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The streaming of energetic charged particles can magnetize astrophysical and
laboratory plasmas via the current filamentation instability. Despite its
importance, the experimental characterization of this instability has remained
a challenge. Here, we report an experiment combining a high-intensity optical
laser with a high-brightness X-ray free electron laser that successfully images
the instability in solid-density plasmas with 200 nm spatial and 50 fs temporal
resolution. We characterize the development of pm-scale filamentary struc-
tures and their evolution over tens of picoseconds through a non-linear mer-
ging process. The measured plasma density modulations and long merging
time reveal the critical importance of space-charge effects and ion motion on
this electron-driven instability. Supporting theoretical analysis and kinetic
simulations help distinguish the relative role of space-charge and resistive
effects. Our findings indicate that magnetic fields on the order of 10 mega-
gauss are produced, with important implications for transport and radiation
emission of energetic particles in plasmas.

10-12

It has long been known that the propagation of high-energy charged remnant shocks’® and gamma-ray bursts'®'?, which shape particle

particles in plasmas drives kinetic instabilities' that produce growing
electrostatic and electromagnetic fields. These (collective) fields con-
trol plasma dynamics and their study is critical to a wide range of
systems, from cosmic-ray transport in galaxies’ to the solar wind® to
fusion plasmas®*. Of primary interest is the so-called Weibel’, or current
filamentation instability®, which plays an important role in the self-
magnetization of many astrophysical and laboratory settings. These
include the amplification of magnetic fields in young supernova

acceleration and radiation emission from these environments. This
instability is also seen as a key candidate for the generation of the seed
fields"” required to explain the ubiquitous galactic magnetic fields via a
dynamo model™.

The study of the current filamentation instability, however, is
challenged by its rapid growth and short (kinetic) spatial scale, which
prevents its direct identification and characterization from astro-
physical observations. Over the past decades, this has motivated
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significant interest in controlled laboratory studies using various
experimental configurations, including electron beams from conven-
tional and laser-driven particle accelerators™, field-ionized gases”,
and non-relativistic colliding plasma flows driven by long (nanose-
cond) laser pulses’. In addition, there has been a substantial effort in
investigating this instability in high-intensity laser-solid interactions,
which are at the core of numerous cross-field applications, from
advanced inertial fusion schemes**** to compact plasma-based
accelerators®?. In this context, the instability is central to under-
standing energetic electron transport and energy deposition, plasma
heating, and magnetic field generation.

The high flux of relativistic (hot) electrons produced by an intense
laser in a solid-density plasma generates a mega-ampere current” and
drives a return current in the background plasma. The resulting
counter-propagating electron populations become unstable to the
current filamentation instability and generate a magnetic field***. The
strong density and temperature asymmetry between the two electron
populations poses significant challenges to theoretical analysis; most
theoretical and numerical studies have focused on the simplest sym-
metric case, where the instability is purely electromagnetic' The few
existing studies of the asymmetric case suggest that space-charge
effects can play an important role”%. Resistive effects on the dense
background plasma further complicate the description of the
instability”’”. The competition between these effects in the linear phase
of the instability remains unclear. The nonlinear evolution—critical to
understanding the dynamics of the resulting magnetic field and its
implications for the transport of energetic particles—is even less
understood, highlighting the need for experimental characterization.

Previous experiments have primarily relied on optical probing**?%,
as well as laser-driven electron”*' and proton radiography***>* of the
laser-solid interaction to diagnose the current filamentation instability;
however, these studies were limited to probing either far from the
interaction region®** or the low-density plasma outside the solid
target?>*2, This is because optical radiation cannot penetrate the dense
plasma and charged particles will be deflected by the strong electro-
magnetic fields generated at the target surface, preventing or cor-
rupting the measurement within the interaction region. Moreover,
kinetic scale processes, such as those associated with the filamentation
instability at solid density, are particularly challenging to investigate,

Thomson Parabola
Spectrometer

Ton Imager

LCLS X-ray Laser,
8keV, ~6501J

Fig. 1| Experimental setup for ultra-fast imaging of the laser-target interaction.
The 1) optical pump laser (red) is focused onto @10 u m copper and 515 pm

aluminum wires, generating a laser intensity on target of 1.4 x 10" W cm™. The X-ray
laser (blue) probes the interaction at 80" with respect to the pump-laser axis and is
imaged onto an X-ray camera using Compound Refractive Lenses positioned after
the target.Three phases of the laser-target interaction are observed. Images at short
pump-probe delays (<40 ps) reveal the development of density filaments along the

MEC Short-Pulse Laser,
~10" W/cm?

as they require very high spatial resolution (typically, sub-um). While
laser-driven X-ray sources can penetrate the dense plasma, they cannot
yet deliver the required spatial resolution, narrow bandwidth and high
flux needed to characterize the growth of this instability®".

Here, we take advantage of the high-brightness and narrow-
bandwidth Linac Coherent Light Source (LCLS) XFEL to overcome
these limitations in an X-ray phase contrast microscopy configuration,
enabling an unprecedented characterization of the filamentation
instability in solid-density plasmas. The resulting high-resolution
images show the clear development of filamentary density modula-
tions over picosecond time scales and reveal, as we will show, that
space-charge effects and ion motion play an important role in sig-
nificantly slowing down the growth of the instability and that strong,
10 MG-level, magnetic fields are produced.

Results and discussion

Experimental overview

Our experiment was conducted at the Matter in Extreme Conditions
(MEC) end-station of the SLAC National Accelerator Laboratory, in an
optical-pump X-ray-probe configuration, as shown in Fig. 1. The high-
contrast MEC short-pulse laser (0.8 um wavelength, 1] energy, 150 fs
pulse duration, P-polarization)* is focused on 10 um copper and
@15 um aluminum wire targets with a focal spot of ~6 pm, reaching an
intensity of =1.4x10°Wcm™. The high peak-brightness Linac
Coherent Light Source (LCLS) X-ray laser (650 i energy, 50 fs pulse
duration) probes the laser-target interaction and subsequent plasma
dynamics at 80° w.r.t. the pump-laser axis in an X-ray phase contrast
microscopy configuration (see “Methods”).

By varying the timing between the optical pump and X-ray probe
lasers from At=0.5ps to 800 ps, we identify three distinct phases of
the plasma evolution. At early times (<40 ps), we observe the devel-
opment of clear filamentary structures, whose kinetic scale and
transverse modulation are consistent with the current filamentation
instability. At larger delays, the hydrodynamic evolution is revealed,
with the observation of a laser-driven shock wave traveling at
~85km s, and the thermal expansion of the heated target region. In
the following, we will focus on the study of filamentary structures and
associated plasma instabilities observed within the target, corre-
sponding to At <40 ps.

direction of the pump-laser axis. At larger delays, we observe the hydrodynamic
evolution of the target, including a laser generated shock and the subsequent
thermal expansion. The colorbar indicates the intensity of the signal normalized by
either a reference image of the wire before shot (5 ps) or the X-ray background
(60 ps and 800 ps). Additional diagnostics include a Thomson Parabola Spectro-
meter, lon Imager, and Transmission Diagnostic (not depicted in the figure).
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Fig. 2 | X-ray images of the high-intensity laser interaction with a 2j10 pm
copper wire at varying pump-probe delays At visualize the temporal evolution
of the current filamentation instability inside the resulting solid-density

10 ps

20Ips

plasma. The transmission signal Is,o, is normalized with a reference signal I,¢ of the
wire before the laser interaction. Similar images were obtained for 2515 um alu-
minum wire targets. The images present only a subset of the full data set.

Hot electron temperature

Upon interacting with the solid density target, the high-intensity
optical laser produces a small fraction of very energetic (hot)
electrons®*°, with density n,=ng;, that propagate in the resulting
plasma of density neo > nei., Where nge is the critical density for the
propagation of the laser in the plasma. As the hot electrons reach the
rear side of the target, a small fraction escapes and establishes a strong
electrostatic sheath field, while the majority is reflected and recircu-
lates within the target*. The sheath field accelerates rear surface ions
via the Target Normal Sheath Acceleration (TNSA) process’’. The
energy spectrum of these energetic ions is measured via a Thomson
Parabola Spectrometer (TPS), and can be modeled as
dN/dE o« exp(—+/2E/T,)/~E, where £ is the particle energy® (see
“Methods”). Following this model, we can infer the slope temperature
T}, of the hot electrons, which is measured to be 7, =400 + 30 keV and
700 +40 keV for the aluminum and copper targets, respectively. This
is in good agreement with laser-induced electron heating models for
high-contrast laser-solid interactions®*° that predict hot electron
temperatures in the range T;,=500-900 keV for the MEC laser con-
ditions (see “Methods”).

Current filamentation instability
The hot electrons drive a return current in the target as they propa-
gate. The resulting counter-propagating electron populations then
trigger the current filamentation instability. The associated plasma
density evolution is captured through a series of single-shot images.
These snapshots provide a spatial resolution of =200 nm and a tem-
poral resolution determined by the 50 fs X-ray pulse duration, as well
as the 100 fs precision of setting the pump-probe delay. High sensi-
tivity to density variations is achieved via the novel MEC X-ray Imager
(MXI) diagnostic** that combines beryllium Compound Refractive
Lenses (CRLs)* positioned behind the target with an X-ray Camera.
Due to the chromaticity of the CRLs and the bandwidth of the X-ray
laser, both phase and absorption effects contribute to the X-ray signal,
resulting in a high-resolution image with strong sensitivity to phase
contrast effects introduced by density gradients inside the target.
The resulting X-ray images, displayed in Fig. 2, show the formation
of density filaments with an initial wavelength 1= 1pum, evolving from
At=1.5-25ps in the copper wire targets. Similar images are obtained
for the aluminum targets, exhibiting filaments with an initial wave-
length comparable to those in copper. We note that the distribution of
wavelength components in the 3D structure is conserved through its
2D projection*®, as well as the imaging system (see “Methods”). The
laser-irradiated target surface remains very sharp during the growth of
the filaments; the hydrodynamic evolution of the front surface only

starts to be noticeable between 10 and 20 ps after the laser irradiation
(see Fig. 2). This, together with the high-contrast of the X-ray images,
clearly indicates that the filaments are produced in the solid-density
plasma.

In the case of purely electromagnetic perturbations, both
counter-propagating electron populations would be deflected at the
same rate, producing symmetric filaments of alternating current
polarity and no modulations in the total density. Since the MXI diag-
nostic is predominantly sensitive to gradients in electron density, such
filaments would not produce a measurable signal. The alternating
regions of high and low X-ray transmission, instead, show an asym-
metric electron density distribution between filaments with opposite
polarities, demonstrating that space-charge effects and ion motion
must play an important role in the development of the instability in
solid-density plasmas. This asymmetry arises because the hot and
background electrons, having vastly different densities and tempera-
tures, are deflected at different rates in the self-generated magnetic
fields®. The resulting electron density perturbations produce elec-
trostatic fields that set in motion the ions transversely to maintain
quasi-neutrality. The plasma filamentation thus involves both elec-
trons and ions even if the instability is triggered by the laser-produced
fast electrons.

The evolution of the filament wavelength, shown in Fig. 3, is
measured using lineouts of the X-ray images taken at different pump-
probe delays (see “Methods”). The wavelength increases up to 2 pum for
copper and 3 pm for aluminum over =20 ps, as a result of the noninear
evolution of the current filamentation instability.

Current filaments of the same polarity attract each other via the
magnetic force, giving rise to an inverse cascade as they merge and
increase in size**%. This merging process can be modeled by con-
sidering a distribution of identical filaments with an average initial
current /o, radius Ry, and separation of 2R,. The magnetic field asso-
ciated with each filament is Bo = 2/o/(cr), with r the cylindrical radius.
The resulting attractive force per unit length acting on a neighboring
filament of the same polarity is dF/dl=-Bolo/c. Following ref. 47 the
wavelength evolution A(¢) is dictated by the pair-wise self-similar
merging dynamics of the filaments, given by
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Fig. 3 | Temporal evolution of the filament wavelength in ¢f10 1 m copper (red
solid circles) and 2515u m aluminum (black open circles) wire targets. Each
data point represents a single shot. The range markers indicate the first and third
quartile of the wavelength distribution at different pump-probe delays At. The
dotted lines represent the best fits to the filament merging model according to Eq.
(1). The average error and standard deviation of the distributions (not shown in the
figure) are 0.15 pm and 0.02 pm for the copper measurements and 0.19 pm and
0.06 pm for aluminum, respectively.

the characteristic merging time of two neighboring filaments, 1o = 4R,
the wavelength after saturation of the instability (end of linear phase),
m the mass of the particles in the filament and n their number density.
It is clear that the merging of filaments in the asymmetric regime
cannot involve only the electron dynamics, as typically considered in
the purely electromagnetic case”. Instead, the mass density carried
during the merging process is dominated by that of the ions mn = m;n;
to maintain quasi-neutrality, even if the current is carried by the elec-
trons. This considerably increases the merging time of the filaments in
the non-linear phase by a factor [m,-/(Zme)]l/2 where Z is the
ionization level.

We find that this merging model can provide a good description
of the observed wavelength growth, as shown in Fig. 3. From fitting Eq.
(1) to the wavelength measurements, the extracted merging time is
Tm=11ps and 7, = 8 ps for copper and aluminum, respectively. From
Eq. (2) the inferred magnetic field associated with the filaments is
B =10 MG for copper, and Bo =7 MG for aluminum (see “Methods”).
Such strong magnetic fields are consistent with the Alfvén limit for the
fast electron current*. Considering that for a hot electron temperature
of afew hundred keV, the typical drift velocity in the laser propagation
direction is vgq, = 0.5¢, the electron Larmor radius for Bo=10 MG is
1pm, which corresponds to the filament wavelength measured in the
experiment. Once such large magnetic fields are produced in the
plasma, they will affect fast electron transport, helping confined them
within the filaments.

At later times At>20ps, the filaments start to rapidly decay.
Interestingly, this is comparable to the predicted stopping range of hot
electrons in the dense plasma. For a hot electron temperature
T =700 keV, and typical values for the background plasma tempera-
ture T,=100 eV and density neo=5.8 x10*2 cm>°%*' (assuming a cop-
per target with Z=7), the stopping distance is L;=~0.35cm>. For
vqnh = 0.5 ¢, this corresponds to a stopping time of 7,=23 ps. Future
experiments combining X-ray imaging with X-ray Thomson Scattering
or K-alpha probes could help confirm whether the life time of the
filaments is indeed determined by the hot electron stopping time and
how the generated magnetic fields affect the fast electron transport.
We note that at such late times the filament detection is further
complicated by the propagation of the laser-driven shock into the

target and the increased background noise level, as can be observed in
Fig. 2. Additionally, the MXI diagnostic becomes decreasingly sensitive
to the filaments as their electron density gradient reduces with the
growing wavelength.

The experimental results reveal the importance of electrostatic
effects and ion motion in the dynamics of the asymmetric current
filamentation instability produced in solid-density plasmas. Further-
more, they suggest that strong magnetic fields are produced, capable
of affecting fast electron transport and confinement. We now compare
these findings with fully kinetic simulations and analytic theory to
further elucidate the interplay between these effects in the solid den-
sity plasma.

Kinetic simulations and theoretical analysis. We performed simula-
tions of the laser-plasma interaction with the OSIRIS 4.0 particle-in-cell
(PIC) code®™. The laser irradiation of the copper wire and subsequent
plasma evolution are described fully kinetically, including binary
Coulomb collisions while maintaining a realistic plasma density and
ion to electron mass ratio. The two-dimensional simulation domain
models a lateral view of the laser-solid interaction, with a box size of
40 x 40 pm, centered on the 10 um copper wire (see “Methods”).
The laser parameters are chosen to match the experimental condi-
tions. Due to the high computational expense of kinetic simulations we
focus on the first 3 ps of the interaction, which allows us to investigate
the linear phase of growth and saturation of the filamentation
instability. In particular, we focus our analysis on the microphysics
governing the filament growth observed in the experiment and on the
interplay between resistive and space-charge effects.

We first address the role of space-charge effects and ion dynamics
by modeling the interaction without Coulomb collisions. As the laser-
driven hot electrons propagate and recirculate in the plasma, we
clearly observe the development of density filaments with a growth
rate ['=0.5ps™ and a dominant wavelength of A= 0.12 pm, as seen in
Fig. 4a. During the growth of the instability we measure a characteristic
hot electron slope temperature of T, =400 keV along the laser pro-
pagation direction and 100 keV transversely, an average drift velocity
vgn=0.3¢, and a density n,=0.02 neo. The large difference in tem-
perature and density between the hot electrons and the cold return
current populations drives an asymmetric instability characterized by
total density modulations with én/n=5%, consistent with the experi-
mental observations. We verified that the large hot electron tem-
perature transverse to the laser propagation direction renders this
population stable to the collisionless current filamentation instability*,
further confirming the importance of the cold return current. When
the same simulation is repeated with ion motion switched off—that is,
ions are modeled as an infinitely massive charge-neutralizing back-
ground species—density modulations are no longer visible. This high-
lights the critical role of space-charge effects in the development of the
large density perturbations observed in both the simulations and
experiment.

The simulations results are supported by theoretical calculations
of the dispersion relation®. Figure 4d shows a comparison of the col-
lisionless theoretical growth rate with and without coupling to elec-
trostatic modes for the relevant hot electron and target parameters
(see “Methods”). Space-charge effects are found to reduce the
instability growth rate by more than an order of magnitude in com-
parison to the purely electromagnetic case, leading to a predicted
growth rate I'= 0.6 ps™ and most unstable wavelength 1=0.2 um, in
agreement with the collisionless simulations.

We then assess the effects of target resistivity by comparing the
simulation results without and with Coulomb collisions, as illustrated
in Fig. 4a, b. We find that in the resistive case the growth rate is
increased to "= 0.8 ps™ with the most unstable mode shifted towards
larger wavelength, leading to A= 0.7 um, consistent with the experi-
mental observations (see Fig. 4d, green and red markers). This
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Fig. 4 | Particle-in-cell simulation results of the laser-copper plasma interac-
tion. a, b show normalized electron density maps at ¢ =2 ps after the laser peak
intensity reaches the target surface for the collisionless (v=0) and collisional/
resistive (v# 0) cases. The laser comes in from the left-hand side. ¢ Lineout of the
normalized electron (blue) and ion (red) density, and transverse magnetic field
(black), taken at t=2 ps and x=-3 um, y € [ -2, 2] pm for the collisional simulation.
d Linear theory prediction of the growth rate I" as a function of wavenumber k in the
purely electromagnetic collisionless case (k- E=0; v=0, solid black), including

electrostatic effects (dashed black), and purely electromagnetic resistive case
(solid red). The red and black circles indicate the simulations results in the resistive
(red) and collisionless (black) cases respectively, the range markers indicate the
measured distribution of dominant wavenumbers. The green marker indicates the
experimental measurement, where the growth rate is approximated as the inverse
of the earliest time filaments are visible in the X-ray images (At=2 ps) and k is the
corresponding median wavenumber. The associated range markers indicate the
distribution of wavenumbers observed.

migration towards larger wavelength, associated with the increased
heating of the background electrons in the resistive case”, is predicted
by theoretical calculations for the purely electromagnetic resistive
current filamentation instability, as shown in Fig. 4d. A transverse
lineout of the electron and ion density is shown in Fig. 4c, taken 3 pm
away from the target surface in the collisional simulation. The ions are
found to filament together with the electrons and produce density
modulations with a similar amplitude when compared to the colli-
sionless simulation, demonstrating the importance of ion dynamics in
both the resistive and collisionless cases. The filament growth is
accompanied by strong amplification of the magnetic field reaching
B=7 MG (Fig. 4c, black curve). This is again consistent with the Alfvén
limit for the hot electron drift velocity vq, = 0.3 ¢ and filament wave-
length A= 0.7 um measured in the simulations, and in good agreement
with the values inferred from the filament merging rate in the
experiment.

Our results reveal the combined importance of space-charge and
resistive effects on the growth and nonlinear dynamics of the current
filamentation instability, which significantly slow down its growth rate
and increase the dominant wavelength. The strong, 10 MG level mag-
netic fields produced by the instability can impact various applica-
tions, potentially enabling high brilliance synchrotron radiation
sources’* and improving the collimation of fast electrons in fast
ignition inertial confinement fusion schemes. More generally, this
work opens up a new experimental route for detailed studies of the
microphysics of relativistic streaming instabilities of relevance to both
laboratory and astrophysical plasmas'®*®. Future extensions to cur-
rently available higher laser intensity and lower density targets* could
probe deeper nonlinear regimes and the mechanisms behind the for-
mation of relativistic shock waves relevant to gamma-ray bursts'**,
Furthermore, at higher laser intensities, even larger magnetic fields will
be produced, potentially enabling direct measurements of density and
magnetic field structures by combining X-ray imaging with advances in
X-ray polarimetry®’.

Methods

Experimental setup

The experiment presented in this work was conducted at the SLAC
National Accelerator Laboratory. At the Matter in Extreme Conditions
(MEC) endstation we combined the MEC high-intensity optical short-

pulse laser with the Linac Coherent Light Source (LCLS) high peak-
brightness X-ray laser in a pump-probe configuration. The 1J, 150 fs,
800 nm Ti:Sapphire high intensity contrast (>107 at t=-3 ps)*®* MEC
pump laser (P-polarization) was focused on 10 pm copper and 15 pm
aluminum wire targets via an f/6 Off-Axis Parabola (OAP). The focal
spot is of 5 um FWHM along the wire axis direction and 7 um along the
transverse direction, containing 60% of the laser energy and generat-
ing intensities on target of =1.4 x 10" W cm™. The 8keV, 650 pJ, 50 fs
LCLS X-ray probe laser was pre-focused to a beam diameter of 5150 u
m via upstream CRLs to back illuminate the laser-target interaction at
an angle of 80° w.r.t. the optical pump laser.

The attenuated X-ray beam was imaged onto an Andor Neo
5.5 sCMOS camera via an additional set of CRLs placed after the target
to achieve a spatial resolution of =200 nm. Due to the chromaticity of
the beryllium CRLs and the bandwidth of the LCLS beam (-20 eV), the
imaging system possesses a focal range instead of a single focal point.
This leads to an effective propagation distance d = 0.8-1 mm for the X-
rays, which ensures that both absorption and phase effects contribute
to the obtained images. The MEC time tool allows for precise mea-
surement of the delay in arrival between the pump and probe beams,
with a range of 100 fs. A leakage of the optical laser upstream is used to
image the wire target in three microscopy imaging systems to aid the
alignment process and increase the shot rate. A Transmission diag-
nostic captures the transmitted light of the interaction to deliver a
measure of the interaction quality. A Thomson Parabola Spectrometer
and lon Imager measure the accelerated ion beam energy spectrum
and spatial profile. Additionally, the combination of these secondary
diagnostics allows us to quantify the quality of the interaction on shot
and deliver dismissal criteria for the X-ray images. Any measurements
with a large laser transmission and simultaneous poor flux and ion cut-
off energy measured on the lon Imager and Thomson Parabola Spec-
trometer were discarded from the analysis.

Laser contrast and pre-plasma formation

The temporal contrast of the MEC Ti: Sapphire laser was characterized
using a Tundra autocorrelator, showing excellent performance up to
the main pulse®. The intensity contrast remains better than 10~° up to
-5ps and better than 107 beyond that. To estimate the preplasma
formation due to this contrast profile, we consider that significant laser
energy absorption into solid copper begins above an intensity of
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Fig. 5 | Example of a proton spectrum as measured by the Thomson parabola
spectrometer to extract the hot electron temperature T;,. The raw spectrum
(black) is fitted with the function shown in Eq. (3) (red, dashed).

~102 W cm™ %8, This threshold is reached approximately at -3 ps for the
MEC laser contrast curve. By integrating the laser intensity from -3 to
-0.5 ps and applying intensity-dependent absorption coefficients from
the same reference, we estimate that -2 p of energy is deposited in the
target prior to the main pulse. Assuming the energy is deposited within
a 25.8 nm thick surface layer*® over a ~5 pm diameter spot, and using
copper’s atomic density with partial ionization (Z=4-5), we estimate
an electron temperature of 30-50 eV. This yields a plasma expansion
velocity of - 0.02 um ps™. Given the short time between the onset of
the pre-pulse and the arrival of the main pulse, the plasma does not
expand significantly. As a result, the estimated preplasma scalelength
at the time of interaction remains below 0.1 um, allowing the laser to
interact with a steep density gradient near the original solid surface.

Ion energy spectrum and hot electron temperature

The Thomson parabola spectrometer was set at a 36° angle w.r.t. the
laser axis to measure the spectrum of energetic ions generated during
the interaction. A low divergence portion of the beam is extracted
using a @130 um pinhole at a distance of 1.315m from the target,
corresponding to an acceptance angle of 0.77 psr. The ions are then
deflected by a 0.525 T magnetic field to distinguish particles of dif-
ferent energy along one direction, and a 6 kVcm™ electric field to
differentiate particles with different charge-to-mass ratio along the
other direction. The particles are visualized by a microchannel plate
(MCP) with a phosphor screen and imaged with an OPAL-4000 CCD
camera, providing a 2D image of continuous spectra of all the ions
within the beam. The Thomson Parabola is calibrated in energy using a
set of aluminum filter of different thickness, resulting in a minimum
resolvable proton energy of -0.6 MeV, which is constrained by the size
of the MCP. The raw image in Fig. 1 shows traces corresponding to
copper, carbon, oxygen ions and protons. These accelerated ions
originate from atoms located on the wire surface, including common
contaminants such as hydrocarbons or water vapor. The majority of
ions in the beam consist of protons, attributed to the TNSA sheath
field’s preferential acceleration of low charge-to-mass ratio ions. The
resulting proton spectrum is fitted as

Z_’g — Csnetaccssheath exp(— ZS/Th), 3)

V2ET,

with £ the particle energy, ¢, the acceleration time, cs the sound
speed and Spearh the electron sheath surface®. The slope temperature
T, of the hot electrons on the rear surface can be inferred by fitting the
proton spectra according to Eq. (3), as seen in Fig. 5. We obtain an
average hot electron temperature of 400 +30 and 700 + 40 keV with

standard deviation of 200 and 260 keV for the aluminum and copper
targets, respectively. The variability in slope electron temperature can
be attributed mainly to the narrow acceptance angle and distance of
the TPS to the wire targets.

The hot electron temperature extracted from the ion spectra can
then be compared to previously established collisionless laser-heating
models**°. For relativistic, short-pulse, high-contrast laser-solid
interactions, the hot electron temperature is primarily determined by
the normalized laser vector potential, ay = 2.5°*°". In this case, both the
expressions found in Eq. (2) of Wilks et al.* and Eq. (10) of Haines
et al.*° give comparable hot electron temperatures, in the range of
T =500-900 keV, consistent with the experimentally obtained values.

X-ray image processing

Due to defects and absorption effects in the beryllium CRL stacks,
background removal techniques were used to reveal the density dis-
tribution inside the wire. Since the X-ray beam profile possesses a jitter
in both pointing and intensity, the shot post-processing procedure
relied on =200 images for both the X-ray background and the X-ray
imaged cold (reference) wire target. The X-ray background is then
removed on all shots, delivering a transmission map of the wire. An
additional normalization of the shot image with a cold reference wire
image Isho/lver is very effective in revealing changes in transmission
induced by the density perturbations inside the target.

Filament wavelength measurements

Since the 2D X-ray images obtained from the MXI are a projection of a
3D forest of filaments evolving within the target, it is necessary to
ensure that the filament wavelength is conserved through its projec-
tion and imaging system. This is shown in Fig. 6. Approximating the
filament density distribution with a sinusoidal signal, the wavelength
conservation through the 3D structure can be explained via the line-
arity of the Fourier transform, meaning that a sum of multiple sinu-
soidal signals conserve the Fourier components of the individual
signals. Since the accumulation of both absorption and phase contrast
effects along the X-ray propagation axis can be described as a sum of
the effects caused by individual sinusoidal filament rows, the wave-
length components of the filament forest is conserved by the 2D
projection.

Verifying the conservation of the filament wavelength through the
imaging system requires modeling the imaging system synthetically to
understand its effects on the obtained images. The phase effects are
produced by the chromaticity of the beryllium CRLs, leading to a range
of foci*®, which produce an effective propagation distance d between
the target and the imaging plane. This effective propagation distance is
determined experimentally from undriven cold wire reference images.
Analytically, we model the MXI as a perfect thin lens imaging system
with a focusing error € =1/f -1/d,-1/d;, where f, d,, and d; are the focal
length, object distance, and imaging distance.

Any material then modulates an incoming plane wave such that
the function f (x, y), describing the target plane before propagation,
can be written as

.2m
fx.y)=exp [17 T(X.J/)}
Invacuum plane wave

exp [—ia—né T(x, y)} exp [7 2/1—” BT(x, y)} *)

Phase change Absorption factor

Transmission function

where T (x, y) is the two-dimensional thickness function of the object
that the X-rays of wavelength A interact with, and 6,  are the real and
imaginary part of the refractive index.

After passing through the target, the modulated plane wave in the
input plane propagates in free space for a propagation distance
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Fig. 6 | Filament wavelength conservation through the X-ray imaging system.
X-rays propagating along z through a forest of filaments of length L, (a) conserve
the filament wavelength in its 2D projection (b). This is further demonstrated by

taking a 1D lineout of the projected 2D density distribution and comparing it to the

X-ray images.
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input signal for the 3D filament forest (c). Additionally, the filament wavelength is
conserved in the phase dominated diffraction signal (d) obtained from synthetic 2D
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Fig. 7 | Measuring the filament wavelength. a X-ray image of the short-pulse laser
interaction with a @510 u m copper wire target. b Lineout of the filament structure
measured at a penetration depth of 2.5 pm from the edge of wire target, showing a
clear oscillatory structure with a distribution of different wavelengths and ampli-
tudes (black). The lineout is smoothed via Fourier filters to aid the analysis (red).
The peak-to-peak distance in the lineouts is used to extract the filament wave-
length A.

d=d —dy~ —edf, to an output plane g (x, ). The output function can
then be described as the product of the transfer function

W(v,, v,)= exp [inedé)l(y,z( + uﬁ)] with the Fourier transform of the
input function in Fourier space®’

g =Y, [ " F exp|-intdo2 +2)
S S
exp [—iZn(uxx + uyy)] dv,dwvy,

with W, = exp(id2m/A). Since the propagated wave attained from g
(x, y) is subsequently imaged on the detector, a synthetic X-ray image
can be calculated via lsyyneheric(X, ) =18 (x, ). We can extract the full
Fresnel diffraction pattern on our detector produced by a thickness
mask representing the targets in the experiment. To emulate the
limitation in the resolution of the imaging system, a Gaussian filter is
applied to the synthetic images to artificially limit the resolution
to =200 nm.

The synthetic X-ray images are used to systematically analyze the
response of the imaging system to sinusoidal density perturbations.
Due to the strong sensitivity to density gradients the imaging system
appears to distort the signal in the case of very strong density per-
turbations concentrated in small filaments. However, even in such
scenarios the overall wavelength, meaning the distance between same
polarity filaments, remains conserved.

The filament wavelength is extracted via 1D lineouts taken at
various distances from the target front surface. A Fourier filter is
applied to remove the high and low frequency components of the
signal as seen in Fig. 7. The resulting signal exhibits a range of different
wavelengths and amplitudes clearly distinguishable from the back-
ground. Each maximum and minimum, corresponding to filaments of
opposite polarity, is individually fitted by a Gaussian distribution
function. To account for the susceptibility of the imaging system to
extreme electron density gradients, filaments are organized in pairs of
opposite polarity. The distance between each filament pair is then used

to extract a distribution of filament wavelengths for each shot and
distance from the front surface.

Filament merging model

The merging of filaments after the saturation of the instability can be
modeled using a simplified approach, following ref. 47. The main steps
of the derivation are reproduced here for completeness. We consider a
distribution of straight, internally uniform filaments with identical
current, polarity, mass density and radius, separated by a distance
Do =10/2, and interacting pair-wise via the attractive force per unit
length, dF/dL =- Bolo/c. Here Bo=2ly/(cr) is the magnetic field asso-
ciated to a filament and r is the distance to the axis. Interactions
involving more than two filaments or filaments of opposite polarities
are neglected. The equation of motion becomes

d’x
de?

203
ugx’

(6)

where 1 is the lineic mass. In the asymmetric regime, the mass density
carried during the merging process must be dominated by that of the
ions mn = m;n; to maintain quasi-neutrality even if the current is carried
by the electrons, such that u, = nm,-(nD% /4). The initial merging time,
that is, the time for two filaments to cross the distance Dy, may be
evaluated analytically from Eq. (6) as

VTHycDy 1240
To=———————~ 0.39(m;n)"~ —=. 7
™0 21, erfe(y/log2) (mn) B, @

The pair-wise merging process occurs in a self-similar way, since each
step of filaments merging gives rise to identical starting conditions but
with rescaled parameters. After the kth merging step, the current and
lineic mass of the filaments evolve as /i, =2"l, and =21, and the
separation distance from their neighbors increases as Dy = 22D, such
that A, = 2. The time required to reach the kthstepis t = > _ o 7o,
hence k=t/t,o since the merging time is independent of k. The
resulting wavelength evolution may then be calculated as

A®) :Aozf/(ZTmo) ®)

and can be used to infer the magnetic field if the merging time and
initial wavelength are known.

By fitting this model to the experimental measurements shown in
Fig. 3, the merging time is 7,=11.0+0.4ps for copper and
8.53 + 0.25 ps for aluminum. Using Eq. (2) the inferred magnetic field is
Bo=10.64 £ 0.13 MG and By =7.8 + 0.1 MG for copper and aluminum,
respectively. Here, the uncertainties are derived from standard error
propagation based on the determination of the wavelength, the noise
level of the background, as well as fitting errors and do not account for
the simplifying assumptions of the model.

Particle-in-cell simulations

The two-dimensional simulations of the laser-target interaction have
been performed for the & 10 um copper wire with the relativistic and
massively parallel PIC code OSIRIS 4.0%. The laser irradiation of the
solid density target and subsequent plasma evolution are described
fully kinetically, using a realistic ion-to-electron mass ratio and realistic
plasma density n; = 8.49 x 102 cm™. The copper ions are considered to
be ionized 7 times, based on the results of a OD three-temperatures
model of the laser-target interaction®. The PIC simulations include
Coulomb collisions between all populations using a relativistic Monte-
Carlo operator®.

The 2D simulation domain models a slice of the wire with a box
size L, (wire radius direction)=L, (wire axis direction)=40 pm and
spatial resolution of 6.9 x 10 um. The boundary conditions for both
particles and fields are open along the x direction and periodic along
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the y direction. The interaction is followed for several picoseconds
with a time step At=0.011fs to ensure proper calculation of the col-
lisions and avoid numerical heating. The P-polarized laser pulse with a
wavelength of 0.8 um and normalized laser potential ao =3 is focused
on the wire front surface. It follows a Gaussian temporal profile in
intensity of 150fs FWHM and a Gaussian spatial profile with 6 pm
FWHM transversely to the target normal. The pre-plasma is modeled
assuming an exponentially decreasing density profile with a scale
length of 0.07 pm from solid density down to ne/nc.. = 0.1. We used
400 macroparticles per cell per species, with cubic particle shape for
improved numerical accuracy when depositing the current on the grid.
We have tested the convergence of the results by varying the spatial
resolution (0.5-1c/wp), the time step (0.49 — 0.71w,,}), the number of
particles per cell per species (64-400), the box size (L, =30-40 pum,
L,=40-80 pum) and the pre-plasma scale length (0.03-0.12 pm). We
also performed a 2D simulation with a circular target (top-view) and
found that it did not significantly affect the fast electron properties and
the filamentary structures that develop in the dense plasma.

Dispersion relation of the current filamentation instability

The growth rate and most unstable wavelength of the current fila-
mentation instability can be calculated from the dispersion relation
derived for a system of two drifting Maxwell-Boltzmann electron
distributions:

— Ny
ost¥) 2mi2

2
ths 2,

ths

PRI
exp [— G~ Va) *0y } 9)

where the index s=h, ¢ corresponds to either the hot and return cur-
rent populations and v, =(T,/m,)"? is the thermal velocity. We
consider the electron counter-streaming velocity vq4s to be in the €,
direction and, without loss of generality, the wavenumber of the
unstable filamentation mode to be k,. The choice of non-relativistic
distributions is justified by the dominant role of the return current,
which is non-relativistic, and the relative insensitivity to the hot
electron temperature in the conditions of the experiments as we will
discuss below. The return-current electron population provides
current neutralization and a cold non-drifting background ion
distribution provides charge neutralization Zng; =ngpe.

Collisionless filamentation. Following the standard linearization of
the Vlasov-Maxwell equations, considering the contributions of both
electromagnetic (Egy =E,€,) and electrostatic (Egs =E,€,) fields, and
perturbations of the type o« e%Y=%9 the collisionless dispersion rela-
tion is given by*?°

2 2 212
detd [ —wp; — ¢ky, 0 s
0] wz—wgi

! " (10)
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1 /> d e’ 1
Z,=2(8)=—= t—

=2e0= 7| i o
is the plasma dispersion function with & =w/(«/§kyuths),

{s =045/ (v 204,) and the number of primes in the Z functions denotes
the number of differentiations. The two diagonal terms are responsible
for the electromagnetic and electrostatic modes, whereas the off-
diagonal terms give rise to the coupling between both modes.
Reduced expressions for the fastest growing mode can be
obtained in the case of purely electromagnetic perturbations, i.e.,

neglecting the coupling to electrostatic modes. Considering w = il with
I the growth rate of the filamentation instability, and taking the rele-
vant limits for the conditions of the experiment and simulations a = n,/
N <1, Ugn < Ugnn and Uge < Ugne (corresponding to the kinetic limit), the
dispersion relation becomes insensitive to the hot electron tempera-
ture and is given by

2 m T @ Bin , 2_
<+@a a)\[zkﬁthc - “Btzhc +k°=0. 12)
In Eq. (12) and hereafter the growth rate I"is normalized by the electron
plasma frequency wp, = (4mny€e? /me)l/ ?, the wavenumber k is normal-
ized by wpe/c and B=v/c is the normalized velocity. The wavenumber
subscript has been omitted to simplify the notation. To leading order
in k*B5,.<1 the collisionless dispersion relation becomes simply

e (2 ), ®
The maximum growth rate is
ro- E\EL& 1)
3V3ma—ay? i,
and corresponds to the most unstable wavenumber
a  Ban (1)

k. =——  bdr
X /BA = a) Brne

In this regime, the properties of the return current control the growth
of the instability with a growth rate that is much smaller than the
plasma frequency.

By numerically solving the full collisionless dispersion relation of
Eq. (10), we find that space-charge effects play an important role in this
regime further decreasing the growth rate. The results for the condi-
tions informed by PIC simulations, namely ng.=5.8*x10%cm>,
a=0.02, Ban = 0.3, Benc = 0.45, T.=100 eV, Z=7 and my/m. = 1.158 x 10°,
are shown in Fig. 4d.

Resistive filamentation. The importance of collisional effects in the
dense plasma regions of solid-density target or ICF targets have led to
significant efforts in studying the impact of collisions on the fila-
mentation instability. Given the much lower density of the hot elec-
trons with respect to the background in these scenarios, collisions
affect primarily the non-relativistic return current population.

Most previous work has explored the impact of collisions by
including a Bhatnagar-Gross-Krook (BGK) collisional term v(f - f,) on
the right-hand side of the Vlasov equation®**?’. These works found that
collisions could either enhance or mitigate the filamentation instabil-
ity, depending on the regime. The simplicity of the BGK operator
makes it appealing, but it is limited to the weakly collisional regime,
where the collision time is significantly larger than the plasma collec-
tive times, on top of additional drawbacks related for example to the
non-relaxation to a Maxwell-Boltzmann distribution and the non-
conservation of particle number.

In the case of the current experimental and simulation conditions,
the collision frequency is very large. For example, for a copper plasma
with nge =5.8x102cm™, Z=7 and T.=100 eV the electron collision
frequency is ve= 0.16 wp*’, which is much larger than the growth rate
of the collisionless filamentation instability (/=4 x 107 wp.).

In order to analyse the role of collisional effects in this regime, we
consider a resistive model of the filamentation instability containing
the same two counter-streaming electron distributions given by Eq. (9)
and a charge neutralizing ion population, but where the electric field is
now given by a simple Ohm’s law E = 7). with n the electrical resistivity.
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Following the linearization of the Vlasov-Maxwell equations, the
resulting dispersion relation for electromagnetic fluctuations is given
by34

2 2
ot

e thh thh

\/ELexp l-—2 1—erf L
2 kB 2k2ﬁfhh V2K
+ZMe 2o,
m;
16)
To leading order in I/(kBun) <1 and v2af5,/Bi.,<1 the growth
rate is

2
a gzﬂ — K
r= Y (17)
lay /M a (14 Ban
e TNV28B \M T g,

The comparison of the full resistive (Eq. (16)) and collisionless (Eq.
(10)) dispersion relations is shown in Fig. 4d. We find that in the regime
of interest for the experiments and simulations, the main role of col-
lisional effects is to shift the most unstable wavelength towards larger
scales.

Data availability

The source data that support the findings of this study are part of
ongoing analyses for future publications and can be made available
from corresponding author C.S. upon request.

Code availability
The PIC code OSIRIS used in this study can be obtained from the
OSIRIS Consortium, consisting of UCLA and IST (Portugal).
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