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Untangling resistive and collisionless electron filamentation instabilities in dense
plasmas over large spatiotemporal scales
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Plasma micro-instabilities induced by high-energy particle currents play an important role in
many space or laboratory plasma environments. Here, we report on measurements that reveal,
over large temporal (tens of picoseconds) and spatial (hundreds of microns) scales, the growth of
a multiplicity of electromagnetic filaments, following localized laser-generation of MeV electrons in
a solid foil. The proton radiography data obtained in both low- and high-resistivity targets show
two distinct, superimposed electromagnetic field patterns, which point to different field generation
processes, namely of collisionless and resistive character. The collisionless Weibel instability is sug-
gested, by particle-in-cell simulations, to build up in the dilute plasma expanding into the vacuum,
independently of the target material, and to lead to observed azimuthally symmetric electromag-
netic structures. Additionally, when the target resistivity is high enough, an additional resistive
filamentation instability arises through the bulk target, resulting in observed radially elongated

filaments.

PACS numbers:

The interaction of high-energy, charged particle flows
with plasmas is a fundamental question in plasma physics
and, more generally, physical kinetics. The energy and
momentum transfers between the plasma species are me-
diated by either Coulomb collisions [1] or collective pro-
cesses [2], depending on the density and velocity distri-
butions of the plasma populations. Collective processes
often give rise to plasma micro-instabilities, i.e., growing
electrostatic or electromagnetic fluctuations that develop
at kinetic electron or ion scales in systems with multi-
stream or anisotropic momentum distributions [3].

An important class of instabilities is the Weibel-type
current filamentation instability, which originates from
thermal anisotropy [4] or relative drifts between the
plasma species [5]. It generates kinetic-scale electromag-
netic fields, which tend to deflect and thermalize the
interacting particles [6-8]. This mechanism is drawing
strong interest in high-energy astrophysics as it is sus-
pected to underlie the creation of collisionless shocks, and
their related phenomena, in weakly magnetized (electron-
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ion or electron-positron) plasmas [9]. It is also a pos-
sible mediating agent for magnetizing the intergalactic
medium [10].

Much effort is currently expended in designing ex-
periments to investigate this instability in the labora-
tory, either using conventional accelerator beams [11],
or laser-generated beams [12, 13], the latter being fa-
vored by many teams for the high-density, high-current
beams that can be obtained, as well as for the variety of
plasma conditions that can be simultaneously produced
using auxiliary beams.

In the case addressed here, where ultraintense (>
10 W.cm=2) short (< 1ps) laser pulses impinging
onto overcritical targets are used to generate mega-
ampere currents of energetic (MeV) electrons, the
Weibel/current filamentation instability spontaneously
arises from the interpenetration of these fast electrons
and the background plasma. Around the laser spot, the
plasma is heated to very high (keV) temperatures, and
hence the instability is mainly collisionless and builds up
at electron kinetic scales [8]. Note that in this region
the Biermann battery mechanism will drive a large-scale
magnetic field [14], which will add up to that produced by
the Weibel instability [15]. As of now, experimental evi-
dence for the resulting small-scale surface magnetic fields
has been obtained through high-resolution polarigrams



[16] or proton radiographs [17] in the vicinity of the irra-
diated region. Fast electrons, however, can also be prone
to further filamentation when propagating through the
target bulk. The resistive character of the cold plasma
electrons making up the fast-electron-neutralizing return
current [18] then leads to larger magnetic filaments [19]
and enhanced fast-electron scattering [20]. Such resis-
tive filamentation has been diagnosed either indirectly,
from spatial modulations of the sheath-field-accelerated
protons [21, 22|, or directly, from the optical emission in-
duced by the fast electrons [23]. Finally, the collisionless
Weibel instability can also arise from fast electrons inter-
acting with micron-scale-length plasma gradients at the
target surfaces [24-28].
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FIG. 1: Sketch of the experimental configuration and
physical picture. Target 1 is in red, target 2 in green.

The experimental and numerical data gathered so far
seem to suggest that magnetic filaments only form rel-
atively near the laser axis (over a few tens of microns),
where the fast electron density, and therefore the overall
plasma anisotropy, are initially at their highest.  Fur-
thermore, in contrast with simulation results [20, 29],
there has been as yet no observation of the simultane-
ous development of the collisionless and resistive variants
of the instability in, respectively, the surface and inner
regions of dense targets. Here, in contrast with previ-
ous studies, we present measurements and simulations
demonstrating: (i) filamentary magnetic-field generation
by fast electrons over much larger scales than previously
thought possible, both in space (hundreds of microns,
i.e. far away from the laser focal spot vicinity and far
from the region where the Biermann magnetic field de-
velops) and time (tens of ps), and (ii) the simultaneous
development of the collisionless and resistive types of fil-
amentation in different areas of the target. This allows
us to untangle the conditions for their occurrence, and
of their differential development depending of the target
material the electrons propagate through.

Our measurements make use of the proton radiogra-
phy technique (see Fig. 1 and Methods), by means of two
high-temporal-contrast, short-pulse laser beams, B1 and
B2. More details on the setup can be found in Ref. [14].

B2 irradiates target 2 (a 3 um thick Al or a 10 um thick
PET foil) at an angle of 31° to the target normal (in the
horizontal plane), while B1 generates the probing pro-
tons from target 1. Depending on target 2’s material (Al
being a conductor, PET being an insulator), two types
of electromagnetic field patterns are observed to arise,
which kinetic simulations indicate are induced by colli-
sionless and resistive current filamentation instabilities.
These are triggered as the fast electrons, respectively, re-
circulate in the low-density plasma expanding into the
vacuum and drift away from the laser spot into the cold,
solid-density target bulk. As will be detailed in Figs. 3
and 4, such instabilities generate electromagnetic struc-
tures consistent with the experimental observations in
the Al and PET foils in terms of field strength (~ 10T),
wavelength (~ 100 um), as well as spatiotemporal evo-
lution (instability triggered a few 100 um away from the
focal spot, ~ 1ps after the main laser drive).

On the radiographs shown in Fig. 2, the dark and white
regions result from, respectively, accumulation and de-
pletion of the probing protons through the quasistatic
fields induced around target 2. All frames associated
with either the Al (Figs. 2a-c) or PET (Figs. 2f-g) foil,
corresponding to different energies of the probing pro-
tons, and hence to different times-of-flight between tar-
get 1 and target 2 (as indicated above each frame), are
taken from a single shot. The irradiated region can be lo-
cated by the large black area encircled by a white ring of
~ 300 pm radius, delineating the large-scale B-field cre-
ated by the Biermann battery on the surfaces of target
2 (see Ref. [14] and references therein). Remarkably, the
radiographs also evidence a small-scale spotted pattern,
developing from ~ 400 um to 2 700 um away from the
focal spot, with a typical wavelength A\, ~ 100 um (see
lineout in Fig. 2d) and lasting at least 43 ps (see Fig.
S2 right). These structures, absent without B2 irradi-
ating target 2 (the protons then exhibit a homogeneous
dose, see Fig. 2i of Ref. [14]), are observed within the
first ps following the laser peak (see first frame of Fig. 2a
of Ref. [14]). Moreover, they are mainly located at the
left-hand side of the irradiated region, i.e., in a domain
towards which the hot electrons are expected to be pref-
erentially flowing. Figure 2e displays an idealized pat-
tern of (azimuthal) magnetic and (radial) electric fields
(see Methods), yielding a synthetic radiograph (pseudo-
color map) qualitatively matching the experimental data.
Note that the magnetic structures inferred in Ref. [27]
from modulations in the accelerated proton beam are
consistent with what is observed in our radiographs, but
with a much smaller wavelength and larger amplitude
(due to their proximity to the laser spot).

The radiographs of the PET targets reveal a dotted
pattern qualitatively similar to that seen in Al. Yet they
also feature larger-scale radial dark streaks, which sug-
gests that another mechanism for electromagnetic field
generation, absent or weakly operative in Al, is here di-
agnosed on the line of sight of the probing protons.

We will now show that the recirculation of the hot elec-
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FIG. 2: Proton radiographs evidencing two types of filamentation instabilities driven by laser-generated hot
electrons in metallic and dielectric targets a-c, Radiographs at various times, obtained with an Al foil as target 2.
t = 0 refers to the time at which laser B2 irradiates target 2. Darker and lighter areas correspond to increased and depleted
proton dose, respectively [14]. b-c, Closeups of the off-center region delimited by the yellow dashed square in a. Small-scale
modulations are observed to develop after ~ 1ps. d, Normalized proton dose profile along the purple line in b (purple solid
curve) and synthetic dose profiles (black and blue dotted curves) (see Methods). e, Schematic pattern of the magnetic field
lines (circular arrows) that could develop in the zone delimited by the blue box in b, overlaid on the resulting (simulated)
proton dose modulation AN/Ny (pseudocolor map). Red and green loops indicate magnetic field lines of opposite polarity.
f-g, Proton radiographs obtained with a PET foil as target 2. On top of a small-scale dotted pattern akin to that seen in a-c,
one observes radial streaks extending from the central laser spot. h, Normalized proton dose profile along the red line in f (red
solid curve) and synthetic dose profile (black dotted line) (see Methods). i, Same as e but considering the additional effect of
the radial electric field induced in each pinched filament (see Methods and Supplementary Information). All spatial scales refer

to the target 2 plane.

trons across the dilute plasma expanding from the target
surface triggers collisionless current filamentation, thus
giving rise to electromagnetic structures such as those
sketched in Fig. 2e. In order to investigate the large-
scale hot-electron dynamics in a self-consistent way, we
have performed a 2D particle-in-cell (PIC) simulation us-
ing the code CALDER [30]. This simulation describes the
laser-plasma interaction (and related collisional and ion-
ization processes) in the x —y plane shown in Fig. 1, with
half-reduced Al density to alleviate the computational ef-
fort (see Methods). Hereafter, the origin of time is placed
when the pulse maximum reaches the target surface. We
see in Fig. 3a that, already at t = 0.41 ps (i.e. 1.44 ps af-
ter injection of the laser pulse in the simulation), the rear
target surface has moved a distance > 10 um, and that
magnetic modulations have developed in the expanding
plasmas from the two target sides (see Fig. 3b and Sup-
plementary Information, Figs. S1 and S7). At the back-
side (z > 44 pm), they extend up to y ~ 150 um from
the laser spot, with a typical wavelength A, ~ 6 pm.

Electrons in the expanding plasma show a momentum-
flux anisotropy K,/K,—1 ~ 1 (where K, and K, are, re-
spectively, the momentum fluxes along the x and y direc-
tions, see Figs. 3c and S1f), suggesting that they are sus-
ceptible to the Weibel filamentation instability [27, 31].

The growth rate and wavelength of the dominant mode
can be estimated from the dispersion relation derived for
an ad hoc two-temperature relativistic distribution func-
tion (see Supplementary Information, Sec. II), the pa-
rameters of which are extracted from our fully PIC simu-
lation. Moreover, the approximate magnetic-field wave-
length and strength at saturation (see Supplemental in-
formation, Sec. V.A) can be related to the hot-electron

plasma frequency, wpn = \/npe?/meey and the electron
thermal velocity vy, ~ 0.2¢ (see Fig. S7c), through

Ap 2 an2me/wpp, (1)

B, ~ a%a,\mewphc/evhx, (2)

where ¢, €, np, me and e are the speed of light in vacuum,
the vacuum permittivity, the hot electron density, the
electron mass and charge, respectively. Also, a and ar
are proportionality factors depending on the anisotropy
and mean energy of the electron distribution; in our case,
we have ) ~ 2 and ar ~ 0.1 (see Supplementary Infor-
mation, Sec. II, Fig. S4).

Far from the irradiated region, an electric field
E, ~ (Jn x B—VP,)/(en;,) should also build up (Jn
and P are, respectively, the hot-electron current density
and pressure). A few picoseconds after the laser interac-
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FIG. 3: Kinetic numerical simulations demonstrating the occurrence of plasma conditions favorable for the
growth of the collisionless and resistive current filamentation instabilities. a, b, ¢, Fully PIC 2D simulation of
laser-plasma interaction in the z — y plane (see Methods). a, Longitudinal lineouts at y = 117 um of the total (solid lines) and
hot (E > 100eV, dashed lines) electron density (normalized to the critical density n. = 1.1 x 10%* cm™®) at different times,
illustrating the hot-electron-driven plasma expansion along the target normal and away from the laser spot (located at y = 0).
In the expanding plasma (z 2 44 um), the hot and total electron density profiles coincide. b, 2D map of the magnetostatic
(B.) field, averaged over a laser cycle, at ¢ = 0.41 ps, showing magnetic modulations in the expanding plasma as the result
of the collisionless Weibel instability. ¢, Electron momentum-flux anisotropy, K/K, — 1, where K, (resp. K) is the local
(resp. y) aligned momentum flux, averaged over electrons of energies > 100eV. d, 2D PIC-MHD simulation of hot-electron
transport in the y — z plane (see Methods) with Tho = 1 MeV, Teo = 50eV, npg = 5 X 10t cmf‘“’, Ro = 32pum and log A = 2.
The simulated hot-electron density n/n. (solid lines), averaged poloidally around the initial hot electron-filled area, is plotted
versus the radius r = y/y? + 22 at different times, and compared with analytic estimates (dashed lines, see text). e, Theoretical
growth rate I' vs. poloidal wavelength Ay of the resistive current filamentation instability (see Supplementary Information, Sec.
I1I). Hot-electron parameters are extracted from PIC-MHD simulations run with log A = 2, i.e. modeling a conductor (solid
line, multiplied by 6) and log A = 20, i.e. modeling an insulator (dashed line) at ¢t = 0.5 ps [nn ~ 2 x 10*° ecm ™3, T}, ~ 300keV,

Tee ~500eV, v, =0, T, = 10keV (resp. 13keV) for log A = 2 (resp. 20), see Methods].

tion, the pressure term, responsible from the Biermann
battery effect, should be negligible, so that the electric
field should originate from the pressure induced by the
Weibel magnetic fluctuations, B, ~ —VBZ/(2uoeny).
Physically, this field originates from charge separation in
the Weibel filaments between the magnetically pinched
electrons and the slowest-moving ions [32, 33]. Its
strength can be estimated using Egs. (1) and (2),

E, ~ ata3mecPuwyn /2ev, . (3)

While the magnetic field around a filament tends to fo-
cus or defocus the probing protons depending on the fil-
ament’s current sign, the accompanying electric field is
always focusing. The net effect on the proton deflection
is determined by the modulation wavelength A, (see Sup-
plementary Information, Sec. V.B).

In order to demonstrate that the instability seen to
grow in the simulated expanding plasma (Fig. 3b) ac-
counts for the dotted pattern evidenced by the radio-
graphs (Fig. 2), one needs to disentangle the impact
of the reduced geometry of our simulation on the hot-
electron dynamics. Indeed, unlike in Refs. [27, 28], field
modulations here build up at least a picosecond after the
laser irradiation, and hundreds of microns away from the
focal spot, where multidimensional electron dilution ef-
fects should arise. Obviously, such effects are improperly
treated in our fully PIC 2D simulation, which resolves
only the x — y plane. Yet they can be evaluated by es-
timating the temporal evolution of the hot-electron den-
sity, np, in a general system of spatial dimension D + §,

where D and ¢ denote the number of dimensions in the
target plane and normally to it, respectively. Assum-
ing a homogeneous spatial distribution, and taking into
account both the transverse thermal spread of the hot
electrons and the longitudinal plasma expansion, one ob-
tains np,(t) ~ annno/(1 + vpt/Ro)P /(1 + cont/L)° with
L, csp, npo, Ro, Upe, and a,, being the target thickness,
sound speed, initial hot-electron density, deposition ra-
dius, radial thermal velocity spread and proportion of
spreading hot electrons, respectively. Our fully PIC sim-
ulation suggests that Ry ~ 32 um, njpo ~ 5 x 10! cm ™3
(see Fig. S3a).

To constrain the above values of «,, and vy, we have
carried out a 2D PIC-MHD simulation resolving the hot-
electron transport through the solid-density Al target in
the transverse (y —z) plane. In this simulation, the laser-
plasma interaction and longitudinal plasma expansion
are not described, while the response of the thermal bulk
electrons is modeled in the resistive MHD limit, which
allows the hot electrons to be followed over larger spa-
tiotemporal scales than in the fully PIC simulation (see
Methods). At t = 0, the hot electrons are initialized
as an isotropic Maxwellian population of temperature
Tho = 1 MeV and density n,9 = 5x 102! cm ™3, contained
in a circular region of radius Ry = 32 um. The initial Al
plasma temperature is of 50eV, corresponding to a 5+
ionization degree. Such input parameters are based on
the fully PIC simulation data (see Supplementary Infor-
mation, Sec. I).

The hot-electron density profiles extracted at vari-



ous times from the PIC-MHD simulation (see Figs. 3d
and S7) support the above estimate for ny(t) (taking
D = 2 and § = 0) with a,, ~ 0.25 and vp, =~ 0.5¢
(see Supplementary Information, Sec. IV.B). Also, taking
D = § =1, our formula predicts nj, ~ 3.4 x 10'? cm™3
at t = 1.44 ps, consistent with the fully PIC simulation
(Fig. 3a). Further, Egs. (1) and (2) give A, ~ 11 pm and
B, ~ 190T, close to the simulation data (see Fig. 3b
and Fig. S1b). In this simulation, however, due to its
reduced geometry and a too short integration time, the
magnetic field in the modulated region comprises compa-
rable Weibel and Biermann-battery components, invali-
dating the electric field estimate of Eq. (3) (see Supple-
mentary information Sec. V.B).

In the experimental geometry (D = 2, § = 1), keep-
ing the above 2D values for v,, a) and ar, one obtains
np ~ 2.7x 107 ecm ™2 and Ap ~ 130 pm at ¢ = 4 ps, in fair
agreement with the observed structures (Figs. 2a-c). A
magnetic field strength B, ~ 17T is predicted, close to
the experimentally inferred value of ~ 10T (see Meth-
ods). Moreover, the accompanying electric field is ex-
pected to be strong enough (E, ~ 0.12GV.m™!) to affect
the radiographs (see Fig. 2i) by increasing (resp. fading)
the contrast of the focusing (resp. defocusing) magnetic
loops (see Supp. Info. Sec. V). Since hot electron recir-
culation and target expansion occur on both sides of the
target, the probing protons should form two overlaid, in-
dependent electromagnetic patterns on the detector (see
Methods and supplementary information Sec. V.C).

The PIC-MHD simulations capture the lateral spread-
ing dynamics of the hot electrons, and hence the resis-
tive filamentation instability that can affect it. As the
electrons move radially away from their generation re-
gion, their momentum distribution becomes “cold” in
the poloidal (#) direction, while it stays “hot” along
the other (r,z) directions (see Fig. S6 in Supplemen-
tary Information Sec. IV.A). A large anisotropy in the
hot electron pressure is therefore driven in ~ 0.5 ps, al-
though its final level may be overestimated due to neglect
of the longitudinal target expansion and of the associ-
ated electron-to-ion momentum-transfer (occurring after
~ L/2csp, ~ 0.5ps [34]). Therefore, in the case of the con-
ducting Al target (characterized by a Coulomb logarithm
log A = 2 [35]), a non-propagating magnetic modulation
builds up after a few 100fs (see Fig. 4a, right), reaching
a field strength (B3)'/? ~ 34T (averaged over the region
100 > r > 200 um) with a typical (poloidal) wavelength
A¢ =~ 5 — 10 um. These results are compatible with the
linear dispersion relation of the resistive filamentation in-
stability, evaluated using parameters extracted from the
PIC-MHD simulation at ¢ = 0.5 ps, and which predicts a
fastest-growing wavelength A, ~ 5 um (Fig. 3e, see Sup-
plemental Information Sec. III). The instability growth
time, F;l ~ 160 fs is also consistent with the experimen-
tal time of appearance of the proton dose modulations
(0 — 1ps after laser irradiation).

We will now assess the influence of the target elec-
trical resistivity on the observed radial structures. The

hot-electron dynamics in the insulating PET target is
expected to differ from that in the conducting Al target
due to higher electrical resistivity at low temperatures
[21, 36]. Since our PIC-MHD framework ceases to be ac-
curate outside the Spitzer collisional regime (T' < 50eV),
we will restrict ourselves to a qualitative comparison by
running the same simulation than in Al but with an
artificially enhanced resistivity, i.e., using a Coulomb
logarithm log A = 20 instead of logA = 2, so as to
mimic the response of the PET bulk target electrons.
Comparing the magnetic field maps displayed in the left
and right-hand sides of Fig. 4a, one can see that about
twice stronger field modulations ((B3)!/? ~ 70T wvs.
35T) build up at log A = 20, while keeping approxi-
mately the same wavelength. This behavior is consistent
with the dispersion relation of the resistive filamenta-
tion instability (see Methods and Supplemenatry Infor-
mation). Indeed, from the simulation data in the region
50 < r < 100 um (see Figs. S6a-f), the maximum growth
rate (dashed line in Fig. 3e) is predicted to be ~ 6 times
larger at log A = 20 than at log A = 2, with about the
same wavelength.

After saturation of the instability, the hot electrons’
contribution to the magnetic structures progressively
weaken due to dilution, so that the latter end up be-
ing sustained by the bulk thermal electrons only, thus
being subject to magnetic diffusion over a timescale
Ty ™~ /1,00')\3) 2 30ps at temperatures > 50eV. Hence,
we do not expect significant evolution of the fields in-
side the target over a ~ 74 timescale following the final
simulation time (3.28 ps).

Figures 4b,c display synthetic radiographs obtained
from proton ray-tracing calculations through the field
distributions extracted from the above simulations (see
Methods). In Fig. 4b only the PIC-MHD fields are taken
into account (for both log A = 2 and log A = 20), while
Fig. 4c further considers the effect of the electric and
magnetic fluctuations that arise in the expanding plasma.
In all cases, scattering of the probing protons off the
target ions is also described (see Methods and Supple-
mentary Information Sec. V), and is responsible for the
smoothed rendering of Fig. 4b compared to Fig. 4a. In
the low-resistivity (Al) target, Figs. 4b,c show that the
dotted field pattern induced in the expanding plasma
mainly accounts for the observed proton modulations. In
the high-resistivity (PET) target, by contrast, the field
patterns generated both in the expanding plasma and the
bulk target are found to contribute to the radiographs.
The larger number of radial structures in the synthetic
radiographs (Figs. 2f,g) is ascribed to the imperfect mod-
eling of the electrical resistivity of the target and to un-
certainties in the initial hot electron parameters.

To conclude, we have shown, through proton radiog-
raphy, that the energetic electrons generated by an in-
tense short-pulse laser can induce quasistatic electro-
magnetic fluctuations of significant strength (~ 10T)
at surprisingly large distances (a few hundreds of pm)
from the laser spot. Based on numerical kinetic simula-
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FIG. 4: 2D PIC-MHD simulations evaluating the resistive filamentation growth in the solid foil plane for various

initial electrical resistivities. a, Magnitude of B

= (BZ+B2)"/? (in Teslas) at time ¢ = 3.28 ps for log A = 20 (i.e. modeling

an insulator, y < 0) and log A = 2 (i.e., modeling a conductor, y > 0). b, Synthetic radiographs from 8 MeV probing protons
in a 3 pm thick target with B-fields given by a (see Methods). ¢, Synthetic radiographs with superimposed filaments extending
in the z direction over L, = 48 um (see Methods). Following Fig. 2e, the magnetic field used for the reconstruction is taken
to be poloidal around each filament center (of periodicity A, = 140 um), and to obey the radial profile given by Eq. (6) with
Bo = 10T and a = 60 um. One electromagnetic distribution has been placed on the expanding rear side of the 3 um thick

target (see Methods for details on their arrangement).

tions and theoretical estimates, our analysis reveals that
two instability-based mechanisms for field generation can
operate simultaneously, namely collisionless current fila-
mentation in the expanding plasmas formed at the target
surfaces, and resistive current filamentation in the bulk
target. The former is found to prevail in conducting Al
targets, while both yield comparable field strengths in
high-resistivity PET targets. A full quantitative under-
standing of our experimental observations would require
describing the multidimensional hot-electron kinetics in
dense plasmas over tens of ps and hundreds of um spa-
tiotemporal scales. Not only out of reach of state-of-
the-art kinetic simulation codes, this challenging prob-
lem also require progress in the theoretical modeling of
the coupled-to-weakly-coupled plasma transition during
laser irradiation.

Methods
Experiments

The experiment was performed at the Jupiter Laser
Facility’s TITAN laser at the Lawrence Livermore Na-
tional Laboratory [14]. Each laser beam B1 and B2 had
an energy of 55J (£10%), a pulse duration of ~ 700 fs
FWHM, and was focused with a f/3 parabola at 31°
incidence angle in the horizontal plane, resulting in an
on-target intensity of ~ 2 x 10" W.cm~2. The normal-
ized laser field strength was Ay = eE/mccwy ~ 4, where
wp is the laser frequency. Before focusing, B2 was re-
flected off a plasma mirror, with 70 % efficiency, in order
to improve its temporal contrast [37]. A high temporal

contrast ensured steep density gradients at the target sur-
face, which is critical for the formation and observation
of the far-distant magnetic loop structures revealed here
(e.g., compare with the results of Ref. [38] where no simi-
lar structures were observed, likely due to the generation
of a large preplasma by the laser prepulse).

The probing protons, generated through target normal
sheath acceleration [21] by focusing Bl onto a 50 ym-
thick Au foil, had a useful energy range of 4.5 MeV to
9.5MeV. They probed the B-fields developing in target
2 in a “face-on” configuration [14], suited to measuring
toroidal magnetic loops having their axis along the tar-
get normal, while minimizing the influence of the E-fields
that develop along the target normal. As shown in Fig. 1,
the probing protons, after propagation through target 2,
were collected by a stack of radiochromic films [39] in
which they were stopped in distinct layers according to
their incident energy. Time-of-flight differences between
protons of various energies from their source up to target
2 allowed us to probe the central, large-scale, as well as
the radially distant, smaller-scale, electromagnetic fields
at successive times (f = 0 corresponds to the time at
which B2 strikes target 2). Target 2 was either a 3 ym-
thick Aluminum (Al) foil or a 10 pm-thick Polyethylene
terephthalate [PET, an insulator polymer with composi-
tion (C10H804)n].

2D fully PIC simulation

A large-scale PIC simulation (2D in space, 3D in mo-
mentum) of the irradiation of the Al foil by the laser
beam B2 has been performed using the PIC code CALDER



[30]. The laser beam has a Gaussian temporal profile of
690 fs FWHM, a Gaussian spatial profile of 8 yum FWHM
and a 30° incidence angle. Its maximum intensity is of
3.5 x 101 W.cm ™2, reached at ¢ = Ops on the target
surface. The simulation unfolds between t = —1.03 ps
and t = 0.41ps. The target is composed of three lay-
ers: HT (0.7 um), AI®* (3.7 um) and neutral hydrogen
(6 nm). Its density profile consists of a 3 um long plateau
preceded by a 1.4 um-long preplasma made of HT and
AI3* jons. The maximum ion target density is taken to
be half the solid density (na; = ng = 90n.) so as to re-
duce the computational load. All species are initialized
with a temperature of 10eV.

The numerical box has dimensions L, x L, = 83.5 x
389.9 um? with a spatial discretization Az = Ay =
5.6nm and a time step At = 1.48 x 1072fs. An
alternating-order interpolation scheme [40] is employed
with a 4th-order weight factor. Each cell initially con-
tains 50 macro-particles per species in the Al layer and
500 macro-particles per species in the thin H layers. The
Maxwell solver proposed in Ref. [41] is used along with
a combination of spatial [42] and temporal [43] filter-
ing. Elastic Coulomb collisions, electron impact ioniza-
tion and field ionization are modeled following Refs. [44].

2D PIC-MHD simulations

In order to access spatiotemporal scales of experimen-
tal relevance in a 2D geometry, we have employed the
resistive magnetohydrodynamic PIC model proposed in
Ref. [45]. This numerical scheme, implemented into the
code CALDER [30], consists in replacing the Maxwell-
Ampere equation by the generalized Ohm’s law
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where 7 is the electrical resistivity, n., P, and J. are
the density, pressure and current density of the thermal
(‘cold’) electrons and Jy, is the current density of the hot
electrons. Since this scheme only accounts for the gen-
eration of non-radiative fields, it allows one to use mesh
sizes (resp. time steps) much larger than the plasma skin
depth (resp. plasma period), thus greatly alleviating the
computational load. In a given cell, electrons are consid-
ered ‘cold’ if their velocity fulfills v < 54/T./m., where
T, is the local temperature of the cold electron popula-
tion at the previous time step; the remaining electrons
are considered ‘hot’.

Our PIC-MHD simulation (2D in space and 3D in mo-
mentum) self-consistently describes the evolution of an
initially confined source of hot electrons through a dense
Al plasma in the y — z plane parallel to the target surface
(assuming invariance along the z axis). Initially, the hot
electrons uniformly fill a cylinder of radius Ry=32 um
with a density npg = 5 x 102! ecm™3, centered around
(y,z) = (0,0). The start time of the simulation, ¢t = 0, is
assumed to correspond approximately to the moment the

maximum laser intensity reaches the target surface, thus
reducing the time-dependent hot-electron generation to
a instantaneous process. The choice of an initial hot-
electron source wider than the ~ 8 um laser spot partly
accounts for the radial expansion of the hot electrons dur-
ing the laser pulse [46] (thus ensuring a relatively moder-
ate npo, as is expected). Their momenta are distributed
according to an isotropic Maxwell-Jiittner distribution of
temperature T,g = 1 MeV. Simulations performed with
different initial temperatures (from 200 to 500keV) or
anisotropic distributions (with T, > T, .) yield quali-
tatively similar results. The total kinetic energy car-
ried by the hot electrons is ~ 25J, which amounts to
~ 50% of the B2 laser energy [47]. The hot-electron
spot is immersed inside a solid-density Al°t plasma of
50-eV temperature. The bulk (‘cold’) electron density
is ney = 300n,. everywhere, except within the hot spot,
where it reduces to n.y = 295n, to ensure charge neutral-
ity. Coulomb binary collisions between all the charged
particle species and impact ionization of the Al ions are
described using the framework of Ref. [44]. The electri-
cal resistivity involved in Ohm’s law is calculated in the
Spitzer regime with the numerical fits given in Ref. [48].

The computational domain has dimensions L, X L, =
800 x 800 um? and is discretized with mesh sizes Az =
Ay = 0.16 um. The time step is At = 0.34fs. The
boundary conditions are taken to be absorbing for the
particles and reflective for the fields. The ion and
cold electron populations are initially modeled by 100
macroparticles per cell, while the hot electrons are mod-
eled by 1000 macroparticles per cell.

Theory of the resistive filamentation instability

The dispersion relation of the filamentation instabil-
ity driven by hot electrons streaming through a dense
resistive plasma has been derived within a kinetic-fluid
framework, similarly to Ref. [18]. The hot electrons are
taken to obey a two-temperature Maxwellian distribution
(neglecting relativistic effects for simplicity), and their
perturbed current density is obtained from the linearized
Vlasov equation. The cold bulk electron current is given
by the simple Ohm’s law J. = ocE. After some algebra
and a third-order Taylor expansion of the linear disper-
sion relation, one can estimate the growth rate as a func-
tion of the fluctuation wavenumber (see Supplementary
Information). The input electron parameters have been
extracted from the PIC-MHD simulations. For log A = 2
and at t = 0.5 ps (Fig. 4a, right), the hot-electron density
(n) and poloidal/longitudinal temperatures (Ty,,) are
measured to be ny ~ 0.02 x 102! cm ™3, Ty ~ 10keV and
T, = 300keV (see dashed black lines in Figs. Sha-e). For
log A = 20, (Fig. 4a, left), one has nj, ~ 0.02x 10%! cm 3,
Ty ~ 13keV and T, ~ 300keV. The cold-electron radial
drift velocity (v,) and temperature (T;) are found to vary
in the ranges 0 < |v,| <2 x 108 m.s™! (see Fig. S5c) and
150 < T, < 600keV (see Fig. S6b). The curves plotted in



Fig. 3e correspond to v, = 0 and T, = 500eV. Increas-
ing v, up to 2 x 108 m.s~! or decreasing T, to 150eV
enhances the maximum growth rate, yet does not change
the qualitative ordering of the low- and high-resistivity
curves (plain and dashed lines in Fig. 3e).

Synthetic radiographs

The synthetic proton radiographs displayed in Fig. 4
have been generated using the 1Lz program developed
at LULI. This numerical tool allows us to confront the
kinetic simulation results with the experimental data
(Fig. 2), and hence to infer the topology of the proton-
probed magnetic fields.

ILZ computes numerically the proton trajectories in
a given stationary electromagnetic distribution, neglect-
ing collective effects. The input proton flux is taken to
be monoenergetic with a uniform angular distribution
within an emission lobe broad enough (> 8°) to probe
the whole PIC-MHD simulation plane. The dose varia-
tion onto the detector plane is evaluated as AN/Ny =
(N — Ny)/Ny, where Ny and N are the locally measured
fluxes (in a given solid angle) before and after crossing the
electromagnetic distribution. Owing to the small areal
density of the target, the collisional energy loss of the
protons can be neglected. Their collisional angular scat-
tering is simply modeled by convolving the dose variation
with a Gaussian of rms width corresponding to the an-
gular spread [49]:

Eq L
= e,
pBeV Lg
where L is the target thickness, L is the radiation length
of the material, p is the incident proton momentum, € =
1+ 0.038log (L/Lpg) is a correction term [50], and E, =
13.6 MeV is a constant.

We have considered a magnetic field distribution com-
posed of a periodic array of magnetic loops of interspac-
ing A,. Each loop obeys the following radial profile,

91/6 = (5)
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with a being the radial size of the structure and By its
maximum field strength. The magnetic field distribu-
tion is assumed to comprise magnetic loops of opposite
polarity, as drawn in Fig. 2e (the colormap depicts the
1LZ-computed proton dose variation).

The electric field associated with each magnetic loop
has been estimated by balancing its resulting force on the
plasma electrons and the magnetic pressure force, giving
E, = —VB?/(2upen.) [32, 33]. Using Eq. (6) leads to
the expression
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The modulations of the proton dose deposited in the
RCF have been evaluated from the calibration performed
in Ref. [39]. The reference dose (from the non-deflected
protons) has been measured outside of the modulated
area. We have inferred the field parameters a and By
from fitting the synthetic dose modulations to the data.
Figure 2d illustrates this procedure in the Al case: the
two locally best-matching synthetic dose profiles, corre-
sponding to a = 60 um and By = 10T (black dotted
line) and a = 34 um and By = 7T (blue dotted line), are
overlaid on the experimental profile (purple solid line).
Figure 2h exemplifies the PET case: here the experimen-
tal curve (red solid line) is well reproduced modeling the
B-field locally as Gaussian, B(r) = Boe*’ﬂ/’f, taking
a =40 pm and By = 40T (black dotted line).

The electromagnetic field distribution underpinning
the synthetic proton images shown in Fig. 4¢ consists in
the juxtaposition of the electromagnetic loops detailed
just above (placed at the rear side of the target) and the
electromagnetic field map extracted from the PIC-MHD
simulation. In other terms, in the ILZ simulation, the
protons first probe the fields predicted by the PIC-MHD
simulation, and then the electromagnetic loops formed in
the expanding plasma at the target backside. The thick-
ness of the expanding plasma has been taken equal to
cst >~ 48 ym,where t ~ 4 ps is the probing time. For com-
pleteness, the synthetic radiographs obtained by placing
electromagnetic loops on both target sides are illustrated
and examined in Fig. S10 of the Supplementary Infor-
mation.
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