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We report a seeding mechanism for the current filamentation instability that was identified using an experimen-
tal platform where a relativistically intense 2-ps (full width at half maximum) long-wavelength infrared pump
laser both produces and interacts with a plasma that is overdense to the pump yet transparent to a near-infrared
probe laser. This platform enables simultaneous high spatial resolution measurements of the self-generated

magnetic filaments using Faraday rotation polarimetry and density filaments using interferometry. Supporting
simulations show that the highly nonlinear dependence of the ionization rate on the local sheath electric field
produced by pump-laser-heated hot electrons gives rise to 20-um-scale filaments of cold electrons that form a
return current, generating local azimuthal magnetic fields that can last for over 100 picoseconds.

DOI: 10.1103/gk4q-v1rm

I. INTRODUCTION

Transport of energetic electrons through dense plasma is
a fundamental but complex process in high-energy-density
physics, critical to applications such as fast-ignition-based
inertial confinement fusion [1] and laser-driven ion acceler-
ation [2]. This transport is often influenced by self-generated
magnetic fields [3]. Mechanisms such as the Biermann-battery
effect [4,5], also known as the (Vn, x VT,) effect, Weibel
instability [6], and current filamentation instability (CFI) [7],
are known to amplify magnetic fields to megagauss (MQG)
levels in these plasmas. Together with space-charge effects
[8-10] the magnetic fields can modulate and spread the fast
electron beam and affect its energy transport and ultimate
deposition.

While these mechanisms are ubiquitous in laboratory and
astrophysical plasmas, their development in the overdense
region of laser-produced plasmas remains under diagnosed.
The high plasma densities (10?! < n, < 10** cm™3) and steep
density gradients in solid-target plasmas render them opaque
to optical probes. Consequently, our understanding of this
regime relies heavily on simulations and indirect experimental
inferences, such as images of electron-beam breakup after
exiting the target [11], structures in images of optical emission
due to transition and Cerenkov radiation [12], or absorption
of probe light by solid-density plasma [13]. Recent advances
in x-ray microscopy have allowed density modulations due to
CFI to be observed in a solid target for the first time [14], but
the magnetic field strength had to be inferred from models of
density filament mergers. How these instabilities are seeded
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and evolve within the overdense plasma are key unanswered
questions.

Extensive laboratory work has explored the above insta-
bilities in more accessible regimes using lower-density gas
targets. Thermal Weibel instability, driven by temperature
anisotropy [6], has been measured in underdense optical-field-
ionized plasmas with known electron velocity distributions
[5,15-17], including in a transversely bounded plasma [18].
Other studies have characterized the filamentation of exter-
nal relativistic electron beams propagating through a plasma
[19-21] and the ion-driven Weibel instability in counter-
streaming plasma flows [22,23]. To make it easier to access
the overdense region, the wavelength of the pump laser can
also be increased. Such overdense laser plasmas can remain
transparent to optical probes. While this particular regime is
overdense, it is not a perfect analog of laser-solid interactions,
since the plasma is generally collisionless. Leveraging this
collisionless regime in comparison to highly collisional solid-
density experiments may allow us to gain insight into the role
of collisions in these interactions.

In this paper, we report a seeding mechanism that gen-
erates megagauss-strength, filamentary magnetic fields that
begins with electric-field hot spots in the expanding plasma
sheath. Due to the nonlinear dependence of the ionization
rate on the local electric field [24-26], these hot spots cause
further ionization, generating density filaments of cold plasma
[3,27] as the sheath field expands through partially ionized or
neutral gas. This transverse instability of the ionization front
has certain similarities to streamers observed in discharge
plasmas [28,29], where an applied static electric field causes
seed plasma to develop a branching ionization front. While
streamers occur in highly collisional plasma with negligi-
ble magnetic fields, that is not the case in the collisionless

©2026 American Physical Society
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FIG. 1. Sketch of experimental setup. PO, P1, and P2 are linear
polarizers, WES is a wave-front sensor, and BPF is a bandpass filter
centered at AP°* = 800 nm.

Polarimeter

plasma discussed here. Theoretical work modeling electron-
beam filamentation in solid dielectrics has identified a related
corrugation instability [30,31]. In the highly collisional
regime, the ionization front velocity has a nonlinear de-
pendence on the electron-beam density due to collisional
ionization, and so deflection of beam electrons into regions of
higher local beam density forms a positive-feedback loop for a
filament to develop. In the lower density, collisionless regime
studied here, the ionization front is driven by field ionization
due to a surplus of ions at the ionization front as ionized
cold electrons form the return current. These filaments of
cold electrons forcibly seed CFI by counterstreaming against
the expanding hot electrons, creating ~20-um-scale current
filaments surrounded by MG magnetic fields that last for more
than 100 ps, far longer than the pump-laser pulse duration.

II. EXPERIMENTAL SETUP

In this work (see Fig. 1) a relativistic intensity (normalized
vector potential ag = eA/m.c > 1), where A is the amplitude
of the laser vector potential, 2.5-]J short-pulse (tpwum = 2
ps) long-wavelength infrared (LWIR) (A = 9.2 um) CO, was
used to produce an overdense plasma. The laser ionized a
2-mm-diameter plume of nitrogen gas multiple times to ex-
ceed the critical density n, = mea)(%/4jre2 =13x10"Y cm™3
[defined as the density where the plasma frequency w, =
(4mn.e*lm,)"? is equal to the laser frequency wy]. The LWIR
laser was linearly polarized and focused down to a 35-um
spot size, with typical ag between 1.5 and 2. The probe laser
(an 80-fs near-infrared, AP = 800 nm, n2°™ = 1.7 x 10?!
cm~?) can therefore traverse the highest densities produced in
the experiment of up to 4 x 10" cm~3. Using time-resolved
Faraday rotation polarimetry, we directly capture the mag-
netic field morphology and evolution in the overdense region
(downstream of the critical density) and observe the simul-

taneous formation of 10-um-scale, high-amplitude magnetic
filaments.

The linearly polarized probe pulse propagates perpendicu-
lar to the pump pulse. The probe polarization is sensitive to
magnetic fields inside the plasma that are parallel to the probe
propagation direction via the Faraday effect. The Faraday
rotation angle is given by

e Lo
Yr = W/;)neB -dt, (1)
where P is the path of the probe through the plasma. We mea-
sure this polarization rotation using two identical cameras,
each equipped with a polarizer biased by <10° on opposite
sides of the optimum extinction angle. Details of the recon-
struction of polarization angle are outlined in Appendix A.

A wave-front sensor (PHASICS SID4 HR) measures the
phase shift of the probe beam due to the plasma. The complex
structure of the plasma makes calculating the density from the
phase shift less straightforward than for a smooth cylindrically
symmetric plasma where Abel inversion is frequently used
[32]. We resolve this by treating the bulk plasma and the
filaments separately, as outlined in Appendix B.

III. EXPERIMENTAL RESULTS

Figure 2 shows the plasma densities (top) and change
in polarization angle (bottom) for three representative shots
taken at different delays of the probe relative to the arrival
of the LWIR pulse. Shots were taken roughly every 3 ps.
Figure 2(a) demonstrates the formation and early expansion
of the plasma, with the neutral nitrogen profile of the gas jet
shown in green. At this time the first nitrogen electron has
been ionized such that the plasma is mostly underdense, and
we see a channel in the plasma density that is nearly fully
depleted of electrons, likely due to relativistic self-focusing of
the laser [33]. At later times [Figs. 2(b) and 2(c)] the channel
becomes wider as ions move in response to the radial electric
field of the expelled electrons. Assuming the channel expands
transversely at the sound speed and that ions are cold, we can
estimate the electron temperature to be 70 ke V.

The downstream plasma boundary contains filaments of
plasma extending into the neutral gas. Surprisingly, as we
see in Fig. 2(c), these filaments persist for almost 200 ps
without increasing significantly in size, and we do not see
clear evidence of filaments merging into larger filaments at
later times.

In the polarization angle we see some fine structures of
alternating sign, as shown in Figs. 2(d)-2(f). Such structures
are indicative of small filaments (assuming a circular cross
section) having local azimuthal magnetic fields. The green
boxed region shown in Fig. 2(e) was isolated to study the
growth of magnetic fields as a function of time, assuming
a slab geometry. The characteristic wavelength of the peri-
odic structures in this region is (23.1 &3.2) um. The rms
magnetic field strength in this region grows to a maximum
of 1 MG at 7.5 ps and falls to 0.3 MG by 193.5 ps as
shown in Fig. 2(f). Assuming the magnetic field saturates
once hot electrons forming the sheath are trapped within the
filaments of wave-number k, By & kvpgm.c2/me [3], we can
estimate vho &~ 0.70c¢ from the peak magnetic field. A similar
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FIG. 2. Plasma density inferred from interferometry (a), (b), and (c) and measured polarization rotation (d), (e), and (f) at various probe
delays: (a), (d) 4.5 ps; (b), (e) 25.5 ps; and (c), (f) 193.5 ps in a nitrogen plasma produced by the 2-ps LWIR laser pulse. The neutral nitrogen
profile along the laser axis is shown in green in (a). The gas jet is located at x, = —1.5 mm, outside the field of view. Several density filaments
can be seen curving towards the ground plane established by the nozzle in (b) and (c). The red curves in (a), (b), (c) show a contour of the

plasma density at 10% of the critical density n, = 1.3 x 10" cm ™3

, while the dashed black curves in (b), (c) show the contour at n.. The green

boxed region in (e) is isolated for Fourier analysis. The black dashed-dotted curve in (f) qualitatively outlines a region of reduced magnetic

field.

experimental setup is reported in Ref. [34], but that exper-
iment used a much steeper neutral density ramp, resulting
in a shorter laser channel and lower effective hot-electron
temperature.

IV. PARTICLE-IN-CELL SIMULATION

We have performed a self-consistent 2D OSIRIS simulation
of the interaction of the LWIR laser with an atomic nitrogen
gas jet with a peak neutral density below n., where multilevel
ionization creates an overdense plasma. We used laser pa-
rameters consistent with the experiment, and a sloped atomic
nitrogen density with a peak of nyp = 10! cm~ and density
gradient scale length of L, = 427c/wy = 0.625 mm, as shown
in green in Fig. 3(a). The laser focus in vacuum is at x; = 0.
Ion motion and collisions were neglected to reduce computa-
tional load. Further details of the simulation are outlined in
Appendix C.

The laser bores a channel into the plasma [35,36] up to
the relativistic critical density n,. = n.(1 + a3/2)""* [37], ac-
celerating a population of electrons into the overdense region
[38,39]. We note that due to the lack of ion motion here, the
laser channel collapses after the laser pulse exits the region.

Space-charge repulsion causes these hot electrons to spread
out over a large angle [8], eventually creating an expanding
shell of plasma with a much larger volume than the laser spot.
A similar expanding cloud of hot electrons was observed to
ionize a near-critical-density helium plasma in Ref. [40]. We
find that nitrogen atoms are ionized up to the fifth electron

within a radius of 100 wm within the region upstream of the
laser turning point, giving an on-axis peak plasma density of
n,. = 2.6 x 10! cm=3, at which point the laser can no longer
propagate into the plasma.

Figure 3 shows the simulated plasma density (a), longi-
tudinal electric field (b), and out-of-plane magnetic field (c)
att = 15 ps. At this time the laser energy has either been
dumped into the plasma or reflected at the turning point shown
by the black dashed lines. The plasma dynamics are now dom-
inated by hot electrons. The most energetic electrons leave
the plasma in the forward direction, setting up an expanding
sheath field. Figure 3(b) shows the longitudinal electric field
at this time, with the peak field strength of the sheath
reaching over 0.3 GV/cm— approaching the estimated
threshold field strength for barrier suppression ionization of
nitrogen, Egs; = neoszind/éZ ~ 0.37 GV/cm, where Uping =
14.5 eV is the ionization energy of the outermost electron and
Z =1 is the ion charge state after ionization [41]. At the
plasma boundary we observe density filaments [Fig. 3(a)] that
branch and develop a surrounding azimuthal magnetic field
(c). The insets in Fig. 3 show a zoomed-in region around
one of these branching filaments, with the 10'7-cm~3 density
contour marked in black. Here, we can see enhancement of
the electric field at the filament tips, with the 0.5 Egg; contours
shown in green in the inset of Fig. 3(b).

As in streamers [29], this local enhancement of the electric
field is caused by space-charge separation as ionized electrons
at the filament tip respond to the sheath field faster than the
ions. This can be seen directly in simulations including mobile
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FIG. 3. Simulated (a) plasma density, (b) longitudinal electric
field, and (c) out-of-plane magnetic field for nitrogen after 15 ps.
The laser enters from left to right. The black dashed lines at x; =
—0.5mm mark the position of the laser turning point at n,.. The
green curve in (a) demonstrates the initial neutral nitrogen profile.
The insets show a zoomed view of a single filament on the plasma
boundary on linear color scales, with the black contours in (a), (b),
and (c) having plasma density of 10'7 cm~ and the green contours in
(b) having |E | = 0.5Egs;, where BSI stands for barrier suppression
ionization. The ionization instability induced by the sheath produces
density filaments (a) that act as a current source of the magnetic field
filaments shown in (c). The region enclosed by the dashed-dotted
black line is filled with uniform-density plasma (a) and almost no
filamentary magnetic field (c).

ions, discussed in Appendix D. The enhanced electric field
leads to further ionization along that filament, with the ion-
ization front susceptible to branching due to perturbations in
the sheath field or plasma density. Modeling of the branching
modes in streamer discharge plasmas is an active area of

research [42—44]. We note that simulations of a similar laser
incident on a preformed plasma show no density or magnetic
field filaments in this region as there is no gas to ionize. The
average on-axis plasma density and temperature downstream
of the laser channel are 6 x 10'® cm~3 and 8 keV, respectively.
The estimated collisional mean-free path for e-e collisions
is 131 mm > L,;, confirming that our neglect of Coulomb
collisions is justified.

Figure 3(c) shows the out-of-plane magnetic field at this
time. In the region upstream of n,. (dashed black line) we see
Biermann-battery-generated magnetic fields on the leading
edge of the plasma (x; < —1), partially overlapped by a re-
gion of magnetic field filaments without associated density
filaments corresponding to the Weibel instability [45]. The
green box in Fig. 3(c) contains several of these Weibel fila-
ments. At this time, the mean-temperature anisotropy within
the boxed region is 0.6, with the average Ty, & 70 keV and
mean magnetic field strength of 0.17 MG. Given the mean
density within the box is 3.4 x 10'” cm™3, the fastest-growing
Weibel mode for the average plasma conditions inside this
box is k,, ~ 0.37k, [46], corresponding to 160-um filaments,
consistent with the size of the magnetic filaments seen in
Fig. 3(c). The interplay of Biermann- and Weibel magnetic
fields in overcritical density laser-driven plasmas has been
explored in more detail in Ref. [47] as well as more generally
in expanding plasmas in Refs. [48,49]. Our findings here are
consistent with these results.

A large region past the end of the laser channel is almost
free of magnetic field B3, outlined by the black dashed-dotted
lines in Fig. 3(c). This region contains near-uniform plasma
that was ionized by the sheath field as the hot electrons ex-
panded ballistically into the neutral gas. As such, this region
behaves similarly to preformed plasma, with no persistent
magnetic field structures. A similar region can be seen in the
experimental data, as outlined in Fig. 2(f). However, deeper
into the gas jet on the edge of the plasma the unperturbed
sheath field can no longer ionize the gas, and we see mag-
netic filaments form along the cold-electron density structures
as in the inset of Fig. 3(c). The peak field strength within
one of these filaments is 0.39 MG, with the dominant k =
0.41k,. Assuming the hot electron vy, = 0.75¢, and aver-
age density of 1.5 x 10'® cm™3, the magnetic field strength
at which the hot electrons are trapped within the filament
is Bey & kvpomec/me = 0.39 MG [3], matching the peak
field strength in the simulation. Thus, the simulated vy is
in reasonable agreement with the experimentally estimated
Vhot & 0.70c from the measured polarization rotation. The
absolute scale of the magnetic filaments is larger in simulation
than those seen in the experiment. This is due in part to the
experimental diagnostic, which is a line-integrated measure-
ment of the product of plasma density and magnetic field,
restricting the signal to regions with sufficiently high plasma
density. We also anticipate that the 2D simulation cannot fully
capture the 3D instability of the ionization front. Because this
is a geometric instability, we expect the characteristic wave
number to be sensitive to the dimensionality of the system.

The transition from radial sheath expansion due to the
ballistic motion of the hot electrons to streamerlike ionization
can be seen in the expansion velocity of the plasma. Figure 4
shows the density profile along the laser axis as a function of
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FIG. 4. On-axis density profile as a function of time for (a) ex-
perimental data and (b) simulation. The 7,=10"8-cm~ contour is
shown in green, with two velocities fit at early times (dashed black
lines) and late times (dotted black lines).

time for both experimental data (a) and simulation (b). We
follow n, = 10'8-cm™3 contours, shown in green, to de-
termine the expansion velocities at early times where
the ballistically expanding hot electrons produce the
plasma (dashed black lines) and at later times where
the locally enhanced sheath field is ionizing the plasma
(dotted black lines). The deduced expansion velocities
agree rather well, with v" = (0.75+0.01)c and vi™ =
(0.748 £0.002)c at early times, consistent with the sim-
ulated vpee = 0.75¢ hot electrons, and vg,” = (0.054 +
0.001)c and vgitm = (0.043 £0.003)c at later times. How-
ever, the transition to streamerlike expansion occurs
in the experiment sooner than in the simulations (at 5 vs
10 ps). This is likely a result of the 3D expansion of hot
electrons in the experiment, meaning that the hot-electron
density decreases more rapidly in the experiment than in the
2D simulation.

V. CONCLUSION

In conclusion, we have developed an experimental plat-
form that allows us to reach densities exceeding the pump
laser’s critical density while remaining transparent to optical
probing of the plasma density and magnetic field structures on
the overdense side. Although the Biermann-battery effect and
Weibel instability dominate magnetic field generation in the
density ramp leading up to the relativistic critical density, the
magnetic field dynamics downstream of the critical density
region are dominated by locally enhanced ionization occur-
ring in the expanding sheath formed by laser-heated electrons.
Supporting simulations show that filamentation and branching
of cold plasma occur on a fine scale. These filaments are
surrounded by MG azimuthal magnetic fields that persist for
over 100 ps. This branching of the ionization front slows
down the expansion velocity of the plasma, as seen in both
simulation and experiment.
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APPENDIX A: RETRIEVAL OF THE FARADAY
ROTATION ANGLE

Each of the cameras in the polarimeter has a polarizer
in front of it with extinction ratio f; set to a known angle
0;, i = 1,2 away from the extinction angle of the probe. The
intensity on the camera is

Li(x1, x2) = Ip(xy, x2)[1 — B cos? (gp (x1, x2) + 6))].

The images from both cameras are first aligned using a spa-
tial fiducial placed at the intermediate image plane shown in
Fig. 1. The spatial fiducial consists of four fine-tipped needles,
which clearly define four points on each image. We use these
points to define a plane-to-plane projection transform from
one camera’s image plane to the other [50]. This approach
allows for subpixel alignment of the two images. Using this
differential measurement allows for higher sensitivity to small
rotations due to magnetic fields, as signatures of density gra-
dients or plasma self-emission appear in both images and can
be removed via subtraction [51,52].

To calibrate the polarimeter we inserted a half wave plate at
the interaction point and record measurements at known polar-
ization rotations. When analyzing plasma images, we extract
the polarization angle from the ratio of the two images after
correcting for the probe intensity profile using images taken
with no plasma. For cases where the maximum Faraday rota-
tion angle is expected to be very small, the polarizer angles
can be reduced to increase the sensitivity of the diagnostic.
Taking the ratio of the two images also removes any structures
introduced by density gradients in the plasma or in the probe
beam itself, leaving only the signal produced by polarization
rotation. For the data shown here the polarizers were set to
=£3° around extinction.

APPENDIX B: RETRIEVAL OF THE PLASMA DENSITY

The plasma density contains small filaments which do not
share the same axis of symmetry as the bulk plasma. This
prevents conventional Abel inversion of the probe phase shift
recorded by our interferometer. To approximate the density
profile we model the plasma density as having two com-
ponents: a bulk plasma density n,(x;, r = (x3 + x3)"/?) that
is cylindrically symmetric about the laser axis and a slab
plasma density (x|, x,) that is uniform along the probe line
of sight (x3 axis) for some slab thickness s, such that n.(r) ~
ne(x1, r) + ng(xy, x2).
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The phase shift of the probe after passing through the
plasma is given by

Mo = / dxs (n(r) — 1)

.z d ne(7)
- ) probe X3 ngrobe ’
probe

where 7n(r) is the index of refraction of the plasma, n;
is the critical density at the probe wavelength AP, and
we have taken the approximation n(r) & (1 — n/n?™*)1/2 ~
1-— %ne/n?mbe for n, < nP™". In this limit we can treat the
two components of the density independently such that after

exiting the plasma the measured phase shift is

Ap(x,y) ~ — {Aln.(x1, )] + ny(x1, x2)s},

)\'probenlzmbe
where A is the forward Abel transform. For our data
the high-frequency component of the measured phase shift
containing the filaments is treated as the uniform slab, while
the low frequency is treated as the cylindrically symmetric
bulk plasma.

APPENDIX C: DETAILS OF PARTICLE-IN-CELL
SIMULATION

The simulation discussed in the text used a domain with
L % Ly = 2400 x 2400 (c/wy)* and open boundary condi-
tions for fields and particles. The domain is divided into cells
of size Ax = 0.07c/wy to resolve both the laser frequency and
the higher-plasma frequency in the overdense region, with 16
macroparticles per cell. The initial neutral nitrogen density
profile has the form

n(x) = znltanh (20x; — x10)/Ly) + 11,

where 1o = 10! cm™ is the peak atomic density, xjo =

—0.3mm is the position halfway up the ramp, and L, =
427clwy = 0.625mm is the characteristic density gradient
scale length. There is an identical density down ramp centered
at x; = 1.2 mm. The simulation includes field ionization via
an Ammosov-Delone-Krainov model [25]. We note that in the
experiment we use molecular nitrogen, which has a dissocia-
tion energy of 9.76 eV [53] before atomic nitrogen is formed
and can be ionized sequentially, although other ionization
pathways are possible.

The laser parameters match the typical laser parameters in
the experiment: A = 9.2 um, linearly polarized in X3, ap =
1.85, wg = 35 um, tpwgm = 2 ps. While the structures ob-
served in the experiment are certainly 3D, and we expect
the filamentation of the ionization front to be of a differ-
ent characteristic size in the 2D simulation, the scale of the
experiment and high plasma densities make 3D simulations
computationally infeasible.

APPENDIX D: HYDROGEN SIMULATION
WITH MOBILE IONS

The simulation shown in Fig. 3 does not include ion mo-
tion, even though over the timescale of our experiment ions
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FIG. 5. Simulated hydrogen plasma density for electrons with
energies exceeding 0.5m.c? (top) and < 0.01m,c? (bottom). The
black arrows indicate the average direction of electron flow, indicat-
ing that the hot-electron population predominantly expands outward
while the cold bulk plasma forms the return current. The inset shows
a zoomed-in view of the charge density at the tip of a branching
filament.

are definitely moving. However, simulations including ion
motion show the same branching structures on the ionization
front, since ion motion is negligible on the timescale of ion-
ization and the formation of the return current. In order to
verify that ion motion plays a negligible role in the ionization
front instability we are interested in, we performed a second
simulation with identical laser parameters and density profile
as the nitrogen simulation shown in Fig. 3, instead using
hydrogen with a peak neutral density of 5 x 10" cm™ to
match the peak plasma density seen in nitrogen ionized up
to the fifth electron. Because there is only one ion species, we
were able to simulate ion motion.

Figure 5 shows the simulated plasma density after 10 ps,
where we have separated the plasma into two populations: the
laser-heated electrons with energies >0.5m,c? (top half) and
the bulk plasma with energies <0.01m,.c? (bottom half). As
expected, after 10 ps the laser channel is still present due to the
motion of hydrogen ions. The black arrows indicate the local
direction of electron flow for each population, confirming
that the hot electrons are expanding radially outward while
the bulk plasma forms the return current. The inset shows
the local charge density for a zoomed-in region around one
of the branching filament tips, highlighting the surplus of
ions right behind the ionization front as the lighter electrons
quickly form the return current. We also note that the fine
branching structures on the ionization front are only seen in
the bulk plasma, while transverse structures of the expanding
hot electrons have much longer wavelengths, likely result-
ing from the conventional beam-plasma instabilities in the
overdense region. This differs from the corrugation instability
discussed in Refs. [30,31], where the hot-electron filaments
drive filamentation of the ionization front.
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