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Anisotropic heating and magnetic field generation due to Raman scattering
in laser-plasma interactions
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We identify a mechanism for magnetic field generation in the interaction of intense electromagnetic waves and
underdense plasmas. We show that Raman scattered plasma waves trap and heat the electrons preferentially in
their propagation direction, resulting in a temperature anisotropy. In the trail of laser pulse, we observe magnetic
field growth that matches the Weibel mechanism due to the temperature anisotropy. We discuss the role of the
initial electron temperature in our results. The predictions are confirmed with multidimensional particle-in-cell
simulations. We show how this configuration is an experimental platform to study the long-time evolution of the
Weibel instability.
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I. INTRODUCTION

Understanding the interaction between electromagnetic
waves and plasmas is of fundamental importance with im-
plications in inertial confinement fusion, plasma-based ac-
celerators, and laboratory astrophysics. The ability to use
the interaction of intense lasers with plasmas to reproduce
astrophysical scenarios in the laboratory is a powerful tool
to explore astrophysical phenomena [1,2], specifically in
connection with laser-plasma produced magnetic fields. Sev-
eral mechanisms for magnetic field generation, such as the
Biermann battery and the inverse Faraday effect, have been
discussed over the years [3–11]. Laser-plasma interactions can
generate strong magnetic fields, as shown in experimental and
numerical studies of magnetic turbulence [12], laser wakefield
acceleration [13], and collisionless shocks [14–16]. In the
context of intense electromagnetic wave interaction with un-
derdense plasmas, effects such as stimulated Raman scattering
(SRS) are important, and can determine the magnetic field
generation process, as electrons can heat and drive strong
currents in the plasma [17–19]. Stimulated Raman scattering
is the resonant decay of a photon into another photon and
an electron plasma wave. Theory and growth rates for SRS
were studied extensively in recent decades [20–27]. This
phenomena occurs only for underdense plasmas with density
n � ncr/4 (ncr = meω

2
0/4πe2 is the critical density, e is the

elementary charge, me is the electron mass, and ω0 is the pump
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frequency). Energy and momentum conservation require that
the frequencies and wave vectors obey

ω0 = ωpw + ωs, (1a)

k0 = kpw + ks, (1b)

where the subscripts “0”, “pw”, and “s” refer to the pump,
scattered plasma, and scattered electromagnetic waves, re-
spectively. Much of the attention drawn to SRS is related to
inertial fusion, where the plasma waves associated with the
SRS instability can preheat the plasma electrons [28–31]. Fur-
thermore, there is a more recent interest in using plasmas as
a medium for amplification of electromagnetic pulses through
the SRS mechanism [32–37].

The fields left in the plasma after the SRS process develops
(and their structure and temporal evolution) is a subject much
less investigated. Reference [18] found growth of magnetic
fields following SRS and explored the interaction of such
fields with incoming laser light. Reference [19] also shows
evidence of magnetic field growth due to the current of
trapped electrons on the scattered plasma waves and hints
of subsequent Weibel instability. Despite these early efforts,
the connection between SRS and the Weibel has not been ex-
plored, nor its interplay, long-time evolution, and dependence
on the physical configuration.

In this paper, we identify a mechanism for the genera-
tion of strong magnetic fields in an underdense plasma-laser
interaction. We show that the SRS scattered plasma waves
heat the plasma preferentially in their propagation direction.
The resulting temperature anisotropy leads to the onset of the
Weibel instability. We show this setup is ideal for studying
the long-time evolution of the Weibel instability, addressing
the fundamental question of how magnetic fields evolve from
small to long scales. This has important implications on
the structure of collisionless shocks in astrophysical objects
[38,39]. This configuration allows for probing such phenom-
ena in the laboratory.
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FIG. 1. Illustration of the magnetic field generation process.
(a) Longitudinal electric field E1. (b) Lineout of E3, the electric field
in the laser polarization direction, taken at x2 = 0. (c) B3 magnetic
field component.

II. ANISOTROPIC HEATING DUE TO STIMULATED
RAMAN SCATTERING DRIVES THE WEIBEL

INSTABILITY

We model our scenario with kinetic particle-in-cell sim-
ulations using the OSIRIS framework [40,41]. The numer-
ical parameters for these simulations are explained in the
Supplemental Material [42]. We simulate the interaction be-
tween an electromagnetic wave, with peak normalized vec-
tor potential a0 = eA0/mec2 = 0.2, frequency ω0/ωp = 10,
where ωp = (4πe2n/me)1/2 is the electron plasma frequency,
beam waist W0 = 50c/ωp (Gaussian profile), injected from
the left boundary at t = 0 along x1, and linearly polarized in
the x3 direction, and a uniform plasma. The ions are consid-
ered immobile, but we tested realistic ion (proton) mass and
found no influence in the results at the time scales shown here.
Initially, we examine a case where the electron temperature is
T = 20 eV. We later discuss the role of the initial temperature
in our results.

In order to measure the Weibel magnetic fields, the pulse
duration τ should match the time for SRS to significantly
heat the plasma τH , i.e., the scattered plasma waves reach
high amplitude (several e-foldings of the instability) and
break. However, τH should be short enough that there is
no interaction between the pump and the generated fields.
Furthermore, this enables measurements of the Weibel fields,
as they are separated from the laser pulse. We estimate that τH

is around 20 e-foldings of the maximum growth rate for SRS
backscatter in a cold plasma, i.e.,

τH ≈ 20γ −1
SRBS ≈ 20× 4

a0

(ω0/ωp − 1)1/2

2ω0/ωp − 1
ω−1

p . (2)

We thus performed simulations using τ = τH ≈ 20πω−1
p .

Figure 1 presents the SRS scattered plasma waves, the
laser, and the Weibel fields from our fiducial two-dimensional
simulation at t = 300ω−1

p . Figure 1(a) shows the longitudinal
electric field E1 of the wake field excited by the ponderomo-
tive force of the laser pulse in the region x1 ∈ [250, 290] ×
c/ωp. This is followed by small-scale structures, located
around x1 ≈ 250c/ωp, embedded in the rear region of the

(a) (b)

FIG. 2. Fourier spectra of (a) E1 and (b) E3 in the region where
the instability grows in Fig. 1(a). The dashed lines are the solutions
of Eqs. (3).

laser. These structures appear because of a combination of
plasma waves originated from Raman back and side scatter-
ing. The electric field in the laser polarization direction E3,
Fig. 1(b), confirms that the structures in Fig. 1(a) grow in the
region where the laser is propagating. Behind the laser [see
Fig. 1(c)], we observe the growth of the B3 component of
the magnetic field due to the Weibel instability, evolving from
small to long scales. Near x2 = ±30c/ωp, we also observe a
long-scale field, likely generated by the mechanism described
in Ref. [8]. For larger W0ωp/c, this field should be less
pronounced, making Weibel more prominent (cf. Ref. [43]).

To confirm that the structures in Fig. 1(a) are due to SRS
and the correlation with magnetic field growth, we start by
examining from Eqs. (1), the matching conditions for SRS.
Assuming a cold plasma, ω0/ωp � 1, and k0 = k0x̂1, the
wave vector for the scattered plasma and electromagnetic
waves, respectively, satisfy,

(kpw1 − k0)2 + k2
pw2 = (k0 − ωp/c)2, (3a)

k2
s1 + k2

s2 = (k0 − ωp/c)2. (3b)

The Fourier spectra of E1 plotted in Fig. 2(a) reveals the
dominant mode due to wake fields excited by the laser at
(k1, k2) = (ωp/c, 0). However, since the phase velocity of this
mode is close to c, it does not trap electrons or explain the
growth of magnetic fields. Moreover, we point out the growth
of a circular shape, due to the scattered plasma waves, in good
agreement with Eq. (3a) (dashed curve). The Fourier spectra
of E3 plotted in Fig. 2(b) shows the main mode representing
the incident laser field at (|k1|, k2) ≈ (10ωp/c, 0). We also
see a circular shape in good agreement with Eq. (3b), thus
confirming once more the presence of SRS in the system.

The higher intensity of the pump near the symmetry axis
implies that SRS will grow predominantly in the region
|x2| � 10c/ωp. The near backscatter modes and correspond-
ing plasma waves stay near this region, while the side-scatter
modes propagate outward. Near the axis, particle trapping
in the plasma waves and wave breaking occur preferentially
along x1 because kpw1 � kpw2, resulting in anisotropic heat-
ing. To confirm this, we examine the plasma temperature
tensor (for |x2| � 5c/ωp) defined as

mec2Ti j =
∫

f (p)vi p jd3 p
∫

f (p)d3 p
(4)
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FIG. 3. (a) T11, T22, and anisotropy parameter as a function of x1.
(b) Longitudinal phase space. The window is zoomed in the region
of Fig. 1(c) where we observe magnetic field growth.

calculated in the local plasma rest frame. Figure 3(a) displays
the x2-averaged plasma temperature as a function of x1. We
also show the (averaged) anisotropy parameter defined as
A ≡ Thot/Tcold − 1, where Thot and Tcold are the larger and
smaller eigenvalues of the temperature tensor Ti j , respectively.
In this example, A = T11/T22 − 1. As predicted, T11 and A
present a sharp growth at x1 � 254c/ωp, confirming that SRS
leads to an anisotropic temperature, - the driver of the Weibel
mechanism [44], which amplifies small perturbations in the
magnetic field. The filaments in Fig. 1(c) are parallel to the
cold direction (x2 for |x2| � 10c/ωp and oblique for |x2| �
10c/ωp), characteristic of the Weibel instability [45], thus cor-
roborating this mechanism for magnetic field amplification.
Figure 3(b) shows the longitudinal phase space density fe. By
comparing Figs. 3(a) and 3(b), it is clear that severe trapping
and wave breaking are the main heating mechanisms as the
rise in T11 coincides with the trapping on the first plasma
waves.

III. ROLE OF LANDAU DAMPING

In this example, the growth of Raman backscatter was
seeded by the small thermal fluctuations T = 20 eV. For
higher temperatures, Landau damping prevents the growth
of sufficiently small wavelength plasma waves. An estimate
of the wave number of the plasma waves for which Landau
damping becomes sizable is given by kvth/ωp � 0.4 [46],
where vth/c = (T/mec2)1/2 in the nonrelativistic limit. As we
increase the background temperature approaching this limit,
the first modes that are damped are the ones near backscatter,
with higher k. When this happens, the maximum growth rate
will be at some angle between backscatter and forward scatter
[25], and thus the dominant scattered plasma waves form an
angle with the pump. This affects the anisotropy direction
because these plasma waves are responsible for heating the
plasma preferentially in their propagation direction. We still
observe magnetic field amplification behind the laser pulse,
as long as the temperature is not high enough that all side-
scatter modes are damped. However, because the background
temperature is higher, we expect a lower anisotropy, which
then leads to smaller magnetic field values.

Landau damping plays a key role in defining the tilt angle
of the anisotropy. The anisotropy direction can be found by
calculating the principal axis θA of the temperature tensor Ti j

[47]. Figure 4(a) shows the calculated θA as function of the

(a) (b)

FIG. 4. (a) Anisotropy angle θA calculated from simulation re-
sults and theoretical estimate of Landau damping θLD and (b) energy
of B3 as a function of the initial electron temperature.

initial electron temperature. For comparison, we also show
the result of an estimate for the highest k that is not Landau
damped k = 0.4ωp/(T/me)1/2 combined with Eq. (3a) to
calculate the angle θLD for which this effect is noticeable.
By comparing θA and θLD, we notice that the anisotropy
angle remains constant, while Landau damping is negligible
(T < 0.1 keV). When the temperature is enough for Landau
damping to become relevant (T > 0.1 keV), the anisotropy di-
rection starts to change. Figure 4(b) displays the energy of the
B3 field, i.e., εB3 ∝ ∫

B2
3d2x, as function of the initial plasma

temperature, as observed in simulations. As predicted earlier,
the field amplitude decreases for larger temperatures because
the anisotropy is smaller. Nevertheless, for T � 1 keV, field
growth remains evident.

IV. SEEDED STIMULATED RAMAN SCATTERING

To further investigate the role of SRS driven anisotropic
heating, we perform additional simulations under controlled
conditions (cold plasma). In addition to the driver laser, we
included in our simulation seed laser pulses with ω0/ωp = 9,
a0 = 0.001, and pulse duration 6ω−1

p , with the remaining
parameters the same as for the pump pulse. The seed elec-
tromagnetic wave is injected from the right boundary or from
the top boundary. For these parameters, the pump and the seed
waves respect the matching conditions from Eq. (1a), and seed
Raman backscattering and sidescattering at 90° in the region
where the two pulses overlap.

Figure 5(a) shows the momentum space for the particles
in the region where SRS grows for seeded backscatter. As
expected, heating is dominant in the longitudinal direction
with anisotropy parameter as high as A > 1000 and Thot =
T11 ≈ 10 keV. The magnetic field, shown in Fig. 5(b), exhibits
a wave vector in the cold x2-direction, a characteristic of the
Weibel instability. The maximum growth rate for the Weibel
instability, in the limit A � 1, is γ /ωp =

√
Thot/mec2 [45].

Figure 5(c) compares this value with the growth of the B3

energy calculated from the simulation, showing an excellent
agreement.

The seeded backscatter setup is also ideal to perform
three-dimensional simulations, since all electromagnetic and
plasma waves of the SRS process propagate in the longitudi-
nal direction. Thus we are able to lower the resolution in the
transverse direction, rendering the simulations less demand-
ing. Figures 5(d) and 5(e) show two slices of the magnetic
field from three-dimensional simulations and we notice a
quite striking resemblance between the field filaments, both
in shape and magnitude, of the two- and three-dimensional
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(a) (b)

(c)

(d) (e)

(f) (g)

FIG. 5. Seeded SRS. (a) Electron momentum distribution for
seeded backscatter. (b) Magnetic field in the region where the scat-
tered plasma waves heated the plasma. (c) B3 energy and the theoret-
ical prediction for the growth rate (dashed red line). (d), (e) Slices
of the magnetic field for three-dimensional simulation of seeded
backscatter, the B2 component at x2 = 0, and the B3 component at
x3 = 0. Seeded sidescatter (f) electron momentum distribution and
(g) magnetic field in the region where the plasma was heated.

simulations [Figs. 5(b), 5(d), and 5(e)], confirming that two-
dimensional simulations cannot only reproduce the physical
mechanism behind the whole process of magnetic field ampli-
fication, but are also able to provide quantitative predictions
on the generated fields.

For seeded sidescatter, Fig. 5(f) shows the momentum
distribution of the particles in the region where SRS grows.

FIG. 6. |B3|2 as a function of x1 and k2. The dot-dashed black
curve fits the maximum k2 of the Weibel filaments. The solid
red curve is the transversely averaged anisotropy parameter A =
T11/T22 − 1 as a function of x1. The dashed white line indicates how
the anisotropy decays.

It is clear that the hot direction forms an angle with the p1

axis. By diagonalizing the temperature tensor Ti j [Eq. (4)], we
learn that the anisotropy angle is θA = 40.5◦. If we replace
ks = −ksx̂2 in Eqs. (1b) and (3b), we calculate that the angle
of the scattered plasma waves is θpw = arctan(1 − ωp/ck0),
or θpw = 42◦ for ω0/ωp = 10. Therefore, there is a good
agreement between the anisotropy direction and the direction
of the scattered plasma waves, which reinforces the correla-
tion between the anisotropic heating and SRS. Figure 5(g)
shows magnetic field in the region where the pump and
the seed overlap. Again, the wave vector is parallel to the
cold direction, which further supports the interpretation that
temperature anisotropy was the driver for the magnetic field
amplification through the Weibel mechanism.

V. CONCEPTUAL EXPERIMENTAL DESIGN

We indicate how this setup can be used as an experimental
platform for the study of the long-time evolution of Weibel
filaments. This is demonstrated on Fig. 6 where we show
the quantity |B3|2 at the same time as in Fig. 1(c), but
we made a Fourier transform in the x2 direction. There is
a correlation between the time delay of the laser passage
through a region and the stage in the evolution of the Weibel
filaments; going back in space is equivalent to going for-
ward in time as we notice the transition of a wide range
of large k2 modes that grow when the anisotropy is maxi-
mum (right behind the pump) to small k2 as the filaments
merge. The dot-dashed black line in Fig. 6 shows a fit k2 ∝
(c1 − x1)−1/2 [c1 is a constant] for the wave-number trend
of Weibel, in good agreement with simulation results. The
wave-number trend 〈k(t )〉 ∝ t−1/2 was also observed else-
where [42,48,49]. Figure 6 shows that the decrease in wave
number corresponds to a decrease in anisotropy (red line). The
white dashed line indicates the trend A ∝ e−0.015ωpt for long
times.

This process can be probed using technology readily avail-
able in the laboratory. For a laser wavelength of λ = 800 nm,
the plasma density for this setup is n = 1.75×1019 cm−3. The
typical transverse dimension and intensity of the B3 filaments
in our simulations are 50 μm and 0.2 MG, respectively, for
a laser with τ = 270 fs and 5.5 TW peak power. Although
our fiducial simulation is collisionless considering a hydro-
gen plasma (if T > 4 eV, the collision time is greater than
the anisotropy growth time), for smaller temperatures the
laser will rapidly heat the plasma to a collisionless regime.
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Simulations with an initially cold neutral hydrogen gas and
verified that the pump fully ionizes a radius beyond the
beam waist with T � 5 eV [42]. Also, the effect of a density
gradient on heating due to SRS is explored in a simula-
tion with longitudinal and transverse density gradients of
0.5×1017 cm−3/μm demonstrating the robustness of our main
results [42].

VI. SUMMARY

In this paper, we have presented a mechanism for mag-
netic field generation in intense laser-plasma interactions.
We identify magnetic field amplification that matches the
Weibel instability characteristics and growth rate in the region
behind the pump electromagnetic pulse. We show that Weibel
is driven by anisotropic heating produced by SRS in both
seeded and unseeded scenarios. We reveal that the Weibel field
amplification is present as long as the electron temperature
is sufficiently small that some side-scattered waves are not

subject to Landau damping. Finally, this scenario enables
experimental studies of the long-time evolution of the Weibel
filaments, with laser parameters readily available in several
facilities around the world.
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