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ABSTRACT

Experiments with interacting high-velocity flows in a laser plasma can help answer fundamental questions in plasma physics and improve
understanding of the mechanisms behind some astrophysical phenomena, such as the formation of collisionless shock waves, deceleration
of accretion flows, and evolution of solar and stellar flares. This work presents the first direct experimental observations of stagnation and
redirection of counterstreaming flows (jets) of laser plasma induced by intense laser pulses with intensity I ~ 2 x 10'* W/cm?. Hybrid particle-
in-cell-fluid modeling, which takes into account the kinetic effects of ion motion and the evolution of the pressure tensor for electrons,
demonstrates the compression of counterdirected toroidal self-generated magnetic fields embedded in counterstreaming plasma flows. The
enhancement of the toroidal magnetic field in the interaction region results in plasma flow stagnation and redirection of the jets across the

line of their initial propagation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0272622

I. INTRODUCTION

Counterstreaming plasma flows are observed in astrophysical
objects and in some cases lead to the formation of highly inhomo-
geneous nonequilibrium plasma structures. Well-known examples
include solar wind interaction with planetary magnetospheres, col-
liding stellar winds, ™ supernova remnants (see, e.g., Ref. 5 for a
review), pulsar wind nebulae (see, e.g., Ref. 6 for a review), gamma-
ray burst afterglows,” radiolobes of active galactic nuclei,”” and
decelerating accretion flows.'”'" While the global hydrodynamics of
these shocks is relatively well understood, the details of their micro-
physics are still an open issue.'” The notable unsolved problems are
properties of small-scale magnetic fields (magnetic turbulence) and
the process of initial particle injection into a nonthermal distribu-
tion, which further undergoes diffusive shock acceleration. Recent
X-ray polarization measurements' ”'* provide a glimpse into the first
problem, whereas the second can only be studied by means of either
numerical models or laboratory modeling. Microphysics of colli-
sionless shocks is a complex problem involving plenty of plasma

instabilities and various elementary processes. It is not trivial even
to list all the relevant physical phenomena, much less to implement
them in numerical models. Laboratory experiments with plasma
flows complement numerical simulations in revealing the details of
collisionless-shock microphysics.

In addition, the role of the large-scale magnetic field in the
microphysics of collisionless shock waves is still not fully under-
stood. Investigation of this topic and interpretation of the results
are complicated by the fact that in addition to the external magnetic
field, the dynamics of plasma flows can also be influenced by the
self-induced large-scale magnetic field. It is known that without any
seed, a magnetic field can be generated through several mechanisms,
such as the Biermann battery'® or as a result of the development of
Weibel-type instabilities in the plasma.'® Counterstreaming plasma
flows in which a self-generated toroidal magnetic field is embedded
can exhibit entirely new effects, such as redirection of plasma flows,
magnetic reconnection,””'* and plasma stagnation.m -

The large distances to the astrophysical objects with counter-
streaming jets under consideration complicates direct observation
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of flow redirection and testing of theoretical models. However,
laboratory approaches offer the possibility of creating controlled
experimental conditions that allow detailed investigation of the evo-
lution of plasma structures. Experiments enable the control of key
parameters that are difficult or impossible to measure in astronomi-
cal observations, thereby contributes to a deeper understanding of
the physical mechanisms behind the observed phenomena. Thus,
laboratory experiments are a crucial companion to astronomical
observations.”

Modern laser systems allow the creation of plasma flows
with fairly high directed velocities (of the order of and exceeding
100 km/s), which enables ions in counterpropagating flows to be col-
lisionless, while electrons and ions in each flow remain collisional.**
Therefore, a magnetohydrodynamic approach can be used for an
approximate description of the evolution of the individual plasma
flows,”” but for an accurate description of the interaction between
the two flows, the kinetics of the ions must be taken into account. In
this context, experimental studies can be divided into two classes,
investigating collisionless and collisional ion interactions, respec-
tively. For collisionless interactions, characterized by high relative
ion velocities between streams and consequently low collisional dis-
sipation, astrophysically relevant phenomena have been observed,
such as collisionless shocks’” ** and Weibel instability.”’ *
Particularly important in the astrophysical context are studies of
magnetized collisionless shocks.””"" There have been a number of
investigations of the interaction of high-velocity laser-driven plasma
flows with magnetized ambient media.””

Collisional interactions and plasma stagnation resulting from
the conversion of directed flow energy into thermal energy in coun-
terstreaming plasma flows have been extensively investigated.” "’
Transitions from collisionless to collisional interaction regimes have
been observed.””** There have been some studies’”** focusing on
oblique collisional interactions of plasma flows, examining collima-
tion and stability of plasma flows in the context of scaled astro-
physical jets and demonstrating the existence of density-dependent
morphologies and radiative cooling effects. Magnetic reconnection
during tilted plasma flow interactions in external magnetic fields has
also been investigated.'”'® These studies observed collisional stag-
nation of plasma flows, manifested through enhanced self-emission
between targets.

Several experimental studies’””"**** have investigated mag-
netic stagnation of counter-propagating plasma flows and are there-
fore closely related to our work. All of these experiments were
conducted on the Omega EP Laser System using kilojoule-class
nanosecond laser beams. In one study,” counterstreaming plasma
flows expanded into an ambient plasma containing an external mag-
netic field with strengths up to 8 T. The external magnetic field had
an X-type null-point geometry frozen into the background plasma.
When the counterstreaming laser plasma flows propagated into this
magnetized medium, magnetic reconnection and magnetic stagna-
tion of plasma flows were observed. Critically, in that experiment, in
the absence of an ambient plasma and/or an external magnetic field,
stagnation of counterstreaming nanosecond-laser-produced plas-
mas was not observed, but, instead, mutual plasma interpenetration
dominated the interaction dynamics.

In Refs. 45 and 46, diverging (noncollimated) plasma flows
generated by ~2 kJ nanosecond laser pulses with velocities
V ~ 1000 km/s were collided head-on. In Ref. 21, collimated plasma
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flows (produced using V-shaped targets) with velocities exceeding
V ~ 1700 km/s were collided at various angles, including a counter-
streaming geometry. Proton radiography measurements in all these
studies revealed large-scale stable electromagnetic field structures.
Through the use of an analytical model similar to that in Ref. 22,
these studies demonstrated the formation of a magnetic stagna-
tion surface in the collision region. The analytical model shows that
magnetic fields generated by the Biermann battery mechanism are
advected from the target, compressed and amplified to 10-30 T in
the interaction region.

Our investigation of magnetic stagnation of plasma flows gen-
erated by relativistic-intensity femtosecond laser pulses comple-
ments the above studies, but explores a different physical regime
owing to the distinct nature of intense laser-matter interaction.
The key difference, as will be discussed in detail later, lies in the
ratio between the plasma ram pressure pV>/2 and the self-generated
magnetic field pressure B?/87, which is characterized by a dimen-
sionless parameter My = V/V 4, where V4 = B/\/4mp is the Alfvén
speed calculated from the flow density p. While all the studies men-
tioned above operated in the regime M4 > 1, our work deals with a
fundamentally different regime M4 ~ 1 (see Table II).

All the abovementioned laser-plasma experiments investigat-
ing the collision of quasi-counterstreaming flows have primarily
been conducted using energetic (up to several kJ) and moderately
intense I < 10" W/cm? nanosecond laser pulses. Experiments like
ours where counterstreaming plasma flows are created by irradi-
ating solid targets with intense short (a few tens of femtoseconds
to a few picoseconds) laser pulses with peak intensities exceed-
ing 10'® W/cm® have been absent until now. This significant new
approach was proposed in a theoretical study”’ of the generation
of collisionless shock waves. When a plasma is heated with short
intense pulses, there are several significant differences compared
with nanosecond plasma heating. Under femtosecond intense irra-
diation of the target, a substantial fraction of accelerated electrons
is generated, with oscillatory energies up to few MeV.*® Energetic
electrons can escape and move away from the heating region,”
resulting in an huge electric field that returns electrons and accel-
erates ions in some cases to 10 and even 100 MeV.”””' In this
process, the direct and reverse oscillating electron flows contribute
to the generation of magnetic fields, such as large-scale fountain
magnetic fields” " and small-scale filamentation fields arising from
the development of Weibel-type current instabilities.'”” "’ Foun-
tain toroidal self-generated magnetic fields in a plasma can exceed
Biermann fields and reach several hundred tesla,” *° and more than
30000 T has even been reported in some cases.””"" These magnetic
fields can exert a constraining influence on the radial expansion of
the plasma,”” leading to a collimated plasma flow, which we call
ajet.

Our present work is dedicated to an experimental investiga-
tion of the interaction of counterstreaming plasma jets generated
by intense laser pulses (I ~ 2 x 10"® W/cm?). We have developed
and implemented an original scheme that allows us to split the
impact of the intense laser pulse across several targets and gener-
ate counterstreaming plasma jets. All experiments are conducted
on the single-channel petawatt PEARL laser facility.”” ** A detailed
study of the topology and evolution of the interacting plasma flows
and magnetic fields is carried out using two-dimensional interfero-
metric plasma density measurements, shadowgraphy, and Faraday
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polarimetry measurements with femtosecond temporal resolution.
Numerical computations performed using a hybrid particle-in-cell
(PIC)-fluid approach confirm the mechanism of plasma stagnation
and redirection by the toroidal self-generated magnetic field, which
is advected and amplified in the interaction region of the flows.

This work does not aim to elucidate the mechanism respon-
sible for generating the toroidal large-scale magnetic field, which
may be related to the Biermann mechanism or the fountain effect.
Instead, we focus on describing the experimentally observed phe-
nomenon of stagnation of counterstreaming plasma jets and their
radial redirection, in which the advection of the toroidal magnetic
field plays a significant role. To the best of our knowledge, such stud-
ies have not previously been conducted, primarily owing to the lack
of multichannel petawatt laser systems.

The remainder of the paper is organized as follows. Section II
describes the setup and experimental scheme. Section III presents
the experimental results. Section I'V presents the results of numerical
modeling using the AKA52 hybrid code. Section V presents a discus-
sion of the results obtained and an interpretation of the numerical
computations. In Secs. V and VI, we discuss the overall results and
draw conclusions.

Il. METHODS

The experiments were conducted at the petawatt PEARL laser
facility.””"” Details of the capabilities of the laser facility can be found
in our review®' and elsewhere.” *’ In the experiment, a laser pulse
with an energy of 10-15 J, a duration of 60-80 fs, and a wavelength
of 910 nm was used to generate plasma. The laser pulse was focused
using an F/40 spherical mirror into a spot with a diameter ~100 ym.
As a result, an intensity of about 2 x 10'® W/cm? was achieved on
the target. The intensity of the prepulse did not exceed 10~ relative
to the main pulse.

Optical methods were used for plasma diagnostics. The diag-
nostic pulse was a weakened replica of the main laser pulse, with
an energy of about 1 uJ, a duration of 60-80 fs, and an aperture
of more than 3 cm, allowing nearly instantaneous snapshots of the
entire expanding plasma. A Mach-Zehnder interferometer was used
to measure the plasma density (as shown schematically in Fig. 1 in
the supplementary material). Faraday polarimetry’’ was employed
to diagnose the magnetic field generated in the plasma (see Fig. 1 in
the supplementary material). A detailed description of the diagnos-
tic methods is provided in our review® and in the supplementary
material. Snapshots of the plasma were taken from 0.5 to 50 ns after
the target irradiation. Plasma probing was conducted simultane-
ously in two directions using two probe laser beams, one of which
is marked in the scheme in Fig. 1.

A. Experimental setup

The experimental setup for generating counterstreaming
plasma flows is shown in Fig. 1. A laser pulse with s-polarization (E
was in the plane of the target surface) was incident at a small angle
6 of about 5° to the target normal, interacted with the target surface
pre-ionized by the prepulse, and was reflected toward the second tar-
get located at a distance of about 2 mm. Both targets were made of
the same material, polymethyl methacrylate (Cs0,Hs),. The inter-
action of the laser pulse with the targets resulted in the generation
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FIG. 1. Experimental setup. An intense laser pulse with energy ~12 J and dura-
tion 60 fs irradiates the first target (polymethyl methacrylate) at an angle of ~5°
with s-polarization. Approximately 30% of the pulse energy is absorbed, while
the remaining ~70% is reflected and scattered. This reflected light subsequently
irradiates the second polymethyl methacrylate target, positioned 2 mm from the
first target. The second target is tilted by ~5° relative to the first target's ori-
entation to achieve quasi-counterpropagating collision of the two plasma flows.
The Rayleigh length of the pump beam (~10 mm) ensures comparable laser spot
sizes on both targets. Plasma dynamics are diagnosed using a 60 fs optical probe
beam (green arrow), employed for shadowgraphy, interferometry, and Faraday
polarimetry measurements.

of laser plasma flows propagating in the directions of the target
normals. The angle between the target normals was taken to be about
6 = 5°, thereby ensuring a quasi-counter collision of the two flows.

It is experimentally observed that the second plasma flow has
characteristics similar to the first flow, such as density, expansion
velocity, temperature, and total number of particles. This is because
of the low absorption of intense and short laser pulses when they
irradiate a solid target. Direct measurements show that a significant
portion, about 70%, of the energy of the intense pulse is reflected
from the solid target under our parameters. Such values agree well
with those found in previous studies,”””’* where absorption has
been measured and numerically estimated for similar laser pulse
parameters, yielding 20%-30%. Notably, at our intensities of ~10'®
W/cm?, the absorbed laser energy fraction shows little dependence
on the target material composition.”'’” Thus, in our experiment, the
laser pulse arriving at the second target has an energy of ~70% x 12
J = 8.2 ]. Consequently, the energy contribution to each flow can be
approximated as 3.6 J (primary target) and 2.5 J (secondary target).
The Rayleigh length is about 10 mm, which significantly exceeds the
2-mm distance between the targets. Therefore, the size of the laser
spot on the second target is of the same order of magnitude as the
size of the spot on the first target.

B. Description of a single laser plasma flow

To better understand the interaction of two plasma flows, let
us first consider the characteristics of a single flow when a single
target is irradiated. In the first few picoseconds after irradiation,
the plasma electrons have a very high temperature, reaching several
hundred keV." " As the plasma is expanding, it rapidly cools down
and isotropizes, resulting in a characteristic temperature of T. ~ T}
~ 50 eV after a few nanoseconds."*"’ These temperature estimates
are consistent with measurements under similar conditions’””>”*
made using a focusing spectrometer with spatial resolution
(FSSR).TS'%

Figure 2 shows a two-dimensional profile of the linear plasma
density obtained using femtosecond optical interferometry 8 ns
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FIG. 2. Snapshot of plasma flow, obtained 8 ns after irradiating a single target
with pulse intensity 2 x 10® W/cm? (no second target and second flow). (a) Two-
dimensional distribution of integrated plasma density along the beam, obtained
after analyzing the interferogram. (b) Plasma density slice along x axis directed
normally to target. (c) Plasma density slices along target surface.

after irradiation. For the details of the reconstruction of the plasma
density, see Refs. 64 and 77. The plasma flow generated by an
intense laser and expanding into a vacuum has a collimated struc-
ture with an expansion angle no more than a few degrees, which
is significantly different from the quasi-spherical expansion of a
“nanosecond” laser plasma.”””®

The dotted lines in Fig. 2(a) mark the slices presented in
Figs. 2(b) and 2(c). The one-dimensional profile of the plasma
density [Fig. 2(b)] along the normal to the target (x axis) is well
approximated by the dependence N, = Ae™", where w = 0.5 mm,
A=7x10" cm™. This experimental profile should be treated as
empirical. However, it shows good agreement with the scaling
N. = Ae M%7 where t =8 ns and Cs = 60 km/s represents the
ion sound speed corresponding to an electron temperature of
T, ~ 50 eV. The speed of the plasma flow front is estimated to be
100 km/s.

To obtain approximate estimates of the main parameters
(Table 1), it is reasonable to assume that the plasma consists of
individual ions H*, C*, and O". The plasma density at a distance
of 1 mm (see Table 11) of 2.5 x 10'® cm™® was obtained from the
linear concentration (Fig. 2) under the assumption of an axially

TABLE I. The values of the initial parameters for each of the two flows.
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TABLE II. Calculated values of some parameters.

Parameter” Value
p (g/cm®) 59%107°
Cs (km/s) 58

V4 (km/s) 110

L (cm) 1.25x 107"
Teol ee (nS) 1.65 x 1073
Rre (cm) 56x107°
fee (Hz) 8.4 x 10"
Lei (cm) 5% 1076
Teolei (NS) 1.9x107°
lii (cm) 8.7x107°
Teolii (11S) 33x107°
I; (directed) (cm) 5% 1072
Ry (directed) (cm) 1.2 x 1072
fii (Hz) 1.3 x 10°
74 (ns) 9x 10°
M 1.7
My 0.9

n (cm?/s) 3.4 x 10*
ReM 30

Re 20

Eu 2.2

B 3x 1072

?p, mass density; Cs, sound speed; V4 = B/~/4nn;m;, Alfvén speed (where #; is the ion
density and m; is the ion mass); I, mean free path for e—e collisions; 7| ¢, time between
electron collisions; Ry, electron Larmor radius; f., electron gyrofrequency; [;;, mean free
path for i—i collisions; 7 i, ion collision time; Ry;, ion Larmor radius; _f;[, ion gyrofre-
quency; 7 7, bremsstrahlung cooling time; M, Mach number; My = V/V 4, Alfvén Mach
number; Rey = LV /5, magnetic Reynolds number; 7, magnetic diffusivity; Re = LV /v,
Reynolds number (where v is the kinematic viscosity): Eu = \/pV?/p, Euler number;
B = p/(B*/8), plasma beta.

symmetric flow. According to the FLYCHK database,” for a temper-
ature T, ~ 50 €V and a characteristic density of 2.5 x 10'® cm™, the
plasma in equilibrium has an average charge number (Z) = 2. The
average mass number is approximately estimated as (A) = 7 under
the assumption that the plasma composition is determined by the
target composition. The initial numerical characteristics of the stud-
ied plasma are presented in Table I and are used to estimate some
parameters characterizing the behavior of the plasma in Table II.
Estimates for the mean free path of electrons and ions within the
flow, as well as ions from different flows, are provided. The mean
free path of ions from different flows [i(directed) = 0.5 mm is

Electron Charge Mass Flow ITon Electron Spatial Magnetic
density state number velocity temperature temperature scale field
Parameter e (cm™) VA A V (km/s) Ti (eV) Te (eV) L (cm) B (Tcy)
Value 5x10" 2 7 100 50 50 0.1 30"
Matter Radiat. Extremes 11, 017602 (2026); doi: 10.1063/5.0272622 11, 017602-4
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calculated using the expression in Eq. (2) of Ref. 31 and is of the
same order of magnitude as the interaction scale L. At the same
time, the electron collisions within and between the two flows are
significant, as are ion collisions within the flows. Table II presents
the values of the Reynolds number Re = LV /v and the magnetic
Reynolds number Rey = LV/y, where L is the characteristic spatial
scale, V is the flow velocity, v is the kinematic viscosity calcu-
lated using the expression from Ref. 81 (p. 825), and # is the
magnetic diffusion coefficient calculated using the formula from
Ref. 82 (p. 467).

The bremsstrahlung cooling time (see Table I1), 75 ~ 9 x 1076
s, is estimated using the expression in Eq. (5.15b) of Ref. 83 for
bremsstrahlung radiative losses per unit volume for a thermalized
plasma. Therefore, radiative cooling has a negligible effect on the
evolution of the plasma on the tens of nanoseconds timescale that
we discuss in this paper.

a T=1ns lel7

3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
y, mm
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lll. RESULTS

Shadowgraphy images and two-dimensional plasma density
profiles are shown for a single flow in Figs. 3(a)-3(d) and for two
counterstreaming flows in Figs. 3(e)-3(h). The plasma snapshots
were obtained 1 ns [Figs. 3(a) and 3(e)], 4 ns [Figs. 3(b) and 3(f)], 8 ns
[Figs. 3(c) and 3(g)], and 16 or 17 ns [Figs. 3(d) and 3(h)] after tar-
get irradiation. The plasma expansion is axially symmetric, and the
plasma density profiles in the (z,x) plane do not differ from those
in the (y,x) plane and are therefore not presented here. Clearly, the
structure of the plasma during the counterstreaming flow interac-
tion differs significantly from the structure of a single flow starting
from the very first recorded images (7 = 1 ns) in Figs. 3(a) and 3(e).
The characteristic transverse scale of the plasma at 7 = 1 ns, which
is 1 mm for a single flow, increases to 2 mm for the counterprop-
agating flows [see Figs. 3(a) and 3(e) and the slice at x = 0.4 mm
in Fig. 4(a)]. At the same time, the measured plasma density in the
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FIG. 3. Two-dimensional profiles of linear plasma density: (a)—(d) images of a single flow (no second target and second flow) obtained at 1, 4, 8, and 16 ns, respectively;
(e)~(h) counterpropagating flows of plasma obtained at 1, 4, 8, and 17 ns, respectively.
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center of the interaction region is below the detectable threshold of
our interferometer (Niq ~ 10'® cm™2). We assume that the increase
in the transverse scale of the plasma flow at this stage (7 < 1 ns) may
be most likely due to additional ionization by X rays from the oppo-
site targets, although inelastic scattering of accelerated electrons
could also contribute to this effect.

In the next stage (7 = 4 ns), as seen in Figs. 3(b) and 3(f), plasma
is detected in the x = 1.1 mm plane, i.e., in the middle of the inter-
action region. Density slices at x = 1.1 and 0.4 mm are presented in
Fig. 4(b), while the slice at y = 0 is shown in Fig. 4(e). It can be seen
that the transverse size (at x = 0.4 mm) for the counterpropagating
flows has increased to 3 mm, while the transverse size of the single
flow has not changed significantly and has remained ~1 mm.

At 7 =8 ns [Figs. 3(c) and 3(g)], two local density compres-
sion layers are detected in the counterstreaming plasma flows, with
centers located at approximately x ~ 0.6 and 1.8 mm. In the region
between these compressions and the targets, a less dense plasma is
observed. This is demonstrated by the slice for y = 1 mm [Fig. 4(f)],
where a double-humped plasma density profile for the two flows is
detected, along with an exponentially decaying profile for the single
flow. In the density slice for x = 0.6 mm, the characteristic transverse
scale of two colliding plasma flows reaches 3.8 mm. This topology
indicates stagnation and radial redirection of the plasma flows.

We conjecture that these plasma compressions are caused by
the deceleration of the plasma by the compressed and enhanced
toroidal magnetic field (see the simulation in Sec. IV). The exis-
tence of a strong magnetic field is tested by our polarimetric mea-
surements. The details of the polarimetric diagnostic setup and
the methods for recovering the depolarization angle are described
in the supplementary material and in our review.®’ In addition,
Fig. 2 in the supplementary material presents a characteristic dis-
tribution of the depolarization angle, representing the rotation of
polarization of the laser probe beam passing through the plasma.
It captures the initial stage of counterstreaming plasma flow inter-
action at 4 ns after target irradiation, before stagnation onset. The

supplementary material also provides a description of the patterns,
including identification of reliable regions and potential measure-
ment artifacts. Overall, the depolarization angle distribution (Fig. 2
in the supplementary material) clearly demonstrates the presence of
large-scale toroidal field structures localized near the plasma flows
with alternating polarity (a chessboard-like pattern across different
quadrants). Without taking into account parasitic artifacts, we deter-
mine that depolarization in the toroidal magnetic field regions shows
a characteristic angle of ~1°-2°. With a characteristic linear density
of about 2 x 10'® cm™ (Fig. 3), the scale of the region occupied by
magnetic toroids is L = 2 mm. Such Faraday depolarization indicates
magnetic fields in this region with amplitudes of 20-40 T, estimated
using expressions from Refs. 84 and 85. The value of 30 T given in
Table I is adopted for the following calculations. We note in advance
that these experimental results show qualitative agreement with the
simulations from Sec. I'V.

In the next stage 7 = 16-17 ns, as shown in the shadowgraphy
image in Fig. 3(h), the central cores (“head”) of the counterstreaming
plasma flows collide in the vicinity of the y = 0 axis. Meanwhile at

the periphery, where r = /y* + z* > 0.5 mm, the compressed front
of the plasma flow has not practically shifted over 9 ns with respect to
Fig. 3(g), indicating the stagnation of the plasma flow in this region.

IV. SIMULATIONS

To explain the nature of the observed phenomenon, we present
numerical simulations of the plasma using a hybrid PIC-fluid
approach. We did not aim to perform a one-to-one simulation of
the experiment, owing to computational resource limitations. How-
ever, our simulations are capable of reproducing important energy
relationships (temperatures and kinetic energy) stored in the plasma
and the self-generated magnetic field.

We use the arbitrary kinetic algorithm (AKA) hybrid code®*
based on the common and well-accepted principles of previ-
ous codes, such as Heckle,"” with advanced features such as an
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ablation operator and a six-component electron pressure tensor.
In the numerical model, ions are described according to the PIC
formalism, while electrons are described by a ten-moment fluid
model: density (n. equal to the total ion density, owing to neutrality),
mass velocity (Vex, Vey, Ve ), and a six-component electron pressure
tensor (Pexy, Peyys Pezz, Pexys Peyz, Pezx). Electromagnetic fields are
considered in the low-frequency approximation (Darwin approx-
imation), neglecting the displacement current. The generalized
Ohm’s law contains three terms: (i) V; x B, where V; is the mass
velocity of ions; (ii) the Hall effect term (J x B)/en (where J is the
total current density, which is equal to the curl of B), which describes
the decoupling of ions from the magnetic field; and (iii) (V - P.)/en,
the divergence of the electron pressure tensor, representing the con-
tribution of the electron fluid.** Ion collisions are accounted for
using the Takizuka-Abe binary collision model.*’

The magnetic field and density in the model are normalized
to By = 100 T and ng = 2.5 x 10 ¢cm™3, respectively, from which
follows the normalization of the other quantities. The density deter-
mines the ion inertial length djy ~ 19 ym, which sets the lengthscale.
The box has a 2D rectangular shape with dimensions 30 x 60 x 1dj.
The magnetic field determines the time normalization, since the time
is normalized to the inverse ion cyclotron frequency t, = Qg", which
is ~2.3 ns. The velocities are normalized to the Alfvén speed V cal-
culated from the normalized quantities By and 7. In the simulation,
the target density is initialized and maintained at a level of 8#y (i.e.,
2% 10*" cm™). The pixel size is chosen to resolve the ion inertial
length in the interaction region.

Continuous plasma production resulting from the laser-target
interaction is simulated using an ablation operator,”” which
accounts for the heating of ions and electrons. The operator of
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particle production maintains constant target density, simulating a
reservoir for a target with solid-state density. This approach is ade-
quate, as we observe in the experiment that after irradiation the
target serves as a prolonged (several tens of nanoseconds) source of
plasma. The heating operator linearly increases the electron pressure
in a thin layer near the target surface, creating a pressure gradient
along the normal to the target surface; this generates an electric field
and accelerates ions, giving rise to plasma expansion. The magnitude
of the heating operator is fitted to achieve the desired tempera-
ture for electrons (T:I;"Ot = 10Ty, where Ty ~ 50 eV for the chosen
parameters). The ablation operator is activated when Qg < 20, after
which pressure pumping is turned off, and particles are loaded with
a cold temperature; the diameter of the heated area is 15dj.

Figure 5 illustrates the evolution of a single plasma flow. We
see that the simulation reproduces the experimentally observed flow
quite well. As is clearly found in the experiment, it is collimated
along the x axis, which is a result of the action of self-generated
toroidal magnetic fields. In addition, similarly to the experiment, fil-
amentation of the magnetic field B; and consequently of the currents
(not shown here) is observed in the plasma flow. This filamentation
does not have a significant impact on the stagnation phenomenon
under discussion. The mechanisms behind the emergence of this fil-
amentation were partially discussed in Ref. 64 and will be discussed
in detail in our upcoming paper.

Figure 6 illustrates the evolution of the interaction between two
counterstreaming plasma flows. Already at the first stage t = 3.75t,
presented here, the electron fluid advects the toroidal magnetic field
(B; in 2D), initially generated near the target, into the interaction
region [Fig. 6(b)]. At t = 8.75t, the bulk plasma from both tar-
gets reaches the central plane x = 10d, [Fig. 6(c)]; as a result of the
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FIG. 5. Results of hybrid code AKA52 2D3V simulations for a single plasma flow. Panels (a) and (c) show two-dimensional profiles of electron density of plasma at times
3.75ty and 13.75t,, respectively. Arrows indicate directions of ion motion, and arrow length demonstrates relative magnitude of ion velocity. Panels (b) and (d) present
two-dimensional profiles of azimuthal magnetic field (for 2D modeling B;) at times 3.75t, and 13.75t,, respectively. Spatial scales are normalized to ion inertial length
do = ¢/wpi = 19 um, magnetic field is normalized to By ~ 100 T, density is set to ny = 2.5 x 102 cm~3, and timescales are normalized to inverse ion cyclotron frequency

fo = 061 = CM,‘/q,'Bo ~2.3ns.
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advection, the toroidal magnetic field in this region is compressed
and increased [Fig. 6(d)]. Further strengthening of the field [see
Fig. 6(f) att = 13.75ty] leads to redirection of the plasma in the radial
direction, as demonstrated by the arrows indicating the ion particle
motion in Fig. 6(e). Current layers maintaining such a magnetic field
structure are formed in the central plane (not shown). In Fig. 6(g),
stagnation of the plasma flows and their subsequent redirection
in the radial (y in 2D) direction is observed. Since the magnetic
field frozen into the plasma is advected with the flows, the mag-
netic layer also expands in the radial direction [Fig. 6(h)]. As in the

experiment, regions with density jumps are observed [Fig. 6(g)], and
the topology of the flows and magnetic fields matches the topology
of the experimentally observed plasma [Figs. 3(g) and 3(h)].

The results of these numerical simulations of the experiment
demonstrate that the self-generated toroidal magnetic field is a cru-
cial component of the interaction of the counterstreaming plasma
flows. In hybrid numerical calculations, the magnetic field is gener-
ated by the electron fluid according to the Biermann battery mecha-
nism ~ VT, x Vn.."””" The temperature and density gradients are
largest in the plasma generation region; therefore, the magnetic
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field is predominantly generated in the vicinity of the target and
is advected into the interaction region by two counterstreaming
flows. The Reynolds number Re = LV /v and the magnetic Reynolds
number Rey = LV /1 significantly exceed unity (see Table I1), indi-
cating that the magnetic field is substantially frozen in the plasma
flows.

V. DISCUSSION

As mentioned in Sec. I, magnetic stagnation of counterpropa-
gating plasma flows generated by nanosecond laser beams has been
investigated in Refs. 20, 21, 45, and 46. Here, we discuss in detail
how our approach using femtosecond relativistic-intensity pulses
differs from these previous investigations. In Ref. 20, the plasma
flows expanded into an ambient medium magnetized by an 8 T
external magnetic field with an X-point geometry in the interac-
tion region. Crucially, no magnetic stagnation occurred without the
ambient plasma, which served to confine the external magnetic field
within the interaction zone. In its absence, the plasma flows simply
expelled the magnetic field and interpenetrated each other. While
our experiment exhibits a somewhat different field topology from
the X-type configuration in Ref. 20, the fundamental distinction lies
in the origin of the magnetic stagnation: our magnetic fields are
entirely self-generated and therefore frozen into the plasma flows,
being advected into the interaction region by the counterstreaming
plasmas.

In Ref. 45, magnetic stagnation of the electron component
was observed under the influence of self-generated toroidal mag-
netic fields. Using a model identical to the analytical approach from
Ref. 22, it was demonstrated in Ref. 45 that the self-generated Bier-
mann magnetic field is advected by plasma flows and amplified in
the collision region to values of about 10 T, which led to the observa-
tion of caustics in the proton images. However, it was also indicated
that the observed amplified magnetic field was completely insuffi-
cient to magnetize and confine ions with characteristic velocities of
V ~ 1000 km/s. In other words, the magnetic field pressure in the
interaction region was significantly lower than the plasma ram
pressure, and thus could not restrain the energetic plasma flows,
which penetrated through each other. The same interaction regime
(M4 > 1) was investigated in Ref. 21.

Herein lies the distinctive advantage provided by the use of
relativistic-intensity femtosecond laser pulses in our study. These
pulses produce fountain-type magnetic fields embedded in the
plasma flows, which our Faraday measurements confirm reach
strengths exceeding 30 T on nanosecond timescales. In contrast to
previous studies, the plasma flow in our case has a lower velocity of
about 100 km/s. Simple estimates show that a magnetic field capable
of affecting the directed ion motion of the plasma (B/87 ~ pV?/2)
must have a magnitude of the order of 20-30 T. In our hybrid sim-
ulations, such a strong magnetic field is predominantly observed in
the narrow layer located in the central plane between the two tar-
gets. However, our experimental Faraday polarimetry data indicate
that the area containing a strong magnetic field of ~30 T occupies
a larger volume (see Fig. 2 in the supplementary material). Such
conditions, where the pressure of self-generated magnetic fields can
dominate the plasma’s dynamic pressure (M4 ~ 1) and thus glob-
ally redirect flow dynamics, are exceptionally difficult to achieve with
nanosecond laser systems.

RESEARCH ARTICLE pubs.aip.org/aip/mre

It is worth noting that in the simulations, the total (integrated
over the box) energy of the magnetic field throughout the plasma
region is significantly lower than the kinetic energy of the plasma
flows. The simulations indicate that the Biermann magnetic field
generated in the vicinity of the target and subsequently advected
and intensified in the interaction region is sufficient to redirect
the plasma. Thus, the effect of stagnation and redirection of the
plasma flows is based on the redistribution of the energy density
of the magnetic field in a thin layer, where the magnetic field is
intensified and compressed by the two counterpropagating flows.
Certainly, the conditions and processes in the experiment differ
somewhat from those implemented in the numerical simulation.
First, the modeling does not account for the extremely complex
ablation processes occurring during relativistic-intensity laser irra-
diation, such as ionization, acceleration of electrons to relativistic
velocities, or the intricate dynamics and relaxation of the nonther-
mal electron fraction. A proper description of these processes would
require a comprehensive and computationally intensive approach.
Some attempts to model ablation and target heating on timescales of
several tens of picoseconds under similar conditions have been made
in Refs. 48 and 49, but extension of these models to the nanosec-
ond timescales relevant to our study remains unachievable today to
the best of our knowledge. In our work, we have not aimed to accu-
rately describe the ablation process. Instead, we have configured the
ablation operator in the hybrid code to generate, on nanosecond
timescales, a plasma flow whose energy characteristics and spatial
structure match experimental observations—an approach that ade-
quately captures the post-ablation interaction physics that is central
to our study.

Another key difference between experiment and simulation
concerns the mechanism of self-generated magnetic field produc-
tion. In our experiment, where plasma is generated by the action of
intense laser radiation, the toroidal magnetic fields can be generated
not only by the Biermann battery, but also by the fountain non-
thermal energetic electrons. A significant portion of the laser energy
during intense femtosecond laser heating is transferred to those
energetic electrons.”” "’ Consequently, fountain fields—as reported
in Refs. 54-56—can reach several hundred teslas, substantially
exceeding Biermann-generated fields. In the simulation, electrons
are treated as a fluid, and self-generated magnetic fields arise solely
through the Biermann mechanism, but stronger fountain-origin
toroidal fields will undoubtedly not disrupt the effect observed in the
simulations; instead, they will lead to a more significant and rapid
stagnation of the plasma. We suppose that this is the reason for some
discrepancy in the spacing (scales) and timing of plasma stagnation
between the experiment and the simulation. It is not feasible to take
the fountain magnetic field into account in numerical modeling with
a hybrid code. The influence of the fountain magnetic field on stag-
nation may be determined by PIC modeling, but this would require
significantly more computational resources and will be addressed in
our future studies.

VI. CONCLUSION

Experiments with counterstreaming flows of laser plasma are
of great importance for understanding the nature of many phenom-
ena in astrophysics and plasma physics. We have experimentally
observed the stagnation of counterstreaming laser plasma flows
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induced by short laser pulses with an intensity I ~ 2 x 10" W/cm®.
We have shown by hybrid modeling that the stagnation of the
plasma is associated with the advection of a toroidal magnetic field
generated by the plasma near the target. The advection of the mag-
netic field by the plasma into the central region leads to compression
and intensification of the magnetic field in the interaction area
of the counterstreaming flows. Simulations have demonstrated an
enhancement of the magnetic field in the central region by more
than ten times compared with the field observed during the expan-
sion of a single flow, which is in good agreement with the analytical
model presented in Ref. 22. The intensified magnetic field results
in redirection of the plasma flow in the radial direction, which
is confirmed by the topology of the plasma, observed both in the
experiment and the simulations.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed setup of the
interferometry and Faraday rotation diagnostics, as well as for a
characteristic distribution of the depolarization angle obtained in the
plasma.

ACKNOWLEDGMENTS

The research is supported by Russian Science Foundation
Grant No. 24-62-00032.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

R. S. Zemskov: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Software (equal); Validation (equal); Visualization (equal); Writ-
ing - original draft (equal); Writing - review & editing (equal). S.
E. Perevalov: Conceptualization (equal); Formal analysis (equal);
Investigation (equal); Methodology (equal). A. V. Kotov: Formal
analysis (equal); Investigation (equal); Methodology (equal); Val-
idation (equal). A. A. Murzanev: Data curation (equal); Formal
analysis (equal); Investigation (equal); Methodology (equal); Visu-
alization (equal). A. I. Korytin: Formal analysis (equal); Inves-
tigation (equal); Methodology (equal). K. F. Burdonov: Formal
analysis (equal). V. N. Ginzburg: Resources (supporting). A. A.
Kochetkov: Resources (supporting). S. E. Stukachev: Resources
(supporting). I. V. Yakovlev: Resources (supporting). I. A. Shaikin:
Resources (supporting). A. A. Kuzmin: Resources (supporting).
E. V. Derishev: Conceptualization (equal); Validation (equal);
Writing - review & editing (equal). A. V. Korzhimanov: Con-
ceptualization (equal); Methodology (equal); Writing - review &
editing (equal). A. A. Soloviev: Conceptualization (equal); Investi-
gation (equal); Methodology (equal); Project administration (equal);
Supervision (equal). A. A. Shaykin: Funding acquisition (equal);
Project administration (equal); Resources (equal); Supervision
(equal). A. N. Stepanov: Conceptualization (equal); Formal analysis

RESEARCH ARTICLE pubs.aip.org/aip/mre

(equal); Investigation (equal); Methodology (equal); Project admin-
istration (equal); Supervision (equal); Writing - review & editing
(equal). M. V. Starodubtsev: Conceptualization (equal); Funding
acquisition (equal); Project administration (equal); Resources
(equal); Supervision (equal); Writing - review & editing (equal). E.
A. Khazanov: Funding acquisition (equal); Project administration
(equal); Resources (equal); Supervision (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'D. Eichler and V. Usov, “Particle acceleration and nonthermal radio emission in
binaries of early-type stars,” Astrophys. J. 402, 271-279 (1993).

2A. Reimer, M. Pohl, and O. Reimer, “Nonthermal high-energy emission from
colliding winds of massive stars,” Astrophys. |. 644, 1118 (2006).

37. Miki¢ and M. A. Lee, “An introduction to theory and models of CMEs, shocks,
and solar energetic particles,” Space Sci. Ser. ISSI 123, 57-80 (2006).

“]. Chen, “Physics of erupting solar flux ropes: Coronal mass ejections
(CMEs)—Recent advances in theory and observation,” Phys. Plasmas 24, 090501
(2017).

5]. Vink, “Supernova remnants: The x-ray perspective,” Astron. Astrophys. Rev.
20, 49 (2012).

0. Kargaltsev, B. Cerutti, Y. Lyubarsky, and E. Striani, “Pulsar-wind nebulae:
Recent progress in observations and theory,” Space Sci. Rev. 191, 391-439 (2015).
7D. Miceli and L. Nava, “Gamma-ray bursts afterglow physics and the VHE
domain,” Galaxies 10, 66 (2022).

8A. S. Wilson, A. J. Young, and P. L. Shopbell, “Chandra x-ray observations of
Pictor A: High-energy cosmic rays in a radio galaxy,” Astrophys. J. 547,740 (2001).
9]. H. Croston, R. P. Kraft, and M. J. Hardcastle, “Shock heating in the nearby
radio galaxy NGC 3801,” Astrophys. J. 660, 191 (2007).

M. R. Gilfanov and R. A. Sunyaev, “Radiation-dominated boundary layer
between an accretion disc and the surface of a neutron star: Theory and
observations,” Phys. -Uspekhi 57, 377 (2014).

. M. Vincentelli, J. Neilsen, A. J. Tetarenko, Y. Cavecchi, N. Castro Segura et al.,
“A shared accretion instability for black holes and neutron stars,” Nature 615,
45-49 (2023).

2 A. Marcowith, A. Bret, A. Bykov, M. E. Dieckman, L. O. Drury et al., “The
microphysics of collisionless shock waves,” Rep. Prog. Phys. 79, 046901 (2016).
3R, Ferrazzoli, P. Slane, D. Prokhorov, P. Zhou, J. Vink et al., “X-ray polarime-
try reveals the magnetic-field topology on sub-parsec scales in Tycho’s supernova
remnant,” Astrophys. J. 945, 52 (2023).

4D, A. Prokhorov, Y.-J. Yang, R. Ferrazzoli, J. Vink, P. Slane et al., “Evidence for
a shock-compressed magnetic field in the northwestern rim of vela Jr. from X-ray
polarimetry,” Astron. Astrophys. 692, A59 (2024).

'5K. Doi and H. Susa, “Generation of a seed magnetic field around first stars: The
Biermann battery effect,” Astrophys. J. 741, 93 (2011).

'6E. S. Weibel, “Spontaneously growing transverse waves in a plasma due to an
anisotropic velocity distribution,” Phys. Rev. Lett. 2, 83 (1959).

7T, Morita, K. Nagashima, M. Edamoto, K. Tomita, T. Sano et al., “Anomalous
plasma acceleration in colliding high-power laser-produced plasmas,” Phys.
Plasmas 26, 090702 (2019).

8T Morita, K. Tomita, K. Sakai, M. Takagi, K. Aihara et al., “Local plasma para-
meter measurements in colliding laser-produced plasmas for studying magnetic
reconnection,” High Energy Density Phys. 36, 100754 (2020).

"9M. Hesse and P. A. Cassak, “Magnetic reconnection in the space sciences:
Past, present, and future,” ]. Geophys. Res.: Space Phys. 125, €2018JA025935,
https://doi.org/10.1029/2018ja025935 (2020).

Matter Radiat. Extremes 11, 017602 (2026); doi: 10.1063/5.0272622
© Author(s) 2025

11, 017602-10

1S'9¢'¥| G20T 4990100 L€


https://pubs.aip.org/aip/mre
https://doi.org/10.60893/figshare.mre.c.8079373
https://doi.org/10.1086/172130
https://doi.org/10.1086/503598
https://doi.org/10.1007/978-0-387-45088-9_5
https://doi.org/10.1063/1.4993929
https://doi.org/10.1007/s00159-011-0049-1
https://doi.org/10.1007/s11214-015-0171-x
https://doi.org/10.3390/galaxies10030066
https://doi.org/10.1086/318412
https://doi.org/10.1086/513500
https://doi.org/10.3367/ufne.0184.201404e.0409
https://doi.org/10.1038/s41586-022-05648-3
https://doi.org/10.1088/0034-4885/79/4/046901
https://doi.org/10.3847/1538-4357/acb496
https://doi.org/10.1051/0004-6361/202452062
https://doi.org/10.1088/0004-637x/741/2/93
https://doi.org/10.1103/physrevlett.2.83
https://doi.org/10.1063/1.5100197
https://doi.org/10.1063/1.5100197
https://doi.org/10.1016/j.hedp.2020.100754
https://doi.org/10.1029/2018ja025935

Matter and

Radiation at Extremes

20G. Fiksel, W. Fox, A. Bhattacharjee, D. Barnak, P.-Y. Chang et al., “Magnetic
reconnection between colliding magnetized laser-produced plasma plumes,” Phys.
Rev. Lett. 113, 105003 (2014).

21C. K. Li, D. D. Ryutov, S. X. Hu, M. J. Rosenberg, A. B. Zylstra et al., “Structure
and dynamics of colliding plasma jets,” Phys. Rev. Lett. 111, 235003 (2013).

22D, D. Ryutov, N. L. Kugland, M. C. Levy, C. Plechaty, J. S. Ross et al., “Magnetic
field advection in two interpenetrating plasma streams,” Phys. Plasmas 20, 032703
(2013).

2B, A. Remington, D. Arnett, R. Paul, Drake, and H. Takabe, “Modeling
astrophysical phenomena in the laboratory with intense lasers,” Science 284,
1488-1493 (1999).

24D, D. Ryutov, F. Fiuza, C. M. Huntington, J. S. Ross, and H.-S. Park, “Collisional
effects in the ion Weibel instability for two counter-propagating plasma streams,”
Phys. Plasmas 21, 032701 (2014).

25Y, Kuramitsu, Y. Sakawa, T. Morita, C. D. Gregory, J. N. Waugh et al., “Time
evolution of collisionless shock in counterstreaming laser-produced plasmas,”
Phys. Rev. Lett. 106, 175002 (2011).

28T, Morita, Y. Sakawa, Y. Kuramitsu, S. Dono, H. Aoki et al., “Collisionless shock
generation in high-speed counterstreaming plasma flows by a high-power laser,”
Phys. Plasmas 17, 122702 (2010).

27T, Morita, Y. Sakawa, Y. Kuramitsu, S. Dono, H. Tanji et al., “Interaction of high
Mach-number shocks in laser-produced plasmas,” High Energy Density Phys. 9,
187-191 (2013).

28], Ross, H.-S. Park, R. Berger, L. Divol, N. L. Kugland et al., “Collisionless cou-
pling of ion and electron temperatures in counterstreaming plasma flows,” Phys.
Rev. Lett. 110, 145005 (2013).

2C. M. Huntington, F. Fiuza, J. S. Ross, A. B. Zylstra, R. P. Drake et al,
“Observation of magnetic field generation via the Weibel instability in interpene-
trating plasma flows,” Nat. Phys. 11, 173-176 (2015).

%0H.-S. Park, C. M. Huntington, F. Fiuza, R. P. Drake, D. H. Froula
et al., “Collisionless shock experiments with lasers and observation of Weibel
instabilities,” Phys. Plasmas 22, 056311 (2015).

3VH.-S. Park, D. D. Ryutov, J. S. Ross, N. L. Kugland, S. H. Glenzer et al., “Studying
astrophysical collisionless shocks with counterstreaming plasmas from high power
lasers,” High Energy Density Phys. 8, 38-45 (2012).

52W. Fox, G. Fiksel, A. Bhattacharjee, P.-Y. Chang, K. Germaschewski et al.,
“Filamentation instability of counterstreaming laser-driven plasmas,” Phys. Rev.
Lett. 111, 225002 (2013).

33C. Courtois, R. A. D. Grundy, A. D. Ash, D. M. Chambers, N. C. Woolsey et al.,
“Experiment on collisionless plasma interaction with applications to supernova
remnant physics,” Phys. Plasmas 11, 3386-3393 (2004).

3% A. Fazzini, W. Yao, K. Burdonov, J. Béard, S. N. Chen et al., “Particle ener-
gization in colliding subcritical collisionless shocks investigated in the laboratory,”
Astron. Astrophys. 665, A87 (2022).

35D. B. Schaeffer, D. Winske, D. J. Larson, M. M. Cowee, C. G. Constantin et al.,
“On the generation of magnetized collisionless shocks in the large plasma device,”
Phys. Plasmas 24, 041405 (2017).

36D. B. Schaeffer, W. Fox, D. Haberberger, G. Fiksel, A. Bhattacharjee et al.,
“High-Mach number, laser-driven magnetized collisionless shocks,” Phys. Plas-
mas 24, 122702 (2017).

37D. B. Schaeffer, E. T. Everson, A. S. Bondarenko, S. E. Clark, C. G. Constantin
et al., “Experimental study of subcritical laboratory magnetized collisionless
shocks using a laser-driven magnetic piston,” Phys. Plasmas 22, 113101 (2015).
38w, Yao, A. Fazzini, S. N. Chen, K. Burdonov, P. Antici et al., “Detailed charac-
terization of a laboratory magnetized supercritical collisionless shock and of the
associated proton energization,” Matter Radiat. Extremes 7, 014402 (2022).

39F. C. Merritt, A. L. Moser, S. C. Hsu, J. Loverich, and M. Gilmore, “Experimental
characterization of the stagnation layer between two obliquely merging supersonic
plasma jets,” Phys. Rev. Lett. 111, 085003 (2013).

“OF, C. Merritt, A. L. Moser, S. C. Hsu, C. S. Adams, J. P. Dunn et al,
“Experimental evidence for collisional shock formation via two obliquely merging
supersonic plasma jets,” Phys. Plasmas 21, 055703 (2014).

“1G. F. Swadling, S. V. Lebedev, N. Niasse, J. P. Chittenden, G. N. Hall et al,
“Oblique shock structures formed during the ablation phase of aluminium wire
array z-pinches,” Phys. Plasmas 20, 022705 (2013).

RESEARCH ARTICLE pubs.aip.org/aip/mre

42R. P. Young, C. C. Kuranz, D. Froula, J. S. Ross, and S. Klein, “Observation
of collisionless-to-collisional transition in colliding plasma jets with optical
Thomson scattering,” Phys. Plasmas 26, 012101 (2019).

“3C. D. Gregory, J. Howe, B. Loupias, S. Myers, M. M. Notley et al., “Colliding
plasma experiments to study astrophysical-jet relevant physics,” Astrophys. Space
Sci. 322, 37-41 (2009).

“#%S. V. Lebedev, J. P. Chittenden, F. N. Beg, S. N. Bland, A. Ciardi et al,
“Laboratory astrophysics and collimated stellar outflows: The production of
radiatively cooled hypersonic plasma jets,” Astrophys. |. 564, 113 (2002).

“#*N. L. Kugland, J. S. Ross, P.-Y. Chang, R. P. Drake, G. Fiksel et al., “Visualizing
electromagnetic fields in laser-produced counter-streaming plasma experiments
for collisionless shock laboratory astrophysics,” Phys. Plasmas 20, 056313
(2013).

“6N. L. Kugland, D. D. Ryutov, P.-Y. Chang, R. P. Drake, G. Fiksel et al., “Self-
organized electromagnetic field structures in laser-produced counter-streaming
plasmas,” Nat. Phys. 8, 809-812 (2012).

“TE. Fiuza, R. A. Fonseca, J. Tonge, W. B. Mori, and L. O. Silva, “Weibel-
instability-mediated collisionless shocks in the laboratory with ultraintense
lasers,” Phys. Rev. Lett. 108, 235004 (2012).

“8p_ Antici, L. Gremillet, T. Grismayer, P. Mora, P. Audebert et al., “Modeling tar-
get bulk heating resulting from ultra-intense short pulse laser irradiation of solid
density targets,” Phys. Plasmas 20, 123116 (2013).

49].—L. Dubois, F. Lubrano-Lavaderci, D. Raffestin, J. Ribolzi, J. Gazave et al.,
“Target charging in short-pulse-laser-plasma experiments,” Phys. Rev. E 89,
013102 (2014).

504, Soloviev, K. Burdonov, S. N. Chen, A. Eremeev, A. Korzhimanov et al.,
“Experimental evidence for short-pulse laser heating of solid-density target to high
bulk temperatures,” Sci. Rep. 7, 12144 (2017).

5'H. Daido, M. Nishiuchi, and A. S. Pirozhkov, “Review of laser-driven ion
sources and their applications,” Rep. Prog. Phys. 75, 056401 (2012).

52G. Sarri, A. Macchi, C. A. Cecchetti, S. Kar, T. V. Liseykina et al., “Dynamics
of self-generated, large amplitude magnetic fields following high-intensity laser
matter interaction,” Phys. Rev. Lett. 109, 205002 (2012).

53B. Albertazzi, S. N. Chen, P. Antici, ]. Boker, M. Borghesi et al., “Dynamics and
structure of self-generated magnetics fields on solids following high contrast, high
intensity laser irradiation,” Phys. Plasmas 22, 123108 (2015).

54M. Shaikh, A. D. Lad, K. Jana, D. Sarkar, L. Dey et al., “Megagauss magnetic
fields in ultra-intense laser generated dense plasmas,”
59, 014007 (2016).

55M. Borghesi, A. J. Mackinnon, R. Gaillard, O. Willi, A. Pukhov et al., “Large
quasistatic magnetic fields generated by a relativistically intense laser pulse
propagating in a preionized plasma,” Phys. Rev. Lett. 80, 5137 (1998).

56 A. Gopal, M. Tatarakis, F. N. Beg, E. L. Clark, A. E. Dangor et al., “Temporally
and spatially resolved measurements of multi-megagauss magnetic fields in high
intensity laser-produced plasmas,” Phys. Plasmas 15, 122701 (2008).

57C. Ruyer, S. Bolafios, B. Albertazzi, S. N. Chen, P. Antici et al., “Growth of con-
comitant laser-driven collisionless and resistive electron filamentation instabilities
over large spatiotemporal scales,” Nat. Phys. 16, 983-988 (2020).

Plasma Phys. Contr. Fusion

58g, Krishnamurthy, K. Makur, and B. Ramakrishna, “Observation of resis-
tive Weibel instability in intense laser plasma,” Laser Part. Beams 38, 152-158
(2020).

59K. Quinn, L. Romagnani, B. Ramakrishna, G. Sarri, M. E. Dieckmann
et al., “Weibel-induced filamentation during an ultrafast laser-driven plasma
expansion,” Phys. Rev. Lett. 108, 135001 (2012).

O\, Tatarakis, A. Gopal, . Watts, F. N. Beg, A. E. Dangor et al., “Measurements
of ultrastrong magnetic fields during relativistic laser—plasma interactions,” Phys.
Plasmas 9, 2244-2250 (2002).

1 M. Tatarakis, I. Watts, F. N. Beg, E. L. Clark, A. E. Dangor et al., “Measuring
huge magnetic fields,” Nature 415, 280 (2002).

2V. V. Lozhkarev, G. I. Freidman, V. N. Ginzburg, E. V. Katin, E. A. Khazanov
et al., “Compact 0.56 Petawatt laser system based on optical parametric chirped
pulse amplification in KD*P crystals,” Laser Phys. Lett. 4, 421 (2007).

Matter Radiat. Extremes 11, 017602 (2026); doi: 10.1063/5.0272622
© Author(s) 2025

11, 017602-11

1S'9¢'¥| G20T 4990100 L€


https://pubs.aip.org/aip/mre
https://doi.org/10.1103/physrevlett.113.105003
https://doi.org/10.1103/physrevlett.113.105003
https://doi.org/10.1103/physrevlett.111.235003
https://doi.org/10.1063/1.4794200
https://doi.org/10.1126/science.284.5419.1488
https://doi.org/10.1063/1.4867062
https://doi.org/10.1103/physrevlett.106.175002
https://doi.org/10.1063/1.3524269
https://doi.org/10.1016/j.hedp.2012.12.008
https://doi.org/10.1103/physrevlett.110.145005
https://doi.org/10.1103/physrevlett.110.145005
https://doi.org/10.1038/nphys3178
https://doi.org/10.1063/1.4920959
https://doi.org/10.1016/j.hedp.2011.11.001
https://doi.org/10.1103/physrevlett.111.225002
https://doi.org/10.1103/physrevlett.111.225002
https://doi.org/10.1063/1.1752930
https://doi.org/10.1051/0004-6361/202243277
https://doi.org/10.1063/1.4978882
https://doi.org/10.1063/1.4989562
https://doi.org/10.1063/1.4989562
https://doi.org/10.1063/1.4934983
https://doi.org/10.1063/5.0055071
https://doi.org/10.1103/physrevlett.111.085003
https://doi.org/10.1063/1.4872323
https://doi.org/10.1063/1.4790520
https://doi.org/10.1063/1.5047218
https://doi.org/10.1007/s10509-009-0035-5
https://doi.org/10.1007/s10509-009-0035-5
https://doi.org/10.1086/324183
https://doi.org/10.1063/1.4804548
https://doi.org/10.1038/nphys2434
https://doi.org/10.1103/physrevlett.108.235004
https://doi.org/10.1063/1.4833618
https://doi.org/10.1103/physreve.89.013102
https://doi.org/10.1038/s41598-017-11675-2
https://doi.org/10.1088/0034-4885/75/5/056401
https://doi.org/10.1103/physrevlett.109.205002
https://doi.org/10.1063/1.4936095
https://doi.org/10.1088/0741-3335/59/1/014007
https://doi.org/10.1103/physrevlett.80.5137
https://doi.org/10.1063/1.3035909
https://doi.org/10.1038/s41567-020-0913-x
https://doi.org/10.1017/s0263034620000154
https://doi.org/10.1103/physrevlett.108.135001
https://doi.org/10.1063/1.1469027
https://doi.org/10.1063/1.1469027
https://doi.org/10.1038/415280a
https://doi.org/10.1002/lapl.200710008

Matter and

Radiation at Extremes

83y, Ginzburg, I. Yakovlev, A. Kochetkov, A. Kuzmin, S. Mironov et al., “11 fs,
1.5 PW laser with nonlinear pulse compression,” Opt. Express 29, 28297-28306
(2021).

%A, A. Soloviev, K. F. Burdonov, V. N. Ginzburg, M. Y. Glyavin, R. S. Zem-
skov et al., “Research in plasma physics and particle acceleration using the pearl
Petawatt laser,” Usp. Fizicheskih Nauk 194, 313-335 (2024).

85A. Soloviev, A. Kotov, M. Martyanov, S. Perevalov, R. Zemskov et al,
“Improving focusability of post-compressed PW laser pulses using a deformable
mirror,” Opt. Express 30, 40584-40591 (2022).

66K. Burdonov, R. Bonito, T. Giannini, N. Aidakina, C. Argiroffi ef al., “Inferring
possible magnetic field strength of accreting inflows in EXor-type objects from
scaled laboratory experiments,” Astron. Astrophys. 648, A81 (2021).

67R. Zemskov, K. Burdonov, A. Soloviev, A. Sladkov, A. Korzhimanov et al.,
“Laboratory modeling of YSO jets collimation by a large-scale divergent
interstellar magnetic field,” Astron. Astrophys. 681, A37 (2024).

8K, Burdonov, W. Yao, A. Sladkov, R. Bonito, S. N. Chen et al., “Laboratory mod-
elling of equatorial ‘tongue’ accretion channels in young stellar objects caused by
the Rayleigh-Taylor instability,” Astron. Astrophys. 657, A112 (2022).

89R. Zemskov, K. Burdonov, A. Kuzmin et al., “Laboratory study of Rayleigh-
Taylor instability in laser plasma interacting with an external magnetic field of
14 T,” Radiophys. Quantum Electron. 57, 1029-1037 (2024).

7°G. Swadling, S. Lebedev, G. Hall, S. Patankar, N. Stewart et al., “Diagnosing
collisions of magnetized, high energy density plasma flows using a combination
of collective Thomson scattering, faraday rotation, and interferometry,” Rev. Sci.
Instrum. 85, 11E502 (2014).

7'D. F. Price, R. M. More, R. S. Walling, G. Guethlein, R. L. Shepherd
et al., “Absorption of ultrashort laser pulses by solid targets heated rapidly to
temperatures 1-1000 eV,” Phys. Rev. Lett. 75, 252 (1995).

72Y. Ping, R. Shepherd, B. F. Lasinski, M. Tabak, H. Chen et al., “Absorption of
short laser pulses on solid targets in the ultrarelativistic regime,” Phys. Rev. Lett.
100, 085004 (2008).

73 A. Y. Faenov, L. Y. Skobelev, T. A. Pikuz, S. A. Pikuz, Jr., R. Kodama et al.,
“Diagnostics of warm dense matter by high-resolution x-ray spectroscopy of
hollow ions,” Laser Part. Beams 33, 27-39 (2015).

74 A. Y. Faenov, L. Y. Skobelev, S. A. Pikuz, G. A. Kyrala, R. D. Fulton et al., “High-
resolution x-ray spectroscopy of a subpicosecond-laser-produced silicon plasma,”
Phys. Rev. A 51, 3529 (1995).

75A.Y. Faenov, J. Colgan, S. B. Hansen, A. Zhidkov, T. A. Pikuz et al., “Nonlinear
increase of X-ray intensities from thin foils irradiated with a 200 TW femtosecond
laser,” Sci. Rep. 5, 13436 (2015).

7®A. Y. Faenov, “X-ray spectroscopic methods for measuring the parameters of
high-temperature dense plasma,” Meas. Tech. 40, 94-100 (1997).

RESEARCH ARTICLE pubs.aip.org/aip/mre

77M. Hipp, ]. Woisetschliger, P. Reiterer, and T. Neger, “Digital evaluation of
interferograms,” Measurement 36, 53-66 (2004).

78R. S. Zemskov, M. V. Barkov, E. S. Blinov, K. F. Burdonov, V. N. Ginzburg
et al., “Non-ideal hall MHD Rayleigh-Taylor instability in plasma induced by
nanosecond and intense femtosecond laser pulses,” Plasma 8, 23 (2025).

7°U. Samir, K. H. Wright, Jr., and N. H. Stone, “The expansion of a plasma
into a vacuum: Basic phenomena and processes and applications to space plasma
physics,” Rev. Geophys. 21, 1631-1646, https://doi.org/10.1029/rg021i007p01631
(1983).

89H K. Chung, M. H. Chen, W. L. Morgan, Y. Ralchenko, and R. W.
Lee, “FLYCHK: Generalized population kinetics and spectral model for rapid
spectroscopic analysis for all elements,” High Energy Density Phys. 1,3-12 (2005).
81p., Ryutov, R. P. Drake, J. Kane, E. Liang, B. A. Remington et al., “Similarity
criteria for the laboratory simulation of supernova hydrodynamics,” Astrophys. J.
518, 821-832 (1999).

82D, D. Ryutov, R. P. Drake, and B. A. Remington, “Criteria for scaled labora-
tory simulations of astrophysical MHD phenomena,” Astrophys. J. Suppl. Ser. 127,
465-468 (2000).

83G. B. Rybicki and A. P. Lightman, Radiative Processes in Astrophysics (Wiley,
1979).

84N. Basov, Y. A. Zakharenkov, A. Rupasov, G. Sklizkov, and A. Shikanov,
Diagnostics of Dense Plasma (Nauka, Moscow, 1989), Vol. 11, p. 9.

85A. Flacco, J. Vieira, A. Lifschitz, F. Sylla, S. Kahaly et al., “Persistence of mag-
netic field driven by relativistic electrons in a plasma,” Nat. Phys. 11, 409-413
(2015).

88H, ALgarsh, H. Abusaida, and F. Torjman (2020). “The correlate between
argyrophilic nucleolar organizer region stain and Ki-67 immnochistochem-
istry in diagnostic breast cancer,” Iberoamerican Journal of Medicine.
https://doi.org/10.5281/zenod0.4043776

87R. Smets, G. Belmont, N. Aunai, and L. Rezeau, “Plasma diffusion in
self-consistent fluctuations,” Phys. Plasmas 18, 102310 (2011).

88 A. Sladkov, R. Smets, N. Aunai, and A. Korzhimanov, “Numerical study of non-
gyrotropic electron pressure effects in collisionless magnetic reconnection,” Phys.
Plasmas 28, 072108 (2021).

89T, Takizuka and H. Abe, “A binary collision model for plasma simulation with
a particle code,” ]. Comput. Phys. 25,205-219 (1977).

904, Sladkov, R. Smets, and A. Korzhimanov, “Three-dimensional hybrid
numerical tool for collisionless plasma modeling,” J. Phys. Conf. 1640, 012011
(2020).

9'L. Biermann, “Uber den Ursprung der Magnetfelder auf Sternen und im inter-
stellaren Raum (miteinem anhang von A. Schluter),” Z. Naturforschung Teil A 5,
65 (1950).

Matter Radiat. Extremes 11, 017602 (2026); doi: 10.1063/5.0272622
© Author(s) 2025

11, 017602-12

1S'9¢'¥| G20T 4990100 L€


https://pubs.aip.org/aip/mre
https://doi.org/10.1364/oe.434216
https://doi.org/10.3367/ufnr.2022.11.039612
https://doi.org/10.1364/oe.471300
https://doi.org/10.1051/0004-6361/202040036
https://doi.org/10.1051/0004-6361/202245251
https://doi.org/10.1051/0004-6361/202140997
https://doi.org/10.52452/00213462_2024_67_11_1029
https://doi.org/10.1063/1.4890564
https://doi.org/10.1063/1.4890564
https://doi.org/10.1103/physrevlett.75.252
https://doi.org/10.1103/physrevlett.100.085004
https://doi.org/10.1017/s0263034614000743
https://doi.org/10.1103/physreva.51.3529
https://doi.org/10.1038/srep13436
https://doi.org/10.1007/bf02505174
https://doi.org/10.1016/j.measurement.2004.04.003
https://doi.org/10.3390/plasma8020023
https://doi.org/10.1029/rg021i007p01631
https://doi.org/10.1016/j.hedp.2005.07.001
https://doi.org/10.1086/307293
https://doi.org/10.1086/313320
https://doi.org/10.1038/nphys3303
https://doi.org/10.1063/1.3647558
https://doi.org/10.1063/5.0052003
https://doi.org/10.1063/5.0052003
https://doi.org/10.1016/0021-9991(77)90099-7
https://doi.org/10.1088/1742-6596/1640/1/012011

