (a) The
time evolution of the Ay, demonstrating that the electron motion
is stochastic. The black line shows the average Ay, while the red
line is from a single electron. (b),(c) The (b) trajectories and (c)
momentum space of this electron with (red) and without (black)
perturbations are shown.
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this electron, respectively, where the black line represents
the case without perturbation and the red with perturba-
tion. It is evident that A1y is always positive and that a tiny
perturbation results in exponentially diverging trajectories
[Fig. 6(b)] and momentum space [Fig. 6(c)]. Therefore, we
conclude that the electron motion is stochastic and that the
electrons experience CFSA.

B. Scaling

Another important feature of the stochastic acceleration
is that the effective temperature increases with the inter-
action time [68]. A similar trend has also been observed
in recent experiments, where large-focal-spot laser pulses
with different 7, (determining ;) have been used [17]. In
Ref. [68], a simple analytical model has been proposed
to explain this feature, where single-electron motion in
a planar laser pulse is investigated by considering some
friction. The increase of the longitudinal momentum after
averaging over the laser cycle is [68]

i)~
dt

where v and v, denote the friction constants along the
x and y directions. Since it is only friction in the y
direction that has a strong effect on the acceleration, we
can assume that v, = 0 for simplicity. For those forward-

moving electrons with p, > p,,, we can rewrite the above
equation as

vj_a(z)
2[1 + (yvi/wo)*]

=V (Px) s (2)

<dy> _viag 1 3)
dt | 2mec 14 (yvy /o)

Then, one can easily see that the electron energy increases
with the time. In the case of 13> (yv,/wy)* (small
friction), we have (y) oct, while in the case of 1 K
(yvy /w)* (large friction), we have (y) oc #'/3. This is
broadly consistent with the numerical results shown in
Ref. [68], where the authors have found that the effec-
tive temperature scales with the interaction time # with
q ~ 0.5-1.0.

In our scheme, when electrons jump across filaments,
they experience transverse friction coming from the self-
generated electromagnetic fields surrounding the fila-
ments. Therefore, the above simple model can be used to
describe the main physical process in our scheme. How-
ever, considering the evolution of the fields over multiple
picoseconds and also the relativistic effects, it is impossible
to quantitatively give an exact derivation of the exponent
q. Therefore, we have to resort to PIC simulations.

To obtain the electron energy scaling of our scheme, we
perform further 3D PIC simulations by varying t;. The
final energy spectrum of the electrons from each simula-
tion is shown in Fig. 7(a). The scaling can be given as [see

Pulse duration 7,

0.1 05 1 2,3
0 10
10 (a) —7 =015ps
& —7 =025ps B
‘é , —7 =05 ps =
. i -
) 4 MeV '\ = i"
s \ = =
g 10 = £
s o, 2
N 5 MeV. e ©
6.4 MeV 1
6
107720 a0 60 80 100 2705 1 3 5"
Electron energy (MeV) Interaction time 7; .
FIG. 7. (a) Electron energy spectra from different pulse dura-

tions. (b) Te versus T, where the red line represents the best
fit and the blue circles show the channel length of each case.
Here, the energy spectra are integrated over the solid angles
ne = 0.75n, and Iy = 4.74 x 10" W/cm?.

Fig. 7(b)]
Ter ~ (I /118)" (71 ), “4)

where the coefficient o ~ 0.8 and 7;,,, normalized to 1
ps, is the interaction time. The exponent of 0.65 is within
the range predicted by the simple analytical model [68].
Here, we determine 7; = 7, + .5 /c, where [, is the chan-
nel length observed in the simulations, as specified by the
blue circles in Fig. 7(b).

C. Triggering condition

In CFSA, the long-surviving multiple filaments are cru-
cial. The conditions for CFSA as the predominant acceler-
ation mechanism are given by

4,20 ~ 15, (5)
C
2t; > 1 > 2w [kyc, (6)

where w,, = w,/,/y is the relativistically corrected
plasma frequency and t; = 2'/4/m;/Zagmery /c is the time
for ions to move across the laser spot size. Equation (5)
describes the threshold of the filamentation instability
[69,70] and Eq. (6) determines that many filaments can sur-
vive when the laser peak arrives [55], while electrons have
time to jump across multiple filaments. For the parameters
considered here, we estimate that d; ~ 10A and #; &~ 4 ps.
Considering the status of kilojoule picosecond laser facil-
ities, CFSA should always be a predominant acceleration
mechanism in LPI with long NCD plasmas unless 7 > ¢;.

According to Eq. (5), suppression of the filamentation
instability requires d;, ~ 12.3X, where we assume y = 20
and n, = 0.75n, based on the parameters used in Fig. 5.
As a demonstration, we show 3D PIC simulations with
laser focal spot sizes larger (d; = 23.6A) and smaller (d;, =
11.81) than the threshold in Figs. 8(a) and 8(b), respec-
tively. One can clearly see that when the focal spot size
is smaller than the threshold, a single channel is formed
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FIG. 8. (a),(b) The distributions of the laser electric field E), at

t = 0.117 ps for the cases with laser focal spot d; = 23.6) and
11.8A, respectively. (¢) The electron trajectories (colored lines)
and the density distribution for the case with d;, = 11.8X, show-
ing that with a small focal spot, most of the energetic electrons
are confined in a single channel and accelerated via the DLA
mechanism. In (c), the solid lines show the trajectories of the
selected electrons with their relativistic ¢ factor color coded.

[Figs. 8(b) and 8(c)], while when it is larger, multiple
filaments appear. In Fig. 8(c), we show the trajectories
of electrons and the electron density distribution for the
single-channel case, where it is evident that most of the
energetic electrons are confined inside the channel and
undergo betatron oscillation. This is a typical phenomena
of DLA.

IV. SUMMARY AND DISCUSSION

As discussed in Sec. III, with the increase of the laser
focal spot size, the electron acceleration may transit from
DLA to CFSA due to the arising of the filamentation insta-
bility. To show the difference in the features of the electron
beams obtained from these two mechanisms, in Fig. 9(a)
the energy spectra of electrons from the cases with focal
spot size d; = 11.8X, 23.6A, and 35.4A are depicted by
the solid black, magenta, and red lines, respectively, while

102 110%
—d,=11.81 (b) 2

(a) —d,=2364 135%
Ea 10 —d, =35.41 N
510 \ -
E S 92Mev. | 1900 (AR 3
e S 2
§ 108 NNy 10.4 Mev °
3 6.4 Mev W TViw

6 L
10775620 60 80 100

Electron energy (MeV)

(d)

180°

FIG. 9. (a) The electron energy spectra registered at the bound-
aries for the cases with focal spot size d; = 11.8A (black), 23.61
(magenta), and 35.4) (red). (b)«(d) The corresponding angular
distributions of the high-energy electrons. Note that here the
energy spectra are integrated over the solid angles, n, = 0.75n,,
Iy = 4.74 x 10" W/cm?, and 7, = 500 fs.

the angular distributions are correspondingly shown in
Figs. 9(b)-9(d).

One can see that with a narrow pulse where DLA pre-
dominates, the obtained electron beam has a higher elec-
tron temperature and maximum electron energy compared
to the cases from wider pulses where CFSA predominates.
This is because in DLA, electrons can stay in the accel-
eration phase for a longer time. Moreover, as shown in
Fig. 9(b), the electron beam from DLA is collimated in the
forward direction, while in CFSA [see Figs. 9(c) and 9(d)],
the peak brightness deviates from the forward direction
due to the random scattering. This feature can be used in
experiment to distinguish CFSA from DLA.

We note that the electron flux from CFSA is much
higher than that obtained from DLA. For the case with
dp = 35.4), the number of electrons with energy larger
than 2.5 MeV reaches 8.77 x 1013 (14 wC, registered at
the boundaries), which is about 16.5 times higher than that
with d; = 11.8, though the laser energy is only about 9
times higher. This demonstrates that CFSA is more suit-
able for producing high-flux electrons compared to DLA
or other known mechanisms, since in DLA, only a small
part of the electrons can reach the resonant condition to
be accelerated to high energies [45]. Moreover, the diver-
gence in our scheme is comparable to or even smaller than
that observed in electron-induced fast ignition [22,71,72],
where the electron divergence half angle is always greater
than 30° and possibly exceeds 50° — 60° [22]. To guide
the electron transport, a cone target can be used just like
that in fast ignition. On the other hand, neutron sources are
usually isotropic [73] and therefore the divergence of the
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electrons or protons is not that important, especially for the
bulk-target regime [74].

Therefore, our work could significantly facilitate appli-
cations in HED science, particle and radiation sources,
fusion energy, nuclear science, etc., where the electron
flux is the key parameter, rather than the temperature or
maximum energy. For example, toward the application of
electron-induced fast-ignition fusion [22,71], the required
electron temperature is about 1-3 MeV, to ensure that elec-
trons can reach the dense central core and be stopped, but
the required flux is extremely high (i.e., approximately
4 % 10'° electrons within 10-20 ps) [22]. Though this
flux is higher than our present results, by considering
appropriate laser parameters [71], it might be possible to
approach the requirements via CFSA, especially due to
the high conversion efficiency in our scheme. In applica-
tions of high-flux laser-based neutron sources [60,73,74] or
proton-induced fast-ignition fusion [21], only moderate ion
energies are required, while the ion flux needs to be huge.
In the "Li(p, n)’ Be reaction, the proton energy of the peak
of the cross section is only several megaelectronvolts [60].
To produce such proton beams, the required electron tem-
perature should not be high, several megaelectronvolts
being sufficient [56,75,76].

Furthermore, high-flux electrons can also be used to
produce high-flux x rays via bremsstrahlung [77,78] or
betatron radiation [32]. This is important for developing
x-ray-based diagnostic techniques to probe the implosion
dynamics in ICF and shock waves in related HED science,
where high flux is a crucial parameter to overcome the self-
emission of the plasma and achieve good statistics [79]. On
the other hand, the generation of high-flux superpondero-
motive electrons is essential for optimizing target-normal-
sheath-acceleration (TNSA) proton sources, which have
become a powerful tool for probing and characterizing
HED plasmas in recent years [20,80].

Though our discussion is focused on the electron accel-
eration in long homogeneous NCD plasmas, it should
also be applicable to interactions of kilojoule picosec-
ond lasers with solid targets where a long-scale-length
preplasma appears. The preplasma can be induced by
either the prepulse [17,18] or the long-time interaction [5].
The formation of multifilaments in long-scale-length pre-
plasmas has been observed [34,35,50]. Therefore, we
deduce that CFSA can also contribute to the generation of
superponderomotive electrons in interactions of kilojoule
picosecond lasers with solid targets [15]. Moreover, we
note that due to the long-time evolution of plasma and field
structures, other mechanisms may also contribute to the
electron acceleration [6,11,14,45] but CFSA may manifest
itself in the angular distribution of electrons [see Fig. 3(b)]
if it becomes the predominant mechanism.

In conclusion, we perform a systematic study on
interactions of realistic kilojoule picosecond lasers with
submillimeter NCD plasmas. We demonstrate that due to

multifilament formation, copious electrons jump across
multichannels and obtain superponderomotive energies
from the stochastic acceleration. We find that the elec-
tron temperature grows with the pulse duration. Our work
provides an attractive approach for producing high-flux
electron beams and secondary sources, including ions [21],
neutrons [60], x rays [77,78], etc., which can be further
used in important applications from diagnostic techniques
to fusion energy.
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