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Transport of high-current relativistic electron beams in dense plasmas is of interest in many areas of
research. However, so far the mechanism of such beam-plasma interaction is still not well understood due
to the appearance of small time- and space-scale effects. Here we identify a new regime of electron beam
transport in solid-density plasma, where kinetic effects that develop on small time and space scales play a
dominant role. Our three-dimensional particle-in-cell simulations show that in this regime the electron
beam can evolve into layered short microelectron bunches when collisions are relatively weak. The
phenomenon is attributed to a secondary instability, on the space- and timescales of the electron skin depth
(tens of nanometers) and few femtoseconds of strong electrostatic modulation of the microelectron current
filaments formed by Weibel-like instability of the original electron beam. Analytical analysis on the
amplitude, scale length, and excitation condition of the self-generated electrostatic fields is clearly
validated by the simulations.
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The transport of high-energy charged particle beams in
plasma is relevant to many fields of physics, ranging from
the microscopic plasma kinetics [1] to astrophysics [2].
The high-energy charged particle (e.g., electron) beam can
encounter Coulomb collisions and collective effects [3].
The latter gives rise to plasma microinstabilities and leads
to growing electric and/or magnetic fields, which in turn
deflect or thermalize the beam and plasma. This process is
attracting great interest in astrophysics as it is suspected to
underlie the formation of collisionless shocks, the gener-
ation of giant magnetic fields, and the emission of afterglow
radiation in the Universe [4–6]. Understanding such proc-
ess also underpins many novel applications of high-power
lasers in realizing high-energy density matters [7,8], high-
gain inertial confinement fusion schemes [9–12], and
compact particle and radiation sources [13–19].
There are many investigations of high-energy charged

particle beam transport in plasma [20–30]. In particular,
ultrashort ultraintense (USUI) laser pulses provide a
favorable platform for generating high-energy electron
beams. When interacting with a solid target, USUI laser
pulses can accelerate the target-surface electrons to several
MeV energies within a single light cycle [31], resulting in
relativistic electron beams (REBs) with mega-ampere
currents. Such high-current REB propagation in dense
plasma can suffer from current filamentation instabilities
(CFIs) [32,33] that break the beam into parallel narrow
filaments with high-current density. During the process,
strong magnetic fields are generated and amplified, which

in turn can cause the filaments to merge and form larger
filaments [5,20,30]. On the timescale of ion motion, the
self-generated magnetic fields can eventually destroy the
ion filament [34].
Recently, attention has been given to the evolution of the

CFIs [35–37] and, in experiments, large-scale (10–100 μm)
current filaments and intense magnetic fields have been
detected [29,30]. However, the evolution of the resulting
current filaments,with their transverse dimensionon theorder
of the skin depth δ ¼ c=ωp, wherec is thevacuum light speed
and ωp is the background-plasma frequency, is still unclear.
For solid-density plasmas, the skin depth δ ≪ 0.1 μm is not
resolved in the experiments [25–30]. Moreover, typical fluid
and/or hybrid simulations usually invoke Ohm’s law to
describe the electromagnetic fields induced by the REB,
so that small spatiotemporal effects are also not included
[38–41]. As a result, the dynamics and evolution of the
microscopic filaments are still not well understood.
In this Letter, we report a new secondary filamentation

scenario on the kinetic electron scale related to the micro-
scopic electron current filaments and that such process
significantly affects the beam evolution in dense plasma.
Based on particle-in-cell simulations, we found two distinct
evolution regimes for electron current filaments, corre-
sponding to magnetic and electrostatic modulation, respec-
tively, governed by the parameter η ¼ νc=ωp, where νc is
the collision frequency between the background electrons
and ions. For η < 0.5, strong oscillating electrostatic fields
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are excited around the filaments and they become dominant
in the REB evolution even when the ambient plasma is of
solid density. As a result, instead of merging, the filaments
further break up into nanoscale bunches along the REB
propagation direction, a phenomenon not discussed pre-
viously. Theoretical analysis of the amplitude and distri-
bution of the electromagnetic fields agrees well with the
simulation results, revealing a robust regime for nanoscale
beam modulation in dense plasmas.
We first conduct three-dimensional (3D) collisional

particle-in-cell (PIC) simulations for REB propagation in
solid-density plasma using the EPOCH code (version 4.17.8)
[42]. For simplicity, the REB is cold and of uniform
density nb ¼ 6.3 × 1021 cm−3 and current density jb ¼
3.0 × 1013 A=cm2, and the initial momentum is px0≈
5.7mec, where me is the electron rest mass. Its radius
Rb is much larger than δ. The background-plasma density
considered is np ¼ 1.2 (case L) and 7.8 × 1023 cm−3 (case
H), and its initial temperature is Te ∼ 100 eV. These
parameters are common in laboratory intense laser- and
beam-solid interactions [38]. Such REB can be readily
generated by irradiating a solid-density target with a
laser of intensity 1020 ∼ 1021 W=cm2. The collisions are
two-body, with η ∝ Z ffiffiffiffiffinp

p , where Z ¼ 2, and 13 for the L
and H cases is the charge number of the aluminum ion.
Collisions of all plasma particles are taken into account, but
those involving the rarefied beam electrons are neglected
(see Sec. 2 of the Supplemental Material [43] for details).
The simulation box is Lx × Ly × Lz ¼ 2.0 × 1.0 × 1.0 μm.
The spatial resolution is Δx ¼ Δy ¼ Δz ¼ 0.002 μm,
which well resolves the skin depth δ. The simulation
box is filled with homogeneous plasma and the REB enters
from the x ¼ 0 boundary along the x direction, with five

particles of each species in each grid. The simulation results
are convergent under the present parameters.
Depending on η, two distinct regimes of the REB

evolution are found, as shown in Fig. 1. Figure 1(a) for
the high-density case H, where η ∼ 1, shows that the REB
breaks up transversely into narrow filaments. Figure 1(b)
for the low-density case L, with η ∼ 0.1, shows that the
REB is broken up both transversely and longitudinally into
microelectron bunches (MEBs). More details can be seen in
the x, y-plane profiles of the beam density and correspond-
ing magnetic field. Figure 1(c) shows that in the caseH, the
REB first breaks up into thin filaments and then they merge
into larger ones, as to be expected of classical beam
filamentation [29,30,35–37]. However, Fig. 1(d) for the
case L shows that the REBs first break up into filaments,
but then they become periodically modulated along the
propagation direction and break up into short MEBs. The
evolution of electric and magnetic energy components for
both cases are shown in Fig. 1(e). When the REB arrives at
the selected region (0.7 < x < 0.8 μm) around t ¼ 2.3 fs,
in both cases jExj2 (red curves) undergoes a large jump,
corresponding to the longitudinal electric field carried by
the beam head, while jEyj2 and jBzj2 (green and blue
curves) grow somewhat slower, as in filamentation insta-
bilities due to space-charge effects [47]. In case H, jExj2
then remains nearly constant for a short time before
decreasing and saturating at a weaker level, together
with jEyj2 and jBzj2. However, in case L, electric fields
continue to grow exponentially (note the log scale) after the
magnetic field is saturated around t ¼ 3.0 fs, but at a
distinctly slower rate, suggesting onset of a secondary
electrostatic instability that should be responsible for the
nanoscale modulation of narrow current filaments. It seems

(e)

(a)

(b)

(c)

(d)

FIG. 1. Results at t ¼ 5 fs from 3D PIC simulations. (a),(b) 3D distribution of nb. (c),(d) nb and Bz in the x, y plane at z ¼ 0. In each
panel, the top half is for nb and the bottom half is for Bz. Here, (a) and (c) are for the H case, and (b) and (d) are for the L case.
(e) Evolution of the electric and magnetic fields in the region (0.7 < x < 0.8 μm, z ¼ 0), with the red curves for jExj2, green curves for
jEyj2, and blue curves for jBzj2. The solid and dashed curves are for the L and H cases, respectively. Unless otherwise stated (also in the
following figures), the length, time, density, and electric and magnetic fields are in units of micrometers, 1 fs, nb, 3 × 1011 V=m, and
103 T, respectively.
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existing works have not considered such a secondary
instability of the microfilaments. Under our parameters,
the secondary instability is not due to the longitudinal two-
stream instability, which is affected by collisions and grows
at a much smaller rate [48].
To see the microscopic dynamics, we have carried out

2D simulations of a thin current filament on the skin-depth
scale (say, Rb ∼ δ) for both H and L cases. Figure 2 is for
the filament-electron density and the electric and magnetic
fields. As expected, Figs. 2(d) and 2(h) show that in both
cases the filament is surrounded by magnetic fields. But
there is a clear difference in the electric field structures.
Case L is associated with strong longitudinal as well as
transverse periodic electric field perturbations, resulting in
very different density structures in the two cases, as can be
seen in Figs. 2(a) and 2(e). In particular, in case H the
filament remains magnetically confined, but in case L the

filament breaks up into short MEBs, with the electrons
between the bunches expelled from the axis region by the
transverse electric fields. Such microscopic result is con-
sistent with that from the preceding 3D simulation: after the
REB filamentation, for case H the filaments are magneti-
cally confined and can merge with each other to form larger
ones, as shown in Figs. 1(a) and 1(c). For case L, the
filaments are modulated by the strong transverse electric
fields and break up into short bunches along the propaga-
tion direction, forming nanoscale MEBs, as shown in
Figs. 1(b) and 1(d).
The results above can be understood in terms of a simple

analytical model as follows. At first, the electric fields
around the microelectron filament (x̃ − β0t̃ < 0, assuming
that the position of filament head initially locates at x̃ ¼ 0)
are (see Sec. 6 of the Supplemental Material [43] for
details)

Ex ∼
enbu0
ε0ωp

�
η − exp

�
ηðx̃ − β0t̃Þ

2β0

�
sin

�
x̃ − β0 t̃
β0

��
½1 − expð−R̃bÞ coshðỹÞ�;

Ey ∼ −
enbu0
ε0ωp

exp

�
ηðx̃ − β0 t̃Þ

2β0

�
cos

�
x̃ − β0t̃
β0

�
expð−R̃bÞ sinhðỹÞ; ð1Þ

where ðx̃; ỹ; R̃bÞ ¼ ðx; y; RbÞωp=c, t̃ ¼ tωp, and β0 ¼ u0=c
is the normalized initial beam velocity. We can see that
there are oscillating electric fields in both longitudinal and
transverse directions, and an Ohmic electric field (the η
term in the first square brackets of Ex) in the longitudinal

direction. The oscillating fields result from the response of
the background electrons to the REB and depend strongly
on η. They are electrostatic since ∂xEy − ∂yEx ¼ 0 for
η → 0. In case H for strong collisions, the oscillating
electric field is damped, so that only the Ohmic and

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIG. 2. Evolution of a single microelectron filament in dense plasma from 2D PIC simulations. The left and right panels are for the
cases H and L, respectively. (a) and (e) Filament-electron densities. (b) and (f) Ex. (c) and (g) Ey. (d) and (h) Bz.
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magnetic fields remain. In case L for weak collisions,
however, oscillating electric fields survive and become the
dominant fields.
Figure 3(a) shows that the amplitude and spatial dis-

tribution of the electric fields obtained from the theory
agree well with the simulation results. With increase of η
(or collisions), Ex changes from the oscillating one to the
typical Ohmic field, and the transverse oscillating electric
field Ey is gradually damped, which is clearly validated
by the simulations, as shown in Figs. 3(b) and 3(c). In
addition, for η < 0.5, both longitudinal and transverse
oscillating electric fields can be easily identified (see the
red and blue dots), and their amplitudes decrease as the
value of η increases. For η > 0.5, the Ohmic field domi-
nates and the transverse electric field becomes negligible,
as shown by the green dots. Note that for η ∼ 1 the Ohmic
field from the simulation is less than that from the theory.
This can be attributed to background-electron heating,
which is self-consistently included in the simulation but
not in the theory. Plasma heating can reduce the value of η
and thus the Ohmic field since η ∝ T−3=2

e .
The nanoscale modulation of the microfilament can be

visualized by looking into the dynamics of filament
electrons. In the beam rest frame x0 (the quantities in this
frame are primed, if needed), with the filament located in

−∞ < x0 < 0 and the background plasma moves with
velocity v0 ¼ −u0x̂, the motion of the beam electrons
can approximately be described by

d2ỹ
dt̃02

þ ω̃02ðx̃0Þỹ ¼ 0; ð2Þ

where ω̃0ðx̃0Þ ¼ ð ffiffiffiffiffi
γ0

p
ωb=ωpÞ exp½−ðR̃b=2Þ�×ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β20 − expðηx̃0=2γ0β0Þ cosðr̃0Þ
p

, r̃0 ¼ ðx̃0=γ0β0Þ þ ð3η=2Þ,
ωb¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2nb=ϵ0me

p
is thebeamplasma frequency, ðx̃0;ỹ;R̃bÞ¼

ðx0;y;RbÞω0
p=c, t̃0 ¼ t0ω0

p, and γ0¼1=
ffiffiffiffiffiffiffiffiffiffiffiffi
1−β20

p
. The appro-

ximation sinhðỹÞ ∼ ỹ has been used, since here jỹj ≤ 1. The
above equation shows that the electrons execute harmonic
transverse motion given by ỹðt̃0Þ ¼ R̃b cosðω̃0 t̃0Þ, where the
frequency ω̃0ðx̃0Þ can be regarded as the bounce frequency
[49–51] and depends on the longitudinal position for η ≪ 1.
This is caused by the initial nonuniformity of oscillating E0

y

along the longitudinal direction. The neighboring beam
electrons oscillate at different frequencies along the x
direction, with those at larger frequencies moving toward
the beam axis faster than those at lower frequencies, causing
the nonuniformity of the filament density n0b along the x
direction. As a result, the unevenness of E0

y along the
longitudinal direction becomes enhanced since E0

y ∝ n0b
and the phase of E0

y is synchronous with that of ω̃0, thereby
resulting in the secondary instability and breaking of the
electron filament into short bunches. We note that the
longitudinal nonuniformity of the bounce frequency orig-
inates from the transverse electrostatic field rather than
magnetic field and exists in both the beam and plasma rest
frames [52].
In view of the transverse dynamics of beam filaments,

one can assume that when the difference between the
maximum and minimum transverse size of the electron
filament reaches half its initial radius, the electrostatic
modulation becomes important. Then the characteristic
time of electrostatic modulation (τ̃0mod) can be defined by

cosðω0
minτ̃

0
modÞ − cosðω0

maxτ̃
0
modÞ ¼

1

2
; ð3Þ

where ω0
min ≈ ð ffiffiffiffiffi

γ0
p

ωb=ωpÞ exp½−ðR̃b=2Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β20 − expð−πηÞp

and ω0
max≈ð ffiffiffiffiffi

γ0
p

ωb=ωpÞexp½−ðR̃b=2Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β20þexp½−πðη=2Þ�p

.
Correspondingly, the characteristic time of magnetic modu-
lation or pinching (τ̃0pin) can be described by the reduction
of the maximum transverse size of the electron filament to
half of its initial radius, which leads to

τ̃0pin ¼
1

ω0
min

arccos

�
1

2

�
: ð4Þ

Figure 3(d) shows that, with increase of η, τpin decreases
but τmod increases, and they reach the same value at
around η ∼ 0.3, agreeing well with the simulation results.

(b)

(d)(c)

(a)

FIG. 3. (a) Electric field structures of the microelectron filament
from the simulation and theory for case L at an early stage. The
upper panel is for Ex and the bottom panel is for Ey. (b),(c) Ex and
Ey versus η. The solid curves are from the model and the dots
with error bars are from the simulations. The red and blue curves
in (b) are for Ex at the positions ½ðx̃ − β0 t̃Þ=β0� ¼ − 5

2
π and − 7

2
π,

respectively. The red and blue curves in (c) are for Ey at
½ðx̃ − β0 t̃Þ=β0� ¼ −3π and −2π, respectively. The dashed green
lines mark the limit η → 1. (d) Normalized characteristic times of
electrostatic modulation (τmodωb) and magnetic pinching (τpinωb)
in the laboratory frame versus η. The blue and red curves are from
Eqs. (3) and (4), respectively.
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This indicates the transition from electrostatic modulation
to magnetic modulation with increase of η. If η ≥ 0.5,
Eq. (3) has no solution, suggesting that the filament cannot
be modulated by the electrostatic fields, which become too
weak as analyzed above.
In experiments, the condition for nanoscale electrostatic

modulation (η < 0.5) is common for dense plasma with low
ion charge number or high temperature, since η∝ ðZ=T3=2

e Þ.
For example, it can be important for REB propagation
in DT plasma for controlled fusion, even when the
density is compressed to, say 1024 cm−3 (see Sec. 4 in
the Supplemental Material [43] for the simulation results).
If the temperature is so high that the solid is fully ionized, η
can be much smaller than unity. For example, graphite can
be fully ionized at Te ∼ 500 eV, leading to η ∼ 0.1. A fully
ionized aluminum target at Te ∼ 1 keV also results in
η ∼ 0.1. In both cases, electrostatic modulation is dominant,
as shown by our simulations in Sec. 5 of the Supplemental
Material [43], where details of the experimental parameters,
including the beam density, beam temperature, and diver-
gency angle, and ionization effect are also discussed.
In summary, our collisional PIC simulations and ana-

lytical model reveal the existence of a new regime of high-
current electron beam transport in solid-density plasma,
where the REB can break up into nanoscale electron
bunches by self-excited strong oscillating transverse
electrostatic fields if collisions are relatively weak. In this
regime of kinetic beam-plasma interaction, the ultrafast
nanoscale modulation dominates the beam transport and
can potentially lead to novel applications. For example,
the strong electric fields in solid-density plasmas can be a
source of heating in high-energy density situations. In
addition, the nanoscale electron bunch wiggling in the
strong plasma fields can emit incoherent x- or gamma-ray
photons with a duration comparable with the electron
bunch. Thus, attosecond x or γ rays may also be generated.
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