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Through 2D particle-in-cell (PIC) simulations, we demonstrate that the nature of filamentation of
a high intensity electromagnetic (EM) pulse propagating in an underdense plasma, is profoundly af-
fected at relativistically high temperatures. The "relativistic" filaments are sharper, are dramatically
extended (along the direction of propagation), and live much longer than their lower temperature
counterparts. The thermally boosted electron inertia is invoked to understand this very interesting
and powerful phenomenon.

Introduction

Laser filamentation is one of the rather profound ex-
pressions of nonlinear processes unleashed during the in-
teraction of a high amplitude laser pulse with a plasma
(laser created or otherwise). The phenomenon has been
vigorously investigated, both experimentally and theo-
retically [1–6] because of its intrinsic scientific challenges,
and because of its immense relevance to astrophysics [7,8]
and other areas of physics [9–11].

The basic physics of filamentation, originating in the
density dependence of the refractive/dispersive proper-
ties of the plasma, is quite simple. When a propagating
intense laser beam encounters a density perturbation in
the plasma, it is, preferentially, refracted to lower density
regions (more transparent to the electromagnetic wave)
boosting up the local energy density. The ponderomotive
force resulting from the differential (inhomogeneous) lo-
cal electromagnetic (EM) energy density, by pushing the
plasma particles from the low to the high density regions,
sets in the positive feed back instability that piles up
more and more electromagnetic energy into the density
troughs. Eventually, the laser beam filaments and begins
to flows in narrow plasma channels that are character-
ized by high EM intensity simultaneous with low plasma
density [12].

It is natural to expect that the basic laser/plasma
parameters (laser power, frequency, energy distribution,
plasma density and temperature [12,13]), that determine
the linear and nonlinear refraction coefficient and the
ponderomotive force, will also control the dynamics of fil-
amentation. There are several physical observables that
may be invoked to characterize filamentation: the onset
time, the extension of the filament along the direction of
propagation (to be called the filament length, LF ), and
the persistence time before the filaments begin to diffuse
by new nonlinear processes. Both the spatial extension
and longevity of the filaments can serve as characteristic
measures of the filament “quality”. The primary determi-
nants of LF , for example, must be the basic laser/plasma
parameters. It is found, however, that additional factors,

like the wave polarization might also influence the fila-
ments length; The temperature T and the effective mass,
measured in energy units, tends to be smaller for linear
polarization as compared to circular polarization due to
a higher nonlinear coefficient [14,15].

Although we did list plasma temperature as a possi-
ble parameter that influences the filamentation dynam-
ics, there is very little theoretical or experimental effort
to chart out what the variation of temperature actually
does. The goal of this paper, therefore, is to investigate
the temperature dependence of filamentation dynamics
through Particle-in-cell (PIC) simulations of the fate of
a high intensity EM pulse propagating in a hot under
dense plasma. Bulk relativistic electrons and ions with
temperatures of multi-MeV have been achieved in labo-
ratory [16,17] and observed in astrophysical systems[18].
Multiple MeV plasma will be routinely created in the
class of experiment called "laboratory astrophysics"[19].
Thus in our simulations, the plasma is allowed to be fully
relativistic both kinematically and thermally, i.e, T/m
can be greater than 1. In this paper, the temperature T
is measured in energy units, m is the electron rest mass,
and the speed of light, c = 1.

We find that, although the filamentation dynamics is
relatively insensitive to temperature variation in the non-
relativistic regime (T ≪ m ≈ 500 keV), it is profoundly
affected in the regime of relativistic temperatures. As
T/m becomes bigger than unity, the onset of filamenta-
tion is delayed, but once formed, the filaments are sharp,
are spectacularly extended (larger LF ), and persist for a
longer time. Later, we will proffer a theoretical explana-
tion for the simulation results that we now describe.

Simulation - results

To elicit the essential features of EM filamentation in
high temperature plasmas, we carried out 2D simulations
using a fully relativistic PIC code (EPOCH) [21,22]. We
study a neutral proton-electron plasma and a simulation
box of size 60µm×30µm containing 900×450 cells. Ini-
tially, the ions and electrons have the designated temper-
ature and a number density n = nc/2 (nc is the critical
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density) or 8000 particles per cell. A laser, linearly po-
larized in the z-direction, propagating in the x-direction,
with intensity

I = I0 [1 + δ cos (kyy)] cos
2 (kxx− ωt) (1)

is normally incident from the left (x = 0µm). In our
simulations, the main part of the beam has an intensity
I0 = 1.24× 1023 W/m2 and its wavelength λ = 1.06µm.
The perturbation δ cos (kyy) has an amplitude δ = 0.02,
and a wave vector ky = 8π/30µm−1 in the y-direction.
Simulations invoke periodic boundary conditions in the
y-direction.

The most important of our results are displayed in a set
of snapshots shown in Fig. 1, showing, for different initial
temperatures, the filamented structure of the laser beam
at three different times: t = 75, 150 and 250 fs (evolving
from an initial (t=0) y profile that is essentially uniform
with a small δ = 0.02 modulation). We note:

1) For higher temperatures, the filamentation begins
at later times; in the 75 fs row, for example, the filamen-
tation is clearly manifest at 100 and 500 keV, it is barely
discernible at 1MeV, is about to begin at 2MeV, and
is absent at 3MeV. At a later time, t = 150 fs, the fil-
aments are beginning to diffuse for lower temperatures,
while sharp, well-formed distinctive filamented structures
emerge at higher T ; the trend continues in the 250 fs
frames; filamentation is sharpest at 3MeV.

2) Though the filamentation has a delayed onset at
high temperatures, it is at relativistic temperatures
where the filamentation dynamics is most spectacular;
the spatial extension LF of the stable filaments increases
rapidly with temperature as is reflected clearly in the
frames displayed in the last row of Fig. 1. From the LF

versus T curve in Fig. 2, we deduce; i) in the entire non
relativistic range (unto T≈ 300 keV), LF is essentially
unchanged, ii) As we enter and go deeper into the rela-
tivistic regime, the filaments live longer and become very
extended in the direction of propagation; in, fact, LF

shows an “explosive” increase after T/m crosses unity.

3) In all cases, the peak electric field strength in the
established filamentation is about 3 times the incident
wave amplitude (9.66× 1012V/m).

4) The filamentation dynamics is rather complex and
multiply structured; in addition to the main filaments
(large concentration of EM energy) formed about the
crests of the δ perturbation, second order filaments, with
somewhat weaker energy concentration, are seen to grow
in between the main filaments (Fig. 1). Although it is
the very sharp main filaments that represent the princi-
ple nonlinear reorganization of the plasma- laser system
(instead of the leaser beam propagating with a uniform
y profile, it flows through low density plasma channels),
the nonlinear physics of the formation (and then weaken-
ing) of the secondary filaments is highly interesting and
very involved.

5) To demonstrate that the basic characteristics of the
filamentation phenomena are independent of the mag-
nitude of the perturbation, we carried out simulations
with several values of δ (0.01, 0.02 and 0.04) and found
no qualitative difference. The temperature dependence
of the filamentation length, LF (one of the key results),
was nearly the same for all values of δ.

Theoretical explanation - discussion

In order to understand and properly interpret the re-
markable change in dynamics brought about by relativis-
tic temperatures, let us review, in some detail, the basic
determinants of the nonlinear processes that lead to fila-
mentaion.

It was mentioned earlier that the density dependent re-
fractive properties of the plasma, in conjunction with the
ponderomotive force, may be the root cause of filament
formation. That statement, however, is only partially
correct. Although for non-relativistic temperatures, the
refractive properties do, indeed, remain essentially inde-
pendent of thermal energy, they are strongly affected in
the regime of relativistic temperatures. Let us examine
the dispersion relation of an EM wave of arbitrary am-
plitude qA/m, where q is the particle charge, and A is
the magnitude of the vector potential [15]

ω2
− k2 =

ω2

p

ΓfΓth

(2)

where ωp =
√

4πq2nR/m is the invariant (rest frame)
plasma frequency and nR is the rest frame density. Of
the two Γ factors,

Γf =

√

(1 +
q2A2

m2
), (3)

Γth = K2(ζ)/K1(ζ), ζ =

√

(1 + q2A2/m2)

T/m
(4)

that distinguish Eq.(??) from its simplest non relativistic
form, Γf , the field- enhanced mass factor (loosely called
the relativistic mass increase) is well-known, while the
displayed expression for Γth is the result of a very recent
calculation where a statistical description of weakly inter-
acting quantum particles subject to an arbitrary strength
EM field is constructed [16]. In Eq.(??), Kn(ζ) are the
modified Bessel functions of order n.

The dispersion relation (??) tells us that in addition
to the rest frame density nR, two additional parameters-
the strength of the EM wave (qA/m)and the normal-
ized temperature (T/m)- are essential determinants of
the propagation characteristics (cutoff frequency, critical
density etc.) of a relativistically intense EM wave in a
hot plasma. The temperature factor Γth > 1 is the fun-
damental reason why the filamentation process becomes
more pronounced as one goes to relativistic temperatures
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because it is then that K2(ζ)/K1(ζ) can become consid-
erably greater than unity (For T/m ≪ 1, Γth ≈ 1)

The role of Γth > 1 could be assessed in several equiv-
alent ways- it is naturally interpreted as the increase in
effective mass due to thermal energy just as Γf reflects
the boost in effective mass due to the EM energy. Both
of these processes, by lowering the cutoff frequency, en-
hance transparency to the EM waves.

Let us now construct a qualitative picture of how
the filamentaion dynamics is so strongly affected for
T/m > 1. When the laser beam enters the plasma, the
ponderomotive force caused by the δ inhomogeneity in
intensity, pushes the electrons out of the higher inten-
sity region lowering the local electron density. And since
the lower density regions, because of their greater trans-
parency, are more receptive to the EM wave, the local EM
intensity is further boosted. The feedback process con-
tinues till EM energy tends to flow in narrow filaments
around the peaks of the initial beam. Since the plasma
transparency (for a given initial density nR) is consid-
erably higher at relativistic temperatures as compared
to the non-relativistic ones, the nonlinear processes that
cause filamentation become commensurately stronger re-
sulting in sharp, extended and long lived plasma channels
through which the EM energy flows.

Naturally, the regions of high EM energy (the laser fil-
aments) are also the regions of lower electron density as
shown in Fig. 3, where we have displayed only the high-
est temperature (2 and 3MeV) cases. The final form
for the simultaneous channel-filament structure is deter-
mined by a complex interaction of the ponderomotive,
thermal pressure, and the charge separation forces; the
emergence of the latter speeds up the movement of slug-
gish ions while slowing down the more mobile electrons.
The details will be given in a more comprehensive paper.

Although the filament “quality” and duration are con-
siderably boosted at high temperatures, the filaments will
eventually decay due to the development of various insta-
bilities like the stimulated Raman scattering.

In order to check the essentials of the proffered ex-
planation, that the thermally enhanced electron effective
mass (mΓth) may be the cause of the interesting and
profound change in the dynamics of filamentation, we
conducted a set of simulations with “electrons” that are
thermally non-relativistic but whose rest mass is artifi-
cially jacked. We display in Fig. 4 the simulation results
for m∗ = 6m and T = 100 keV keeping all other condi-
tions to be the same as before.

The comparison of Fig. 4 and the snapshots in the
first column of Fig.1(corresponding to T = 100 keV)
show, as expected, that the filaments are formed later,
are sharper, and spatially extended at the artificially as-
signed larger mass; in Fig. 4, distinct filaments emerge
after t = 300 fs, and their length is about 44µm at
t = 400 fs. Thus for both cases, where the electron effec-
tive mass was enhanced to relativistic values, whether

thermally (T = 3MeV, rest mass m) or artificially
(T = 100 keV, m∗ = 6m), the filamentation dynamics
is profoundly effected in qualitatively similar ways. One
does not expect an exact equivalence because the ther-
mally enhanced mass factor is a bit more complicated
than a simple proportionality (as can be seen from the
Γ factors). The detailed comparison will require more
comprehensive work in which the intertwining EM and
thermal effects are treated, more accurately, for the con-
figuration relevant to the presented simulations [20].

Although not central to the main theme of this letter,
one notes with great interest the emergence, and then
dissipation, of the second order filaments (second order
plasma channels) around the troughs of the δ perturba-
tion. The fascinating nonlinear physics, responsible for
this phenomenon, though straightforward, is sufficiently
complex to merit a separate paper. Explanation of the
second order order filaments, along with a more quanti-
tative investigation of the filamentation process (see the
preceding paragraph) will be presented in a forthcoming
paper.

The PIC simulations of a high intensity laser wave trav-
eling in an arbitrary temperature under-dense plasma
show that the process of EM filamentation (EM energy
flowing through narrow plasma channels) undergoes a
spectacular change at relativistic temperatures; the (rel-
ativistic) filaments become very sharp and extended in
the direction of propagation, and persist for much longer
times. The nonlinear processes that lead to filamenta-
tion become more effective due to the thermally enhanced
plasma transparency. Here is, then, a very effective phys-
ical mechanism that can be exploited to achieve an even
greater spatial concentration of EM energy.
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Fig. 1. Snapshots of the laser electric field strength inside the plasma. From left to right, the columns correspond,
respectively, to plasma temperatures: T = 100 keV, 500 keV, 1MeV, 2MeV and 3MeV. The first, 2nd and 3rd rows
show snapshots at time t = 75 fs, 150 fs and 250 fs respectively.
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length, LF .
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Fig. 3. Snapshots of the electron number density that

correspond to the 4th and 5th columns of Fig. 1.

Fig. 4. Snapshots of the laser electric field strength
inside a plasma with T = 100 keV and m∗ = 6m, taken
at t = 100 fs (a), 200 fs (b), 300 fs (c) and 400 fs (d).


