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Abstract: A pioneer detailed comparative study of the dynamics of plasma flows generated by high-
power nanosecond and high-intensity femtosecond laser pulses with similar fluences of up to 3 x 10*
J/cm? is presented. The experiments were conducted on the petawatt laser facility PEARL using two
types of high-power laser radiation: femtosecond pulses with energy exceeding 10 ], duration less
than 60 fs, and nanosecond pulses with energy exceeding 10 ] and duration on the order of 1 ns. In the
experiments, high-velocity (>100 km/s) flows of «femtosecond» (created by femtosecond laser pulses)
and «nanosecond» plasmas propagated in vacuum across a uniform magnetic field with a strength over
14 T. A significant difference in the dynamics of «femtosecond» and «nanosecond» plasma flows was
observed: (i) The «femtosecond» plasma initially propagated in vacuum (no B-field) as a collimated
flow, while the «<nanosecond» flow diverged; (ii) The «nanosecond» plasma interacting with external
magnetic field formed a quasi-spherical cavity with Rayleigh—Taylor instability flutes. In the case of
«femtosecond» plasma, such flutes were not observed, and the flow was immediately redirected into a
narrow plasma sheet (or «tongue») propagating across the magnetic field at an approximately constant
velocity; (iii) Elongated «nanosecond» and «femtosecond» plasma slabs interacting with a transverse
magnetic field broke up into Rayleigh-Taylor «tongues»; (iv) The ends of these «tongues» in the
femtosecond case twisted into vortex structures aligned with the ion motion in the external magnetic
field, whereas the «tongues» in the nanosecond case were randomly oriented. It was suggested
that the twisting of femtosecond «tongues» is related to Hall effects. The experimental results are
complemented by and consistent with numerical 3D magnetohydrodynamic simulations. The potential
applications of these findings for astrophysical objects, such as short bursts in active galactic nuclei,
are discussed.

Keywords: intense laser plasma; Hall MHD; Rayleigh-Taylor instability

1. Introduction

Laser plasma generated by irradiating solid targets with nanosecond pulses has been actively
studied since the 1960s, when it was first proposed to use only the newly invented lasers for heating and
compressing thermonuclear plasma [1]. Particular attention has been paid to issues of hydrodynamic
instabilities of plasma in external and self-generated magnetic fields [2]. After the invention of chirped
pulse amplification (CPA) technology [3] in 1985, the first studies of «femtosecond» plasma, i.e. plasma
generated by short (T < 1 picosecond) laser pulses, began to appear.
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The physics of laser-plasma interaction, despite the significant attention of the scientific commu-
nity, remains an incompletely studied field. An adequate theoretical description of the evolution of
laser plasma is an extremely complex task, as it requires comprehensive consideration of processes
such as heating, ionization, vaporization of solid matter, and the generation of energetic particles,
which can be relativistic in the case of ultra-powerful femtosecond pulses. Moreover, the processes
occurring during laser ablation and the properties of the resulting plasma depend substantially on the
laser pulse parameters, such as wavelength, energy, pulse duration, and intensity of the laser radiation.
Therefore, numerical simulations and codes are actively used to study the evolution of laser plasma and
its interaction with magnetic fields. Each code operates under certain approximations—for example,
magnetohydrodynamics (fluid), hybrid (PIC-fluid), or fully kinetic (PIC, Vlasov). To reliably validate
these codes, experimental studies are conducted in simplified model geometries—for instance, classical
investigations of plasma expansion (not only laser-produced) into an external quasi-uniform magnetic
field [4-7]. In such simplified geometries, it is easier to study plasma dynamics experimentally and
compare the results with numerical calculations. The knowledge and approaches gained from this
experimental «modeling» can then be applied to solve other problems with more complex geometries.

The dynamics of plasma flows induced by nanosecond laser pulses was actively studied in a
number of scientific problems, ranging from controlled thermonuclear fusion [2,8,9] to laboratory
astrophysics research [10,11,11,12]. Indeed, «nanosecond» laser plasma flows are used to model
astrophysical phenomena, such as accretion [11,13,14], jet collimation [10,15], shock wave generation
and interaction [12,16], and others. Despite a significant difference between the temporal and spatial
scales of astrophysical and laboratory plasmas, the equivalence of the dynamics of both systems can
be demonstrated under certain similarity criteria. Such scaling is feasible, for example, within the
magnetohydrodynamic (MHD) approximation, when the key dimensionless parameters determining
plasma evolution—such as plasma beta B (magnetization), Euler number, Mach number, and Alfvén
Mach number—coincide for both systems [17-19].

The evolution of plasma induced by ultra-powerful short laser pulses was studied, for example,
for Fast Ignition (FI) [20,21], where spherically compressed deuterium-tritium fuel was irradiated by
a beam of relativistic electrons accelerated by laser pulses (usually of picosecond duration) with an
intensity of 10'® to 102 W/cm?. Applications in which plasma irradiated by ultra-powerful laser
pulses is used to generate relativistic electrons, accelerated protons and neutrons [22-25], generate
X-ray [26] and terahertz radiation [27,28], as well as to produce electron-positron pairs [29] have been
actively developing.

Laser ablation of targets by nanosecond and femtosecond pulses is widely used for substance
composition analysis [30,31]. Traditionally, these methods employed nanosecond pulses from Nd:YAG
lasers (1054 nm). However, due to the widespread adoption of powerful femtosecond Ti:Sa lasers, a
new research direction has emerged related to femtosecond laser spark emission spectroscopy [32].

When irradiating solid targets with short ultra-intense pulses, several significant differences from
nanosecond ablation are observed [32]. Under nanosecond pulse irradiation, ionization and heating of
the solid target occur primarily through collisions [33]. In contrast, femtosecond intense irradiation
gives rise to a substantial fraction of accelerated collisionless electrons, whose oscillatory energy can
range from several hundred keV to hundreds of MeV [22,34]. These energetic electrons can escape and
move away from the heated region [35], resulting in the formation of an electric field that pulls electrons
back and accelerates ions, sometimes up to tens of MeV [36,37]. Moreover, the direct and reverse
oscillating electron flows contribute to magnetic field generation—for example, large-scale fountain
magnetic fields [38-42]—as well as small-scale filamentary fields arising from the development of
beam-type current instabilities (Weibel-type instability) [43—46]. Such self-generated magnetic fields in
plasma can significantly exceed the Biermann fields [47], observed during nanosecond ablation, and
can reach several hundred Tesla [40—42].

To describe the dynamics of nanosecond plasma flows, approaches based on MHD equations
are often employed [6,15,18,19,48-51]. The question of applying MHD approaches to describe the
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large-scale dynamics of «femtosecond» plasma flows remains open. To the best of our knowledge, the
influence of kinetic effects on the large-scale dynamics of «femtosecond» plasma flows has not yet been
investigated in the literature. In this work, we aim to determine whether the kinetic effects observed in
«femtosecond» plasma constitute a significant limitation for the application of MHD approaches. For
this purpose, we conducted experiments with plasma generated by nanosecond and femtosecond laser
pulses with similar fluences of approximately 3 x 10% J/cm?. To investigate the features of the evolution
of «nanosecond» and «femtosecond» plasma flows, an external magnetic field of approximately 14 T
was applied. A detailed comparative study of the dynamics of plasma flows created by high-intensity
femtosecond and high-power nanosecond laser pulses in an external magnetic field is of fundamental
importance for plasma physics and astrophysics, as well as for thermonuclear fusion, laser spark
emission spectroscopy, and mass spectrometry.

2. Methods

In the experiment at the PEARL complex (IAP RAS, Nizhny Novgorod) [10,11,14,23,52-55], targets
made of polytetrafluoroethylene ((CyFy),) or polymethyl methacrylate ((Cs0,Hg),) were irradiated
with nanosecond (7 = 1 ns) or intense femtosecond (7 = 60 fs) laser pulses, hereafter referred to as
pump pulses, with energies of 6 to 10 J. The basic scheme is shown in Fig. 1. As a result of irradiation,
target ionization occurred along with the formation of high-velocity plasma flows propagating at
speeds of approximately 100-150 km /s for femtosecond pumping and 300-400 km/s for nanosecond

pumping.

‘/ 2

Figure 1. Experimental setup: (1) femtosecond or nanosecond pump pulse, (2) diagnostic femtosecond laser
pulse probing plasma across magnetic field, (3) pulse probing plasma along magnetic field, (4) coils, (5) solid
target placed inside magnetic system.

Flexible adjustment of the spatial profile of the laser spot on the targets allowed changing the
conditions for plasma generation and obtaining various topologies of diverging plasma flows. In the
first case, the laser radiation was focused on the target surface into a circular spot with a diameter
of 100-300 pm. In this scenario, the radiation intensity on the target was approximately 103> W/cm?
for nanosecond pulses and approximately 10'® W /cm? for femtosecond pulses, respectively, and the
plasma source was quasi-point-like. The guaranteed pre-pulse level of the intense laser pulse did not
exceed 1077 of the main pulse intensity.

In the second case, the laser spot on the target had a rectangular shape measuring 200 ym by
3000-8000 ym, with an intensity of approximately 10! W/cm? for nanosecond pulses and approxi-
mately 10'® W/cm? for femtosecond pulses. Irradiation with such a laser pulse enabled the generation
of an elongated plasma flow or slab. The studies on the interaction of this flow with an external
magnetic field represent unique conditions for laboratory modeling, similar to those encountered in
astrophysical objects, such as accretion disks or intense gamma-ray bursts from active galactic nuclei
[56].
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In the experiments aimed at studying the influence of an external magnetic field on the evolution
of plasma flows, the target was placed in a quasi-uniform magnetic field with strength of approximately
14 T, generated by a pulsed magnetic system (see Fig. 1). The target surface was positioned along the
magnetic field lines. The magnetic system consisted of a pair of Helmholtz coils. Details about the
magnetic system can be found in the work [57]. For diagnostics of the plasma structure and density,
we used a Mach-Zehnder interferometer based on probing femtosecond laser pulses with an energy
of about 1-10 yJ precisely synchronized with the pump pulse. The interferometry scheme employed
provided a spatial resolution of approximately 50 ym.

3. Results

Irradiation of the target with a laser pulse, which we will collectively refer to as «pumping»,
led to the ablation of material from the target surface and the formation of a supersonic plasma flow
propagating normally to the target surface. The plasma temperature generated by the nanosecond
pulse was measured in the earlier experiments using X-ray spectral diagnostics, specifically a Focusing
spectrometer with spatial resolution (FSSR) [58,59], and was found to be approximately 100-200 eV near
the target and about 30 eV at a distance of several centimeters from the surface. During femtosecond
heating, a large portion of the laser energy was deposited into a hot electron fraction. Consequently,
the electron energy distribution function within several tens of picoseconds after irradiation can differ
substantially from Maxwellian [34,35]. For hot electrons, an effective temperature can be introduced,
which may reach 10-100 keV on picosecond timescales. Meanwhile, the temperature of cold and
quasi-equilibrium plasma studied tens of nanoseconds after the irradiation is estimated to be in the
range of 15-30 eV [34,35]. The key parameters characterizing the plasma are summarized in Table 1.

3.1. Expansion of Femtosecond and Nanosecond Flows into Vacuum

The two-dimensional distributions of the linear plasma density for nanosecond and femtosecond
ablation are presented in Figs. 2 (a) and (b) for 18 and 15 ns after irradiation, respectively. The
density distribution was obtained by analyzing experimental interferograms using the IDEA software
package [60]. Details on the interferometric approach to reconstructing the plasma density distribution
can be found in the works [23,61]. The comparison of Figs. 2 (a) and (b) reveals differences in the
structure of «nanosecond» and «femtosecond» plasma flows. The «nanosecond» plasma exhibits a
quasi-uniform conical flow structure with a divergence angle of 40°. The «femtosecond» plasma flow
has a collimated structure with a divergence angle close to zero. This collimation of the «femtosecond»
plasma is most likely due to large-scale fountain magnetic fields generated by hot accelerated electrons
[38—42]. Fountain self-generated magnetic fields in the «femtosecond» plasma can significantly exceed
Biermann fields [47] observed in «nanosecond» plasma flows, reaching several hundred Tesla [40-
42,62,63]. Such strong magnetic fields can exert a constraining influence on the radial expansion of the
plasma [38]. The investigation of the cause of this collimation is beyond the scope of this study and
will be addressed elsewhere.
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Figure 2. Comparison of morphology of «<nanosecond» (a) and «femtosecond» (b) plasma expanding into vacuum:
(a) linear plasma density profile 18 ns after irradiation with nanosecond pulse; (b) linear plasma density profile 15
ns after irradiation with 60-fs femtosecond pulse of similar energy.

By integrating the linear electron density shown in Figs. 2 (a) and (b) one can obtain the total
number of particles in the «nanosecond» and «femtosecond» plasmas. For comparable laser pulse
energies, nanosecond ablation injects approximately four times more particles into space than fem-
tosecond ablation. This is explained by the fact that the absorbed portion of laser energy deposited into
the plasma during irradiation with nanosecond pulses exceeds by several times the energy absorbed
during femtosecond irradiation. Direct measurements indicate that, for nanosecond pulses, the energy
contribution to the plasma can reach 80-90%, whereas for femtosecond pulses it is about 30-50%.
It is also worth noting that a significant portion of the laser energy during femtosecond heating is
transferred to hot collisionless electrons, which leave the near-surface volume of the target much faster.

3.2. Features of the Expansion of «Femtosecond» and «Nanosecond» Plasma Flows into an External Transverse
Magnetic Field of 14 T

The plasma created by both nanosecond and femtosecond pulses is a conducting ionized gas.
Therefore, the dynamics of such plasma in a strong magnetic field will differ significantly from Fig.
2. The expansion of «nanosecond» plasma in a transverse magnetic field is described in detail in our
previous works [6,14,55,64,65] and in other studies [4,66,67]. We will briefly outline the main stages of
«nanosecond» flow dynamics, some of which are demonstrated in Fig. 3 (a, b). At the initial stage, the
ram pressure % pV? of the plasma greatly exceeds the magnetic pressure, hence it pushes apart and
compresses the external magnetic field. At a certain point, the plasma pressure drops and equalizes
with the magnetic pressure. At this stage, the so-called plasma diamagnetic cavity is formed [4,6,55]
(Fig. 3a) with the characteristic size described by the classical plasma stopping radius R;, [4,66]. As
a result of magnetic deceleration, the boundary of the cavity experiences an effective acceleration
eff counterdirected to the density gradient. This leads to the development of the flute instability at
the plasma front [4], which in some cases is referred to as magnetic Rayleigh-Taylor instability [6].
Further, the cavity starts to collapse and plasma is pressed-out of it, thus facilitating the development
of Richtmyer—-Meshkov-type instability [68]. At that stage, already in a quasi-hydrostatic regime, flutes
develop and elongate as shown in Fig. 3 (b), while the cavity compresses into a thin plasma sheet
moving across the magnetic field at an approximately constant velocity of 300-400 km/s. The detailed
dynamics of such «nanosecond» cavity collapse is described in the works [6,64].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1670.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 May 2025

0.0

1.0

g20
g :
3.0 |

N ® B 8ns

bs'ﬁ.o 14 28 42 56 7.0

X, mm

28 4.2 5.6 7 X, mm

X, mm

Figure 3. Dynamics of «<nanosecond» (a, b) and «femtosecond» (c—e) plasma flows injected from quasi-point
source into external magnetic field with a strength of 14 T. (a) Linear density of plasma 8 ns after irradiation
with nanosecond pulse. (b) Interferogram obtained 28 ns after irradiation with nanosecond pulse. (c) Shadow
photograph and (d) interferogram of plasma 8 ns after irradiation with femtosecond pulse, acquired in projections
normal to and along magnetic field, respectively. (e) Interferogram of plasma 24 ns after irradiation with
femtosecond pulse. All figures are on the same scale.

The detailed dynamics of «femtosecond» plasma in a transverse magnetic field, as far as the
authors know, has not been studied before. As seen in Fig. 3, the dynamics of «femtosecond» plasma
significantly differs from that of «<nanosecond» plasma. Firstly, there is no pronounced quasi-spherical
cavity, as the one in the case of «nanosecond» plasma formed when the plasma pressure and the
magnetic pressure are close. A likely explanation is that the femtosecond flow is initially collimated, so
the radial components of the ram pressure tensor are minimal and unable to oppose magnetic forces,
which redirect the plasma flow into a narrow «sheet» from the very early stages (the dynamics was
studied from 0.5 ns). At the same time, no instability flutes are observed at the cavity boundary, which
may also have the same cause, i.e. collimation of the flow. The magnitude of the projection of the
effective acceleration (g, s, n) at the lateral boundary separating the plasma and the magnetic field is
small and cannot lead to Rayleigh-Taylor instability flutes. The plasma flow is first redirected into a
narrow sheet, which, as in the case of «nanosecond» plasma, propagates with a quasi-constant velocity
across the external magnetic field. More differences in the dynamics of the sheets (or «tongues»)
appear at t > 20 ns (Fig. 3 (e)), when the bending at the tip of the «femtosecond» plasma «tongue» is
observed. The direction of bending of the «femtosecond» plasma «tongue» depends on the magnetic
field direction. By changing the direction of the external magnetic field in the experiment and observing
the rotation of the plasma flow, it was found that the «femtosecond tongue» rotates toward the direction
of ion motion in the external magnetic field (see Fig. 4). Such an effect was not observed in the studies
of «<nanosecond» flows, where bending of the plasma «tongue» had random direction.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Flows of «femtosecond» plasma interacting with transverse magnetic field at times (a) 39 ns and (b) 49
ns after target irradiation. In panel (a) magnetic field is directed toward observer; in panel (b) the shot is shown
for which the direction (indicated by the cross) of external magnetic field was changed relative to the shot in panel
(a). The figure demonstrates that the twist of «tongue» tip depends on the direction of external magnetic field.
The direction of the twist is determined by ion motion in magnetic field.

3.3. Interaction of Elongated Laser Plasma Slab with Transverse Magnetic Field

The morphology of the plasma flow and the nature of instabilities that arise during propagation
in a transverse magnetic field significantly depend on its initial topology. When the transverse scale L
of the flow increases to the values exceeding the classical radius R;, cavity formation is not observed
[11], and the character of the developing instabilities may change. Therefore, experiments were
conducted with a distributed elongated plasma flow (we will call it a slab), whose maximum size
Ly exceeds the radius R, by several times for spherical expansion. To generate such a flow, the laser
beam was spatially profiled and had a rectangular Ly x L, shape on the target surface. Thus, the
largest dimension of the flow was on the order of Ly and reached 10 mm, while the plasma size L,
along the external magnetic field B, at the initial stages did not exceed 1 mm. The dynamics of the
interaction of such a «nanosecond» plasma flow with magnetic field was studied in our earlier work
[11]. It was demonstrated that the plasma flow breaks into separate sub-flows or «tongues» as a result
of Rayleigh-Taylor instability development.

Figure 5 shows two-dimensional images of linear density for «nanosecond» (a, b) and «fem-
tosecond» (c, d) plasmas. The stage where elongated, initially quasi-uniform «nanosecond» and
«femtosecond» slabs break up into separate «tongues» as a result of instability development is pre-
sented in Figs. 5 (a, c¢). At this stage, differences in the structure of the plasma tongues under
nanosecond and femtosecond irradiation are insignificant. However, at later stages (t > 40 ns), there
appear some features of the dynamics of the «<nanosecond» and «femtosecond» flows (see Fig. 5 (b, d)).
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Figure 5. Dynamics of «nanosecond» (a, b) and «femtosecond» (c, d) plasma flows injected during irradiation
with elongated laser beam in external magnetic field of 14 T. (a, b) Images of linear plasma density at 28 and 98 ns
after irradiation with nanosecond pulses. (c, d) Images of plasma linear density at 16 and 96 ns after irradiation
with femtosecond pulses. Experimental images of «nanosecond» plasma similar to panel (a) and (b) are published
in our previous work [11]. All images are scaled identically.

In the case of the nanosecond flow, the «tongues» move at a constant velocity, while the base
of the flow where the tongues begin to form remains almost stationary. At the same time, chaotic
redirection of the ends of the «tongues» is observed (see Fig. 5 (b)).

Contrariwise, the «femtosecond» flows have the following features: (i) The base where the flow
splits into «tongues» does not stop but moves at a speed of about 30-40 km/s, comparable to the
«tongues» velocity of 100 km/s. (ii) The maximum plasma density is observed in the region where the
flow splits into «tongues». (iii) At times exceeding 50 ns, leaks of neutral gas with refractive index > 1
are observed near the target, while plasma has a refractive index < 1. As a result, in the interferograms
in Fig. 4, near the target, the interference fringes bend in different directions: downward in the plasma
region and upward in the neutral gas region. To avoid confusion, the neutral gas area near the target
is masked in Fig. 5 (d), so the density near the target is zero. (iv) For the «femtosecond» flows, the
ends of the «tongues» are markedly redirected. As in the case of a single «tongue» in section (3.2),
the twisting of the «tongues» is determined by ion motion and varies depending on the direction
of external magnetic field. Thus, in Fig. 5 (d), all tongues twist in the same direction, which differs
significantly from the chaotic dynamics of the «tongues» shown in Fig. 5 (b) for «nanosecond» plasma.
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Table 1. Calculated values of some parameters.

| Fsflow | Nsflow | Astro
Material Cs50,Hg CoFy H
z 3 6 1
A 7 17 1
B [G] 14 x10° | 1.4 x10° 500
L [cm] 0.3 0.4 1014
n, [em 3] 4x10Y7 | 2x10'8 108
T. [eV] 20 100 107
T; [eV] 20 100 107
V [km/s] 100 400 105
o [g.cm™3] 1.6x107°[95%x10°° [ 1.7x10°1®
Cs [km.s™1] 43 81 6 x 10*
Lee [cm] 64x107% | 1.4x1073 | 5x10Y
Teol ce [19] 1x1072 | 1.9x1072 | 3.6 x 101
Ry, [cm] 76x107° | 1.7x10°* 15
fee [HzZ] 39x 101 | 39 x 10" | 1.4x10°
L; [cm] 12x107% [ 97x107% | 3x10
Teolei [115] 12x1072 | 24x1072 | 3x 101
1; (directed) [cm] | 6x107* | 9x 104 2 x10'8
Teol ii [118] 6x1072 | 23x1072 | 2x10Y7
R;; (directed) [cm] | 1.7 x 1072 | 8.5 x 1072 2 x 103
f.; [Hz] 9.1x107 | 75x107 | 7.6x10°
f,; [Hz] 8.7 x 1010 | 1.1 x 10" | 2.1 x 10°
c/wp; [em] 55x1072 | 27x1072 | 22x10°
1 [cm?/s] 5x10° | 43x10* | 8x107*
Repy 14 370 1 x 10¥
Re 320 670 2.5 x 101
Eu 3 6.4 2.3
My 0.32 3.1 1
B 22x1072 | 48x 1071 | 32x 107!
HN 8.7 0.4 2.5x 10710

i The symbols are as follows: p — mass density, Cs — speed of sound, l,. — mean free path for e-e collisions, Ty, — time
between electron collisions, R, — Larmor radius of electrons, f.. — electron gyrofrequency, /,; — mean free path for e-i

collisions, T.y.; — time between e-i collisions, /;; — mean free path for ion-ion collisions, 7., ;; — ion collision time, R;; —

Larmor radius of ions, f.; — ion gyrofrequency. Rey — magnetic Reynolds number (Rey; = LV /1), where 7 is magnetic
2

diffusion coefficient. Re — Reynolds number (Re = LV /v), where v is the kinematic viscosity. Eu = % — Euler number. M4

= 4"52‘/ 2 Mach-Alfvén number (Ms =V /V,). Additionally, B = p/ (g) — plasma beta. HN = % — Hall number,

where L, = | 5,%55:| ~ 0.03 cm, which is the characteristic scale of inhomogeneity at the «tongue» front in experiments. The role
of the parameter HN will be discussed in the Discussion 5.

Table 1 presents estimates of the key parameters characterizing plasma flows for nanosecond
(«Ns flow») and femtosecond («Fs flow») ablation. The initial parameters obtained from experiments,
observations, or modeling are highlighted in bold. Unless otherwise specified, the parameter estimates
are calculated using the expressions from [69]. The kinematic viscosity v is computed according to
the formula from the work [17], p. 825, and the magnetic diffusivity # according to the formula on p.
467 of [18]. These parameters are used to estimate the Reynolds number Re = LV /v and the magnetic
Reynolds number Rep; = LV /1, where L is the characteristic spatial scale of the plasma flow, and V
is the flow velocity. The Reynolds numbers in both cases, «femtosecond» and «nanosecond» plasma,
are significantly above 1, indicating that the viscosity effects are negligible. The magnetic Reynolds
number Re;, exceeds unity in both cases, so that «femtosecond» and «nanosecond» plasma flows
can be considered as conducting fluids capable of advecting and being slowed by magnetic fields.
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However, the role of magnetic field diffusion at Re,, ~ 14 for the evolution of «femtosecond» plasma
is more significant than for «<nanosecond» plasma with Re,;, > 300. It is also worth noting that in both
cases, the plasma is substantially collisional; the mean free paths for e-e, e-i, and i-i collisions do not
exceed the ion cyclotron radius. At the same time, the electrons are magnetized.

It should be noted that dimensionless parameters, such as the Mach-Alfvén number M, =

47pV2
B2

as well as external magnetic field. Thus, this parameter is used not quite in the classical sense,

are estimated based on the parameters of the flow itself, including density and pressure,

where it characterizes the regime of expansion into an external environment. In this context, the
considered expansion into vacuum is significantly sub-Alfvénic and subsonic. Here, the parameter
My characterizes an important ratio between the magnetic field energy and the energy stored in the
plasma in the form of kinetic energy within the same volume during the deceleration stage of the
plasma flow. It is worth noting that the plasma beta 8 in both cases—«femtosecond» and «nanosecond»
plasma—is less than one, indicating that magnetic pressure dominates over thermal pressure. The

Euler number Eu = 4/ % > 1, meaning that the kinetic energy of the plasma exceeds its thermal energy

471pV2
B2
exceeds 1, indicating that the plasma kinetic energy surpasses the magnetic field energy. Conversely,

in both cases. At the same time, in the nanosecond case, the Mach-Alfvén number M, =

in the femtosecond case, M4 < 1, which suggests magnetic field dominance. Of course, these simple
estimates do not account for the effects such as local magnetic field amplification and/or temperature
increase in the deceleration region caused by magnetic fields. A comprehensive treatment requires 3D
calculations that consider laser heating processes—two types in our case—as well as nonlocal heat
and radiation transfer, finite plasma conductivity, and other effects. Such detailed calculations are
not yet fully available. Nonetheless, these simple estimates hint at significant differences between the
expansion regimes of «nanosecond» and «femtosecond» plasmas.

4. Simulation

To investigate the nonlinear dynamics of the plasma described in Section 3.2, specifically the
processes of diamagnetic cavity formation, the development of flute instability, and the formation and
evolution of a plasma sheet («tongue»), simulations were performed using the 3D MHD code FLASH
[70]. In the modeling, a laser pulse with an energy of 10 ] and a duration of 1 ns was incident on a
solid polyethylene target initially at rest and with a temperature of 270 K. To accurately account for
the physics of laser-target interaction, models of collisional ionization and radiative diffusion transfer
were employed [71,72]. For proper description of thermodynamic processes in the plasma, a three-
temperature model was used, accounting for electrons, ions, and radiation. Additionally, tabulated
equations of state and opacity data for polyethylene at high temperatures were applied to correctly
describe its properties under such conditions [71]. The target was placed in a uniform magnetic field
B, = 14 T. The space outside the target was filled with helium gas at a density more than 10° times
lower than that of the target. The external gas had no significant impact on the plasma dynamics and
was added to stabilize the numerical scheme. The plasma was laser heated to temperatures exceeding
100 eV, consistent with our experiments involving nanosecond laser pulses. To account for dissipative
effects on plasma dynamics, the «Spitzer» module was used, which self-consistently calculates the
components of conductivity #; and il based on the classical expressions from Braginskii (1965) [73].
Hall effects were not considered in this model.

The results of simulating the experiment on a «nanosecond» plasma interacting with a transverse
magnetic field are shown in Fig. 6. Figure 6 presents central slices (z = 0) of plasma density, ram
pressure, and magnetic pressure in a plane perpendicular to the external magnetic field. Three distinct
stages characterizing the plasma dynamics are shown: 20, 40, and 80 ns after the start of irradiation.
The detailed dynamics of the instability at the cavity boundary were studied in our previous works
[6,64]. In this work, we focus on the subsequent evolution of the plasma sheet. Therefore, we do not
consider the details of flute instability formation but directly present slices showing the developed
instability and further evolution of the sheet or «tongue».
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Figure 6. Simulations performed with three-dimensional MHD code FLASH. All images show slices at z = 0: (a-c)
plasma density, (d-f) magnetic field pressure, and (g-i) dynamic plasma pressure at 20, 40, and 80 ns after the start
of irradiation.

The most important conclusions that can be drawn from the modeling are: (i) In the MHD
approximation with dissipation (finite conductivity), significant diamagnetism is observed in the
plasma «tongue» region. This observation demonstrates that the propagation of the «tongue» across
the external magnetic field is not just ion drift but fluid-like MHD behavior of conducting plasma. (ii)
In the ideal MHD approximation without Hall effects, the twist (vortex) of the plasma «tongue» does
not depend on the direction of the external magnetic field and has a random character, similar to the
experimentally observed «tongues» in the nanosecond cases (see Fig. 3 and Fig. 5).

5. Discussion

Several possible candidates for the observed flute instability can be identified: the lower hybrid
drift instability (LHDI) [74,75], the electron-ion hybrid instability (EIH) [76], the Rayleigh-Taylor
instability (RTI) [77,78], and its variations: large Larmor radius instability (LLRI) [4,5,79-81] (or
unmagnetized ion Rayleigh-Taylor instability [82,83]); and Hall-modified Rayleigh-Taylor instability
(HRTI) [81,84]. The LHDI and EIH types of instabilities may be excluded from consideration because
their growth times are on the order of wa}[ ~ \/% Q;l < 0.1 ns, and their wavelengths are orders
of magnitude smaller [6] than those detectable under our conditions. However, microturbulence
associated with instabilities such as LHDI can lead to anomalously reduced conductivity and thus
influence the evolution of large-scale instabilities [6,74]. Large Larmor Radius instability at A, L,, < Rp;
plays an important role in the evolution of flute instabilities and cavity collapse in weakly collisional
plasmas [4,7,85]. In our case, however, the ion mean free path lengths /;; and [,; (see Table 1) are
significantly smaller than the ion Larmor radius Ry;, and the effect of ion unmagnetization is not
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relevant under the observed conditions. Therefore, we will consider only RTT and HRTI instabilities in
our further analysis.

Instabilities similar to RTI, HRTI, and LLRI can occur when acceleration g is counterdirected to the
density gradient Vp at the interface between the media. In our experiments, the plasma flow, which
initially possesses a significant density of kinetic energy (ng2 > g—i ; %Vj > p), is decelerated by an
external magnetic field. In a reference frame associated with the plasma shell, the flow deceleration can
be regarded to be the effect of an effective acceleration g, ¢, = — % [84,86] always directed opposite
to the density gradient Vp. Thus, the experimentally studied conditions of plasma expansion into an
external magnetic field are favorable for the development of these instabilities. Moreover, as noted
above, the absence of lateral flutes at the cavity boundary in the femtosecond case (see Fig. 3 (d)) can
be naturally explained by the fact that the projection (g, Ffr n) on the lateral boundary normal is close
to zero due to the initial collimation of the «femtosecond» plasma flow.

We will investigate the instabilities arising in the elongated slabs (Fig. 5) of «femtosecond» and
«nanosecond» plasmas interacting with a transverse magnetic field. We will derive an expression for
the effective acceleration g, following the work [86], but modifying the total energy conservation
equation (4) of spherical expansion from [86] to an equation describing quasi-cylindrical plasma
expansion with the angle of divergence ¢y:

1 B3 ¢oR*(t) 1
~MoV3(#) + 2L = -MyV% ~E 1
zMo d()+8n 5 2M0 0 ~ Eo (1)

where Ej in the right-hand side is the total laser energy deposited into the plasma, %MonzO is the
B3 [ ¢oR2()

7 81 2

is the magnetic field energy in the volume occupied by the plasma at time t, ¢ is plasma divergence

initial kinetic energy of the plasma, %MO V2(t) is the kinetic energy of the plasma at time t

angle, R(t) is the cylindrical radius of the plasma at time t, and L is its length along the cylindrical z
coordinate. By expressing V;(t) and taking the derivative with respect to time, we obtain an expression
for the effective acceleration:

IS :_%:i%¢OR2 L _ BS :wa )
eff it ~ 8w 2 MyR 4mpR R

where V is the Alfvén speed calculated based on the external undisturbed magnetic field and plasma
flow density, and R = Ry is the radius of plasma stopping for cylindrical expansion [84]. It can be
estimated that for a «<nanosecond» flow g,f s = 7.8 X 10'3 m/s?, and in the case of a «femtosecond»
flow gerfrs = 4.7 X 10 m/s2.

According to the linear theory, in the small dissipation approximation, the RTI growth rate
(see, for example, p. 466 of [77]) and the HRTI [81,84] can be written as yrr; = (kgeff)l/ 2

YHRTI = KLn(gefr/ L,)'/?, respectively, where L, is the scale length of the plasma density gradient,

and

8efr is the effective acceleration, and k is the instability wave number. Assuming L, = 0.3 mm in both
nanosecond and femtosecond cases, we can obtain preliminary estimates of the instability increments:
Yideal RTLfs = 311871, Yigear RT1ns = 1.3 0™ and Yigear HrT1fs = 7-8 NS, Videal HRTIns = 2218 1. It
is noteworthy that, due to the lower density of the «femtosecond» plasma, the instability increments
are several times larger than in the case of the «nanosecond» plasma. The maximum value of the
increment without dissipation is observed for the HRTI in the femtosecond case.

It should be noted that the mean free paths in both cases for ion-ion and ion-electron collisions are
on the order of or less than 10 ym, which is significantly smaller than the ion Larmor radius (see Table
1). Therefore, dissipative terms cannot be neglected in the linear analysis, as they can, for example,
lead to stabilization of short-wavelength perturbations. This is confirmed by the theory [86] and
MHD calculations [6], which show the best agreement with experiment when accounting for increased
resistivity. When including dissipative effects related to finite conductivity and isotropic viscosity
included, the linear dispersion equation can be rewritten as follows [67,87]:
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w? +ik* (D + V)W + Yipq — kK* Dy = 0 3)

where k is the instability wave vector, Dy, is the magnetic diffusion coefficient, v is the kinematic
viscosity coefficient, and ;4. is the growth rate neglecting dissipation, which differs for RTI and
HRTI. According to the experimental data, the linear stage of instability evolution occurs over times
from 5 to 15 ns. During these times, «femtosecond» plasma can be characterized by the temperature
T. ~ T; ~ 20 eV, while «<nanosecond» plasma has a temperature of T, ~ T; ~ 100 eV (values are given
in Table 1). These values are consistent with the direct measurements of plasma temperature using an
X-ray focusing spectrometer with spatial resolution (FFSR) [88,89] made in our previous works under
similar conditions [6,11,14,36,64]. From the classical Spitzer expressions for plasma conductivity (for
example, from [18]) and the classical Braginskii expression for ion dynamic viscosity (for example, p.
825 [17]), it can be found that the magnetic diffusion coefficient D, ~ 30 m?/s for T1 =20 eV and 5.4
m? /s for T2 = 100 eV. Meanwhile, the kinematic viscosity coefficient is several orders of magnitude
smaller and can be neglected, as well as the term k*D,,v in the expression (1). We will consider purely
unstable modes with w = iy and then derive an expression for the growth rate:

v~ 05 (ksz +1/k4D2, + 4751%,) (4)

The dissipative term 7 4;;; = k?Dy, in the growth rate (2) has comparable values with the growth
rates YigearrT1 and YigeargrT1, indicating the crucial role of dissipation in the observed flute instability.
It is straightforward to derive expressions for the wavelengths of the most rapidly growing modes
for RTL: Agr = 25/27tg;f}/3(Dm +v)%/3, and for HRTL: Apgrr = 27rg;f1f/2 (D'”+V), analogous to the

VLn
expression (1) from the work [6]. In Fig. 7 (a), the points represent the time evolution of the instability

wavelength, averaged over a shot, observed experimentally during expansion for «femtosecond» (blue
circles) and for «nanosecond» (red triangles) elongated plasma slabs (Fig. 5). The horizontal lines
in Fig. 7 (a) indicate the wavelengths of the most rapidly growing modes obtained in the linear
approximation for RTI (red) and HRTI (blue). In Fig. 7 (b), the points show the length of the flutes,
averaged over a single shot, observed experimentally during expansion of elongated plasma slabs:
«femtosecond» (blue circles) and «nanosecond» (red triangles), as well as the predictions from the
expression (4) of the linear theory for RTI (blue lines) and HMRTI (red lines) at two characteristic
temperatures 20 eV and 100 eV. The graphs in Fig. 7 demonstrate that the RTI gives a better description
of the elongated tongues observed in the nanosecond case, while the HRTI provides a better agreement
with the observed wavelengths in the femtosecond case. The discrepancy between the experiment and
the linear theory for times exceeding 30 ns can be naturally explained by the nonlinear nature of the
instability at later times.

The physical reasons for the emergence of (HRTT) can be understood by referring to the theory of
Hall magnetohydrodynamics, that is, to an approximation in which the physical system is described
by classical MHD with an added electric field term in the generalized Ohm’s law, associated with
the Hall effect %. This approximation, unlike the classical MHD, is applicable to the phenomena
occurring on spatial scales shorter than or on the order of the ion inertial length L < ¢/w);, and on
temporal scales shorter than or on the order of the ion cyclotron period 7 < f, 571 [84]. To estimate the
influence of Hall effects under our conditions, consider the magnetic induction equation with Hall
corrections, neglecting dissipative terms at this stage:

%—]: = rot[v X B] — rot([jexneB]) )

where the first term on the right-hand side describes convection, while the last term represents the
Hall effect, v is the plasma (ion) flow velocity, 7, is the electron density of the plasma, and e is the
elementary positive charge (electron charge). The other MHD equations do not require modifications
related to the Hall effects and are therefore not presented here. To determine the conditions under
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which Hall effects significantly influence the dynamics, we compare the last term in Eq. (5) with the
convective term, which dominates under our conditions. First, in the approximation ,; < 1 (Table 1),
the Hall term can be rewritten as [90]:

en, dt e or

where Jr accounts for the spatial scales. Estimating the convective term as ~ Bydv/ér, we find that
the Hall effects are significant for processes with temporal scales w™! < Qc_l-l. This condition can be
interpreted as the influence of unbalanced ion inertia during cyclotron rotation against the background
magnetized electron fluid. For the instability under study, this condition is expressed as v 2 Q;,
which is satisfied in our conditions in both «nanosecond» and «femtosecond» cases (Table 1). However,
as noted above, in the considered plasma, the ion-ion and ion-electron collisions with frequencies
Vi, Vei > w,y (Table 1) are quite significant, which prevents Hall effects from having a significant
influence on the flow dynamics near the target, where the plasma density is highest. Nevertheless,
Hall effects may be important at the leading edge of plasma «tongues», which have lower densities
< 10'7 ¢m=3, less collisions and sharper gradients in comparison with the mean free path lengths
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Figure 7. Comparison of experimental results with the linear theory of Rayleigh—Taylor instability (RTI) and
Hall-modified Rayleigh-Taylor instability (HRTI). (a) Average wavelength of instability in experiments with
elongated flows (Fig. 5) for «nanosecond» (red triangles) and «femtosecond» (blue circles) plasmas. Horizontal
lines indicate wavelengths obtained from linear approximation of (RTI) and (HRTI) for temperatures of 20 and
100 eV. (b) «Tongue» lengths in experiments with elongated plasma flows (Fig. 5) for nanosecond (red triangles)
and femtosecond (blue dots) laser pumping. In the linear approximation, RTT (red lines) and HRTI (blue lines),
the instability amplitudes (A = Age*) are plotted for two characteristic temperatures T1 = 20 eV and T2 = 100 eV.
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To estimate the influence of the Hall term at the front of the plasma flow, assume that L, =
|Vn./n.| ~ |VB?/B?|. Then, the ratio of the Hall term to the convective term is expressed by the
parameter [91,92]:

¢B c/wy " ¢/ wpi

HN = =
47’[6116 VLn RLi Ln

(6)

This parameter HN demonstrates that the Hall effects are significant at the front of the plasma
flow at lower density gradients L, and lower densities, which is expressed by a larger ion inertial
length ¢/w);, as well as at lower velocities, which, perhaps counterintuitively, is characterized by a
smaller Larmor radius Ry; compared to the same ion inertial length ¢/ w,,;. The values of the parameter
HN for «nanosecond» and «femtosecond» plasma cases, assuming a conservative estimate of the
inhomogeneity scale L, = 0.03 cm, are given in Table 1. The estimates in Table 1 show that the HN
value for «<nanosecond» flows is less than unity, while for «femtosecond» flows it is noticeably larger
than unity. This indicates that for «femtosecond» flows the Hall effects at the «tongues» front play a
more significant role.

Measuring Hall currents and fields in experiments is an extremely challenging task. The most
common methods used for diagnosing magnetic and electric fields in laser plasma, such as optical
diagnostics (Faraday effect) or proton radiography, are integral techniques and do not ensure required
accuracy of localized measurement of Hall fields. Measurement methods based on probes are not
applicable on our plasma scales L < 2 cm, but such methods are actively used in experiments with
plasmas having significantly larger spatial scales (L ~ 1m) [65,93,94]. However, these experiments
typically involve lower particle densities, pressures, and magnetic fields. For example, detailed probe
measurements of currents during plasma propagation across external magnetic field were performed in
the works [95,96]. In [97], a correlation was found between the emergence of Hall azimuthal magnetic
fields and large-scale flute instability and diamagnetic cavity collapse.

The hypothesis of a significant influence of Hall effects on the dynamics of «tongues» front is
supported by the RTT modeling in slab geometry using Hall MHD and hybrid codes [98,99], which
implement a kinetic approach for ion dynamics and a fluid approach for electrons, as well as fully
kinetic Vlasov simulations [100]. In these studies, when Hall effects were «turned on», the plasma
dynamics is modified such that, instead of the classical RTI manifested as «tongues», twisted «tongues»
are observed. The topology of these «tongues» remarkably coincides with the topology of the «fem-
tosecond» plasma «tongues» in our experiment. It has been demonstrated that the physical cause of the
twisting of the «tongues» into vortices is the Hall electric field, amplified by diamagnetic currents in the
presence of a sharp pressure gradient at the tip of the «tongues», leading to asymmetric ion motion at
the flow front [100]. Macroscopically, this effect can be viewed as an emergence of a Kelvin-Helmholtz
type instability [98-100].

5.1. Astrophysical Implication

The laboratory study conducted here can be used for modeling one of the most interesting and
enigmatic phenomena in the universe — bright and short flares in active galactic nuclei [101,102]. One
of the most plausible causes of these events is the interaction of dense clouds or red giants with jets of
active galactic nuclei [103-105]. An intriguing feature of these powerful flares is the presence of several
distinct peaks, which are most likely associated with fragmentation of the cloud interacting with the
jet. The individual «tongues» observed in the experiments with nanosecond laser pulses caused by
RTI, probably form these separate peaks on the brightness curves in the GeV and TeV ranges. Future
3D MHD simulations of such phenomena could confirm this hypothesis.

The parameters of astrophysical clouds are given in Table 1 (Astro). The scaling between as-
trophysical and laboratory systems is based on dimensionless parameters characterizing plasma
evolution within the MHD approximation: the Euler number Eu, the Alfvén-Mach number M4, and
the plasma beta § [17-19]. It is evident that these parameters for the astrophysical system match those
for «<nanosecond» plasma but are noticeably less consistent with «femtosecond» plasma. Additionally,
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for scaling within the MHD approximation, dissipative effects and non-ideal effects of the system
must be small [17-19]. In the case of astrophysical and laboratory «nanosecond» plasmas, dissipative
effects such as viscosity and magnetic field diffusion are approximately negligible since Re >> 1 and
Re; > 1. In «femtosecond» plasma, viscosity can be neglected; however, magnetic diffusion may
significantly influence plasma dynamics (Re;; ~ 10). Also, non-ideal effects related to Hall effects are
absolutely insignificant for astrophysical objects with large spatial scales L, since HN < 1. Therefore,
«nanosecond» plasma flows like those in our experiments are more suitable than «femtosecond» ones
for modeling astrophysical objects in laboratory conditions and have been actively used in our previous
works to model accretion and jet collimation in Young stars [10,11,14].

6. Conclusion

A detailed comparative study of the dynamics of plasma flows generated by high-intensity
femtosecond and nanosecond laser pulses with similar fluences on the order of 3 x 10%J/cm? has been
conducted for the first time. The interaction of such plasma flows with a transverse, uniform magnetic
field with strength exceeding 14 T has been investigated. The dynamics and three-dimensional
morphology of two types of plasma flows have been studied using femtosecond optical diagnostics.

A substantial difference in the dynamics of «femtosecond» and «nanosecond» plasma flows
was observed in vacuum with and without external magnetic field. The «femtosecond» plasma flow
initially propagates being collimated in vacuum, whereas the «<nanosecond» flow diverges with a finite
divergence angle of approximately 40°. The investigation of the cause of this collimation is beyond the
scope of the present work and will be addressed in future studies.

The main features of «femtosecond» plasma dynamics in an external magnetic field have been
described using qualitative and quantitative comparison with «nanosecond» plasma. Unlike «nanosec-
ond» plasma, there are no quasi-spherical cavities in «femtosecond» plasma. Besides, side flutes are
not observed in the femtosecond plasma. Instead, the flow is immediately redirected into a narrow
plasma sheet («tongue») propagating across the magnetic field at a constant velocity, similarly to the
«nanosecond» case. Furthermore, the dynamics of the «femtosecond tongue» at t > 40 ns significantly
differs from that of the «<nanosecond» one. The end of the «femtosecond tongue» twists in the direction
of ion motion in the external magnetic field, whereas «nanosecond tongues» are randomly oriented.

The instability in the unique geometry of the plasma flow in the form of an elongated plasma
slab has been investigated. Using the linear theory we have demonstrated that, similarly to the
«nanosecond» plasma, the «femtosecond» plasma flow interacts with a transverse magnetic field
and breaks up into «tongues» due to the development of Rayleigh-Taylor instability. However, a
significant difference lies in the behavior at the tips of the «tongues». In the femtosecond case, the
«tongues» twist in the direction of ion motion in the magnetic field, whereas in «nanosecond» flows, the
«tongues» are oriented randomly. Numerical magnetohydrodynamic simulations using the FLASH
code confirmed that this random behavior of the «tongues», independent of the external magnetic
field, is characteristic of the classical MHD Rayleigh-Taylor instability. The estimates of Hall effects
from simulations indicate that the behavior of the «femtosecond» «tongues» may be influenced by
Hall effects at their tips. It was shown that the influence of Hall effects on «femtosecond» «tongues»
is enhanced due to lower density and reduced flow velocity. These conclusions agree well with the
previous laboratory measurements of Hall fields [97] in plasmas with larger spatial scales (L ~ 1 m),
and are consistent with the numerical studies [98-100], where topologically similar twisted «tongues»
caused by Hall currents were observed. The ion kinetic-type effects (Hall effects) in a large-scale
«femtosecond» plasma depend on the characteristic values of parameters, such as density, temperature,
and velocity, rather than on hot accelerated electrons produced during interaction with an intense
femtosecond pulse.
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