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Origins of plasma filamentation in high intensity laser
fields and specific time-scale estimation

ALEXEI ZUBAREV?", MARINA CUZMINSCHI®¢, ANA-MARIA IORDACHE®

aNational Institute for Laser, Plasma and Radiation Physics, Magurele, llfov, Romania

®University of Bucharest, Faculty of Physics, Magurele, Ilfov, Romania

¢“Horia Hulubei” National Institute for Physics and Nuclear Engineering, 30 Reactorului, Magurele, Ilfov, Romania
dNational Institute of Research and Development for Optoelectronics — INOE 2000, Magurele, 1lfov, Romania

Recent experiments confirm the generation of long-living stable current filaments during plasma-laser interaction. In this
paper, we theoretically deduce and numerically study the time of plasma-laser interaction required for filaments generation.
We assume that plasma filaments appear due to non-uniform growth of Weibel instability at vacuum - overdense plasma
interface. We deduce the minimal pulse duration for which filaments appear as function of laser intensity. The results obtained
in our study are in agreement with previous experiments and numerical simulations. Finally, we notice that generation of
plasma filaments is hard to observe at experiments at CETAL, but will influence experiments performed at ELI.
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1. Introduction

Since their discovery, lasers were used for production
of localized plasma [1] and charged particles beams [2,3]
with direct applications both in science and art [4].
However, until application of chirped pulse amplification
method [5,6] laser power was not high enough for the study
of strong collective phenomena in plasma. Since 1990 the
power of big lasers grows exponentially and now rises up
to 1 PW in 2018 for CETAL [7], PHELIX PW laser [8] and
VULCAN PW laser [9]. First experiments performed at
ELI-NP showed record power of 10 PW [10].

Generated by high intensity laser radiation plasma
instabilities are of interest for both applicative and
fundamental research [11]. High intensity lasers are used
for simulation of astrophysical phenomena [12] and
generation of high energy particle beams [13], with
numerous applications in inertial confinement [14], proton
imaging [15] and nuclear physics [16].

Emission of high energy particles is a perspective
technology due to compact dimensions of plasma-laser
accelerators [17]. Plasma-laser accelerators provide high
quality electron beams [18,19] and in perspective can be
used for generation of ultra-short proton beams [20]. Main
mechanisms invoiced in electron acceleration process are
direct laser acceleration and laser wakefield acceleration
[21]. Protons are accelerated by secondary fields generated
in plasma due to the plasma polarization and electron waves
generation [22].

For low intensity lasers the main mechanism of particle
acceleration is direct laser acceleration, and plasma can be
considered just a source of the particles [17]. However, with
the increase of laser power and improvements of their
focusing, internal processes in plasma become important

and significantly change the energetic spectra of particles
beam [23].

According to recent numerical [24,25] and
experimental [26] investigations plasma acquires non-
uniform structure, different types of waves are generated
and instabilities appear [27,28,29]. This leads to a set of
complex non-linear phenomena and plasma behavior
becomes chaotic [30].

Long living structures generated in plasma in some
experiments [23,31] have a strong influence on the
energetic spectra of emitted particles. Such structures can
be defined as plasma filaments characterized by high
temperature, and current density. Moreover, similar
structures were obtained during numerical simulations
[25,30,32].

Experiments effectuated at VULCAN laser facility
[23] used proton imaging to obtain a real time evolution of
plasma irradiated with high-intensity laser pulse. Was
observed spatial expansion of plasma and generation of
plasma filaments. The current filaments appears due to
energy transfer from electrons to photons. Plasma spatial
expansion changes from an ordered to a chaotic one and
produces electron and ion instabilities with different growth
rate.

Such behavior is hard to describe analytically and
usually numerical simulations [23,25,33] or some
phenomenological models [33] are used.

The main influence of coherent radiation consists in
Lorentz force applied to the electrons in plasma. The
process leads to massive ionization with further generation
of secondary fields. These phenomena take place at lowest
spatial scale. Low scale phenomena in laser driven plasma
plays an important role in synthesis of periodic
nanostructures [34] and graphene quantum dots [35,36].
Subsequently at the upper scales, a special role is played by
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small fluctuations in field and charge carries velocity
distribution for the generation of plasma instabilities.

As in the other open systems [37,38], we can observe
the phase transition in the plasma produced by high-
intensity laser radiation when the energy flux through the
system increases. It leads to change in transport properties,
spatial energy distribution and entropy production [39].
From the electrodynamic point of view this process is
associated with magnetic reconnection [40].

Magnetic reconnection takes place in plasma, when
two magnetic lines are cut and reconnected in a different
way. The topological structure of the field changes during
the magnetic reconnection. According to the Taylor
principle [40,41] the potential energy of the field is
minimized, and the kinetic energy of plasma increases.
After the reconnection, the rate of entropy production
decreases and large scale instabilities appears.

Further development of large scale instabilities occurs
in accordance with the principle of minimum entropy
production due to energy transfer from low to large scales
[33]. This process is similar to the energy cascade but
occurs in a single step by direct coupling between low and
large scale instabilities. In Ref. [33] it is described as energy
transfer from quasi-particles associated with short
wavelength packages waves produced by collective large
scale instabilities.

In this article we study the origins of plasma filaments
generated in high-intensity laser field, estimate the time of
their generation as a function of laser radiation intensity,
and verify the generation of filaments for the most powerful
worldwide lasers. The work we performed shows the
importance of the pulse duration for the plasma laser
interaction experiments, and the possibility to use the long
laser pulse duration to obtain high energy plasma channels.

2. Model and method

Phenomena that happen during plasma-laser
interaction during plasma laser interaction has place at
different scales.

As a result of changes in characteristics of a plasma
(like temperature, magnetic fields, electric fields, density) a
turbulence region may appear. It is called plasma
instability, which can belong to hydrodynamic or kinematic
group. Weibel instability occurs due to strong magnetic
fields in a plasma movement appear collisionless shocks
and have been observed in laser experiments [42]. At low
scale in case of plasma-laser interaction, the Weibel
instability is the predominant instability that appears.
Connection between plasma filamentation and Weibel
instability was established in the article [23].

Transverse electromagnetic waves, which contain
electrons of plasma alone and spontaneously produced in
plasma as a result of an amply anisotropic velocity
distribution were first theoretically deduced by Erich S.
Weibel [43] in 1958. It was derived using the Boltzmann
transport equation omitting the collision term and keeping
only linear terms of the perturbation:
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where f is the perturbation of the distribution function, By

represents constant magnetic field, fO ) is a nonisotropic

distribution that is in our case stationary and Eand B
depict perturbation of the electromagnetic field. Let us

consider the case when f (V,T,t), E(F’,t), E(?,t) are of
form exp(ict +iK - F) in T andt. In this case eliminating
B using homogeneous Maxwell equations we get:
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The effects of anisotropy are included in the term

e/ (ma)[k<E]-[vxof, /oV] The constant magnetic
field is not the primary source in the appearance of

O]

instabilities. The solution of equation (2) for By and K

aligned along Z-axis, Eis perpendicular to them, and:
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Maxwell equations and eradicating the fields E and B
we have:
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According to Ref. [44] the growth rate of Weibel
instability is:
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After secondary magnetic field generated by Weibel
instability becomes strong enough and reaches the critical
value, magnetic reconnection occurs. It is described by the
following mechanism [40,41]

In the case of quasi-collisionless conditions, the fluid
characterization of plasma is a good approximation of the
bulk behavior. We will take into consideration the long-
wavelength regime A > A, (Ao is the Debye length). In this
instance we are dealing with quasi-neutral limit. The
continuity equation in case of one slightly charged ion
group is:
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Under these conditions, the equations of motions are:
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with pi. being the scalar pressures,

Mis the scalar resistivity and J is the
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current density. We assume that ~ ©' are small and:

2
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with Hie being scalar viscosities. The pressures follow the
adiabatic law:
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We obtain the mass flow expression by summing (11)
and (12) 7 = Di¥ifMeve ~ ¥; and omitting the electric
mi+me

field gives us:
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where we used P=pi+P. and r; + w, = w.We write the
generalized Ohm’s law:

E+—xB=R (15)
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with R including the rest of the terms. Now let us use
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normalizations Awhere L is a spatial

v, = By

B
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expression of equation (14) becomes:
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where ion and electron inertia scales are di and de, g is the
measure of the plasma pressure distinguished from the
magnetic pressure, # is the normalized resistivity and e is

dimensionless electron viscosity. In the large scale R s
small and in this way we obtain:

0,B =V x(VxB) 17)

Therefore, we have obtained the main expressions in
context of magnetohydrodynamics (MHD). It is specific for
highly conducting plasma to conserve the magnetic flux
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across a surface F(t) bounded by a curve I(t) shifting with
the fluid:

S [BdF = [oB-dF + | B.0F
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F I (18)

On the other hand, observations without any doubt
illustrate that most dynamic processes in plasmas include
an alteration in field line topology, for example field lines
have to reconnect after being cut. In our case, we are
interested in reconnection via a dissipative process,
therefore the terms in eq. (15) proportional to d; are ignored

and R = nJ. Reconnecting motions are incompressible,

meaning that V-v=0 anq n= no. Taking curl of eq.
(13a) and using the same normalizations, incompressible
resistive MHD equations become:

0,0 —V x (Vx B)—V x(jx B) =uVea (19)
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where @ is the vorticity.

Let us consider quasi-stationary resistive reconnection.
When the Reynolds number R,, > 1 fast reconnection
takes place when the gradients scales of reconnection are
shorter than the global scale. The process of reconnection is
localized around small convective term areas. Fig. 1 depicts
what happens in the vicinity of these points. We are taking
a look at the case when plasma moves from above and
below and evacuates to the side. This structure has a high
chance to be flattened into a sheet.
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—— = current
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Fig. 1. Schematic representation of magnetic
reconnection (color online)

Magnetic reconnection can be considered a second
order phase transition in plasma. The thermodynamical
properties of plasma changes [39].

During the evolution of plasma entropy in magnetic

. — PR’ .
tubes is conserved S = PB” And effective temperature of
the plasma can be calculated using the formula:

Tk, = [ Efy(E,a=0)dE = [ Ef,(E,a=a)dE 21

where a is the parameter that indicate how far is the
distribution from the equilibrium.

After the magnetic reconnection takes place, we can
describe the growing of filaments by energy pumping
mechanism [33]. We consider that the filament as large
scale instability, which is pumped by low scale instabilities
described in this formalism as quasi-particles.

The dispersion relation of electrostatic waves in
turbulent plasma in terms of quasiparticle susceptibility is:
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In case of perturbation on potential ¢ and perturbed
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In our case, quasiparticle number density does not

depend on frequency and corresponding Liouville’s
theorem is:
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where the quasiparticle velocity is o and dt js
the force caused by perturbations acting on quasiparticles.

f(k,k)=f(K)g(k,k)

Using the notation and
N(k)=No(k)+NCK) g ptain
- ONg
£(,K) =] f (K, k) akv dk’ o

3. Phenomenological model

Following the interaction between the high-intensity
laser radiation and the solid target different processes occur.
Field intensity reaches 7 > 10™W/cm? yielding in nearly
instantaneous ionization. Therefore, we can focus on the
interaction between the laser pulse and the over-dense
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plasma. The gradual generation of long-range instabilities
is shown in the Fig. 2.

The highest frequency in plasma corresponds to the
oscillations of laser fields and is assumed to be wo. All other
processes have much lower frequencies. Generation of low
scale instabilities has place due to fluctuations in magnetic
field. At this scale plasma behavior is determinated by
Weibel instability with growth rate:
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This dependence is almost linearly for large range of k,
S0 we can assume that the characteristic time for low scale
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Fig. 2. Formation of seeds for plasma filaments from
Weibel instability (color online)

In Fig. 2 is shown the growth of Weibel instability,
with generation of low scale currents. Due to magnetic field
associated with laser radiation ponderomotive force
appears. And plasma becomes inhomogeneous. Each local
current channel is a potenial seed for large scale filament.

At the upper time scale with specific period

t, =&’w " we should take into account non-uniform

growth rate of Weibel instabilities in different places of
plasma vacuum interface. It happens due to fluctuations in
laser field and Gaussian distribution of intensity in laser
spot.

When the secondary magnetic in most developed
current channels reaches a critical value, magnetic
reconnection occurs. The exact value is hard to estimate
analytically, however by analyzing numerical or
experimental data we can observe a second order phase
transition, and sudden change in entropy production rate.

Reconnection helps growth of large scale instabilities.

And further growth occurs without supplementary
energy flux from laser pulse. So the minimal pulse duration
necessarily for generation of long living filaments is given
by the magnetic reconnection moment. It is given by the
relation:

2 -1 -1/4
T =& w =al @n

where I is laser field intensity and al is an empiric constant.
4. Experimental data analysis and discussion

To confirm the theoretical model and to find empirical
constants we used the results of experiments and massive
numerical simulations implemented at Vulcan laser
presented in Ref. [32].

First, we extracted the profiles of magnetic field
generated in plasma at different moments of time (Fig. 3).
We observe that the amplitude of field oscillations remains
constant up to a time threshold, after which the value
increase fast.

120 fs 48 fs

721s

24 fs

Fig. 3. Profiles of magnetic fields for different times
extracted from numerical data presented in Ref. [32] (color
online)

The obtained results were used to estimate potential
energy in plasma and the entropy density. From Fig. 4 we
observe that S(x) has almost constant value at the begin of
laser pulse and a minimum appears. Local decrease of
entropy in an open system show that self-organization takes
place. Local decrease of entropy occurs in according with
the formula:

Sy =S, = [ log( [1(E)) f,(E)dE>0
fo (B) (28)
4.5
4 t=24 fs —— t=721s ——
t=44fs —— {=120fs ——
3.5 7

Xrel

Fig. 4. Evolution of entropy density profile S(x) during
plasma filamentation in experiment described in Ref. [32]
(color online)
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The evolution of average magnetic field induction in
time is presented in Fig. 5 (a). We observed that the average
magnetic field induction and respectively the potential
energy of plasma increase monotonically. We have not
noticed any time threshold in the average magnetic field
evolution.

Moreover we calculated the energy per entropy density
ratio (Fig. 5(b)), E/S, that increases monotonically too.
However, we can observe that the rate of entropy
production significantly decreases at 65 fs. This time can be
associate with the generation of the plasma filaments from
the low scale Weibel instability fields. The evolution of the
electromagnetic field energy and the energy per entropy
ratio allow us to specify the process as a second order phase
transition.
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Fig. 5. Dependence of average magnetic field (a) and
energy per entropy density ratio on time for numerical
data presented in Ref. [32] (color online)

Using the results from Fig. 5 (b) we estimated the delay
of between start of laser pulse and generation of plasma
filaments (Fig. 6). For lasers with pulse duration greater
then indicated by continuous line filamentation occurs. For
CETAL laser filamentation can occur in favorable
conditions but the result of experiment is determined by
fluctuations. For ELI filamentation will play an important
role.
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Fig. 6. Filamentation at biggest Romanian lasers (color online)

In the experiments effectuated on the ELI-NP laser
installation filamentation will play an important role and
can significantly perturb the experimental results.

5. Conclusions

Usually, it is considered that a combination of high
laser power and short pulse duration is the unique way to
obtain extremely high energy density in plasma and
respectively to produce high energy particle beams.
However, plasma filamentation occurs when a solid target
is irradiated by a high-intensity laser pulse and generates
high energy density regions in plasma due to self-
organization. It favors emission of high energy beams and
improve perforation of hypothetic plasma accelerator. To
obtain long living plasma filaments the following relation
between pulse duration 7 and laser intensity | should be

satisfied 7 N4 ) 1, where & is an empiric constant
and @ is the frequency of laser radiation.
Phenomenological model proposed in this article describes
generation of plasma filaments in three steps: first low scale
instabilities as Weibel instability grows, after due to
nonuniform growing seeds for further filaments become
more pronounced and at the last step magnetic reconnection
occurs. After the reconnection the filaments grow due to
energy pumping mechanism according to principle of
minimal entropy production. The results were confirmed
using experimental and numerical data. The obtained pulse
duration, and laser power relationship, allow easily to
predict qualitatively the results of experiments on the
powerful laser installations and help to choose optimal
parameters for plasma laser interaction experiments.
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