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A new experimental platform based on laser-plasma interaction is proposed to explore the fundamental
processes of wave coupling at the origin of interplanetary radio emissions. It is applied to the study of
electromagnetic (EM) emission at twice the plasma frequency (2ωp) observed during solar bursts and
thought to result from the coalescence of two Langmuir waves (LWs). In the interplanetary medium, the
first LW is excited by electron beams, while the second is generated by electrostatic decay of Langmuir
waves. In the present experiment, instead of an electron beam, an energetic laser propagating through a
plasma excites the primary LW, with characteristics close to those at near-Earth orbit. The EM radiation at
2ωp is observed at different angles. Its intensity, spectral evolution, and polarization confirm the LW-
coalescence scenario.
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Solar flares generate intense electromagnetic (EM)
radiation in the radio domain (1–100 MHz) that is the
signature of electron beams propagating in the interplan-
etary medium [1,2]. Detected by space and ground-based
radio telescopes, these EM waves could, in principle,
provide characteristics of the electron beams, thus opening
the prospect for direct applications in space weather. The
individual steps resulting in such emission were proposed
in the 1950s [3,4]: the fast electron beams generated during
solar flares provide the free energy necessary to destabilize
the interplanetary plasmas leading, in particular, to the
excitation of electron plasma waves [Langmuir waves
(LWs)] through beam-plasma instabilities. These can pro-
duce EM waves at the local plasma frequency (ωp) or its
harmonics. This Letter focuses on the type-III radio bursts
emitted at 2ωp, which is thought to come from a two-step
mechanism:

LW → LW0 þ IAW0; ð1Þ

LWþ LW0 → EM2ωp
: ð2Þ

In step (1), known as the Langmuir decay instability (LDI),
the primary LW decays into a secondary one (LW0, almost
counterpropagating) and an ion acoustic wave (IAW0). In
step (2), knownasLangmuirwave coalescence, the nonlinear
coupling between the two LWs generates a current at 2ωp, a
source term for an EM wave at the same frequency [4,5].
Numerous observations from space instruments have

provided in situ measurements of these mechanisms in the

very specific plasma environment of the interplanetary
medium. Recently, relations between the frequencies, wave
vectors, and phases of the waves involved in the wave
coupling mechanism have been confirmed [6,7]. However,
these measurements remain limited spatially (single-point
measurements of LWs) and temporally (due to the reduced
telemetry). Analytical models and numerical simulations
have been developed to interpret these space observations.
Recently, three-dimensional EM particle-in-cell simula-
tions tackled several questions regarding the efficiency
of the conversion process from LW to EM waves, and the
emission pattern of the EM waves [8,9]. These models and
simulations yet remain to be confronted with experimen-
tal data.
Laboratory experiments provide a complementary and

powerful method to study the fundamental mechanisms of
wave coupling. In the 1980s [10–14] a few experiments
based on the injection of an electron beam in a plasma,
magnetized or not, reported the detection of EM emission
at ωp or 2ωp. The radiated powers at ωp and 2ωp were,
respectively, ∼10−6 and ∼10−9 of the total beam power.
These pioneering laboratory experiments were all per-
formed with low-energy electron beams (< 3 keV) in
plasmas of low electron temperature (Te < 3 eV). As a
result they all lead to very similar wave parameters. Only one
of these experiments [10] measured the polarization of the
EM radiation, and none measured the angular pattern of the
emission. Laboratory data in a larger range of plasma
parameters, with a larger set of probed regions and a broader
type of diagnostics, would allow better comparisons with
space data andwouldbetter exploit the newcapabilities of 3D
simulations.
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Laser-generated plasmas provide today a unique and
effective platform to study the generation of the 2ωp
emission. Indeed, in laser-plasma interaction the laser takes
the role of the electron beam in the interplanetary medium:
the primary LW can be generated by laser-stimulated
backward Raman instability. With appropriate conditions,
steps (1) and (2) naturally ensue and can be studied. The
nonlinear evolution of plasma waves coupled with the ion
dynamics, which is the basis for LDI, has already been
evidenced in previous laser laboratory experiments [15–
18]. Furthermore, laser-generated plasmas can cover a large
range of electron densities and temperatures, allowing us to
get conditions very similar to space plasmas [19] in terms
of the dimensionless quantities that govern the nonlinear
evolution of LWs and the amplitude and angular pattern of
the EM 2ωp radiation: in laser-based experiments kLWλDe∼
0.01–0.3, kEM=kLW ∼ 0.15–0.65, Te=Ti > 1. Here, kLW
and kEM ¼ ffiffiffi

3
p

ωp=c are the wave numbers of the LW
and the EM wave, λDe is the Debye length, and Te;i are the
electron and ion temperatures. In the interplanetary space
(near-Earth orbit), kLWλDe ∼ 0.014–0.05, kEM=kLW∼
0.17–0.5, while electron-beam-based experiments have
covered a lower range of kEM=kLW (0.07–0.19).
In this Letter, we present the first experimental evidence

of EM emission at 2ωp from laser interaction with an
underdense plasma. The primary Langmuir wave is excited
by a laser via stimulated Raman scattering (SRS) [20–22], a
three-wave resonant process between the laser EM wave,
the LW, and a scattered EM wave. Energy and momentum
conservation results in the following equations on frequen-
cies and wave vectors: ω0¼ωpþωSRS and k⃗0¼ k⃗LWþk⃗SRS,
where the indices 0, LW, and SRS denote the laser,
Langmuir, and scattered waves, respectively. Since the
growth rate of SRS is highest for backward scattering (of
the EM wave), the primary LW has a wave vector k⃗LW with
an orientation close to that of the laser (k⃗0).
The frequency of the Raman scattered light (ω0 − ωp)

and that of the EM harmonic plasma emission (2ωp) have
opposite behaviors as a function of the plasma density, as
depicted in Fig. 1, for Te ¼ 1 keV (this same figure shows
the weak dependence on Te). In our experiment, we probe a
plasma profile that is expanding in time, resulting in a
decreasing density (decreasing ωp). We thus identify the
two emissions from the opposite behavior of their frequen-
cies versus time. The SRS instability grows only if ne=nc <
0.25 (where nc ∼ 4 × 1021 cm−3 is the critical density
beyond which the plasma becomes opaque to the incident
laser). It is inhibited by strong Landau damping when
kLWλDe > 0.3 [23], corresponding to ne=nc < 0.06 for
Te ∼ 0.5–1 keV, so we do not expect emission in that
range (shaded area). Note that the probed density range is
limited by the spectral bandwidth of the diagnostics
used: 680–880 nm, corresponding, for backward SRS, to
0.04 < ne=nc < 0.16, and for the 2ωp emission to
0.07 < ne=nc < 0.14.

Figure 2(a) outlines the geometry of the experiment,
which was carried out at the LULI2000 laser facility (École
Polytechnique, France). An expanding plasma is created by
the irradiation of a 4-μm-thick, 300-μm-wide polypropyl-
ene (PP) foil with a 500 J, 2-ns-long laser pulse of
wavelength λ0 ¼ 526 nm. The laser incidence angle is
−5° from the target normal. The 200-mm-diameter laser
beam is focused using a random phase plate (RPP)
followed by a lens of focal length 1.6 m. The resulting
focal spot has a speckle pattern forming a Gaussian spatial
distribution with a full width at half maximum (FWHM) of
∼150 μm. The average intensity in the central region is

FIG. 1. Correspondence between the electron plasma density ne
(expressed in nc, for λ0 ¼ 526 nm) and the wavelengths of the
backward Raman scattering and the 2ωp emission, for two
electron plasma temperatures, 0 and 1 keV. The red shaded area
corresponds to the density range where the backward Raman LW
is strongly Landau damped (factor kLWλDe > 0.3).

FIG. 2. (a) Experimental setup, laser and target parameters, and
typical longitudinal and transverse plasma profiles at the time of
interest. (b) Wave-vector-matching sketch showing one possible
construction for the 2ωp emission at 85°.
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∼8 × 1014 W=cm2, while the maximum speckle intensity is
∼5 × 1015 W=cm2. The laser polarization is linear, with an
angle of 45° with respect to the plane of incidence (x-y).
The light scattered from the interaction region is collected
in the same plane at 4 different angles from the laser axis
(−35°, 40°, 85°, and 170°) by silver-coated spherical
mirrors with respective F numbers of 4, 4, 6, and 8. At
each of these angles, the scattered light is spectrally and
temporally resolved using an imaging spectrometer
coupled to a streak camera. The covered spectral range
is 650–900 nm for the 170° and 85° diagnostics, and 700–
850 nm for the 40° and −35° diagnostics. For all diag-
nostics, the spectral and temporal resolutions are ∼10 nm
and ∼50 ps. The interaction region is imaged on the
entrance slit of each spectrometer. The probed volume is
∼ð100 μmÞ3 for the −35°, 40° diagnostics, ∼ð175 μmÞ3 for
the one at 85°, and∼ð400 μmÞ3 for the 170° diagnostic. The
−35°, 40°, and 85° diagnostics are almost insensitive to the
polarization of the collected light. The spectral and energy
responses of all diagnostics are absolutely calibrated,
allowing for a sampling of the scattered light angular
distribution at these four angles. Figure 2(b) shows wave-
vector-matching sketches showing steps (1) and (2) for the
2ωp emission at 85°.
Typical temporally and spectrally resolved measure-

ments are presented in Fig. 3. Figure 3(a) illustrates the
backward (170°) spectrum, corresponding to SRS emis-
sion: its central wavelength decreases with time, in agree-
ment with the expected density decrease from plasma
expansion. No 2ωp emission is observed in the energy
range of the detector; the signal is dominated by the SRS
emission. Figure 3(b) shows the signal detected at 85°
containing both the SRS and 2ωp emissions evolving in
opposite ways. In agreement with Fig. 1, the two spectra
cross at ∼780 nm. In Fig. 3(c) we compare the exper-
imental 2ωp detected at 85° with the harmonic frequency
retrieved from both the 85° and 170° SRS signals. The
harmonic frequency is retrieved as 2ωp ¼ 2ðω0 − ωSRSÞ at
every time. From these three panels we observe that (i) the
2ωp wavelength follows more accurately the one retrieved

from the 170° SRS. This is also true in terms of spectral
intensity: (ii) both the 170° SRS and the 2ωp signals are
weak at early times and strong at later times (see Fig. 4),
while the 85° SRS shows the opposite behavior. In addition,
(iii) the 2ωp signal is present at late times when the 85° SRS
has vanished. Finally, (iv) the SRS at 170° is 1000 times
more intense than at 85°. These four observations comfirm
the scenario of a 2ωp emission coming mainly from the
LWs generated by backward SRS followed by LDI.
The origin of the 2ωp emission was further identified

through its polarization. To characterize it on the signals
collected at 85°, 40°, and −35°, for some laser shots, a thin
polarizer is placed in front of the spectrometer, retaining a
polarization either parallel (k) or perpendicular (⊥) to the
plane of incidence. Results for both k and ⊥ components
are presented in Fig. 4. As expected, the SRS signal
collected at 85° has a polarization mainly ⊥: the projection
of the laser polarization axis on the 85° diagnostic has a
negligible k component. At smaller angles, the SRS signal
is just above noise and no polarization analysis is possible.
The 2ωp emission appears mainly k polarized. Assuming
that the primary LW comes from the backward Raman
instability, its wave vector k⃗LW is parallel to the laser axis
(x). In our setup the measured EM2ωp

wave has a wave

vector k⃗EM in the plane of incidence (x-y). Since the
coalescence of the LWs must satisfy the momentum
conservation relation k⃗LW þ k⃗0LW ¼ k⃗EM, the wave vector
k⃗0LW of the secondary LW must lie in the same (x-y) plane.
The longitudinal electric fields of both LWs are thus also in
this plane, as must be that of the EM2ωp

wave [5], in
agreement with our measurements. This aspect further
confirms that the harmonic emission stems from the
Raman-induced LW.
Let us now provide additional comments. Figure 3 shows

that both the SRS and 2ωp signals vanish before 1.9 ns
(before the end of the laser pulse at 2.5 ns, see also Fig. 4).
This is caused by Landau damping which becomes dom-
inant for kLWλDe ∼ 0.3, corresponding to ne=nc ∼ 0.06 (see
Fig. 1). Furthermore, by spectrally integrating the 2ωp

FIG. 3. Temporally and spectrally resolved EM emissions measured at (a) 170° and (b) 85° from the laser axis. The time t ¼ 0
corresponds to the beginning of the laser pulse. Central wavelengths are plotted as dashed lines. These lines are displayed again in (c),
together with 2ωp wavelengths calculated from the 170° and 85° SRS signals (solid lines).
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signal one can retrieve the instantaneous radiated power per
solid angle. At 85° it reaches ∼0.3 MW=sr. To estimate the
possible attenuation of the 2ωp emission by the two-
plasmon decay instability (TPD [22], the inverse of LW
coalescence), one can calculate an upper limit of the peak
intensity of the 2ωp radiation at the source from the 85°
signal: 3 × 107 W=cm2. For Te ¼ 1 keV, λ ¼ 800 nm, and
a density gradient of ∼100 μm, the intensity threshold for
TPD is ∼6 × 1013 W=cm2, thus ruling it out.
The 2ωp emission is usually expected to have a quad-

rupolelike angular distribution, with minimum emission in
the directions parallel and perpendicular to k⃗LW [9]. The
measured signals at 40° and −35° have similar intensities,
as it would be expected from on-axis LWs generated by
backward SRS. Nevertheless, the 2ωp emission is ∼40
times less intense at 40° and −35° [∼0.15 μJ=ðns nm srÞ]
than at 85°, in contradiction with the expected angular
distribution. The 90° SRS might excite primary LWs at 45°
from the laser axis leading to 2ωp emission peaked at 90°.
However, this was disproved by the previous scenario of
2ωp emission from backward-SRS-generated LWs, in
particular the presence of 2ωp emission when 85° SRS
is over. In any case, to properly compare theoretical and
experimental angular distributions, one should take into
account the possible reflection, refraction, scattering, and
absorption of light in the surrounding plasma [24–27]. To
evaluate these effects, we first performed two-dimensional
cylindrical hydrodynamic simulations (code FLASH

[28,29]) providing density and temperature profiles, then
computed the propagation and absorption of 2ωp rays in
the plasma gradients. A typical result is presented in Fig. 5.
The wave frequency (2ωp) is calculated by averaging the

plasma density in a cylinder of 100 μm diameter and
100 μm length centered at (x ¼ 0, r ¼ 0), equal to the
experimentally probed volume. Rays starting with small
initial angles θin are strongly refracted, which prevents rays
from escaping with an angle below 40°–50°. In addition,
their collisional absorption results in zero transmission for
θin ¼ 0° increasing up to 85% for θin > 60°. These results
remain true for the whole duration of the 2ωp emission.
The 2ωp energy collected by the 85° diagnostic is of the

order of 1.5 μJ, in a solid angle of 0.022 sr. Even if one
expects a quadrupolar emission, an estimate of the

FIG. 4. Temporally and spectrally resolved EM emission measured at 85°, 40°, and −35°. A polarizer placed in front of each diagnostic
filters out either k or ⊥ polarizations. Panels (a)–(c) correspond to k-polarized emission, and panels (d)–(f) correspond to ⊥-polarized
emission. In (b) and (c) only the 2ωp signal is clearly observed, while in (d) only Raman signal is observed.

FIG. 5. Electron density map from 2D cylindrical FLASH

simulation (gray scale), and ray tracing of 2ωp light emitted
from the target center (x ¼ 0, r ¼ 0), showing the refraction
calculated from the density map. White contour lines are at
ne=nc½2ωp� ¼ 0.5, 0.25, and 0.1. The laser pulse is a square pulse
of 2 ns duration and 5 × 1014 W=cm2 intensity. The focal spot
size and the target correspond to those of the experiment. Time of
the simulation is 1.3 ns from the pulse rising edge, so that the 2ωp

emission from the target center (probed region) occurs at 760 nm,
close to the measurements in Figs. 3 and 4. At the target center
ne ≈ 4.3 × 1020 cm−3 and Te ≈ 950 eV.
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efficiency of the 2ωp conversion can be obtained assuming
an isotropic emission. This leads to a total energy of
∼850 μJ, thus a conversion efficiency of ∼1.7 × 10−6 from
the laser. To estimate the conversion from LWs to the 2ωp

emission, we compute the energy density contained in a
LW of amplitude δne=ne as WLW ≈ 1

2
mec2neðδne=neÞ2. At

ne=nc ¼ 0.1 (4 × 1020 cm−3), assuming ðδne=neÞ ∼ 10−2

in the probed volume leads to WLW ∼ 10 mJ. From the
estimate above, the energy efficiency of the coalescence
process is of the order of 10%.
In conclusion, the EM emission at twice the plasma

frequency has been studied for the first time using laser
interaction in underdense plasmas. Its spectral evolution,
polarization as well as intensity in three directions (−35°,
40°, and 85°) have been characterized. They support the
scenario of an EM wave generated by the coalescence of
two LWs, with the primary wave excited by the backward
Raman instability. The use of a plasma generated by laser
irradiation of a solid target leads to large density gradients
that deflect and absorb the EM radiation, strongly modi-
fying the angular distribution. Symmetrical, low-gradient
plasma produced from a laser-ionized supersonic gas jet
would allow us to reduce propagation effects. Even though
the plasma parameters for the LW (kLWλDe and kEM=kLW)
closely mimicked those found in the solar wind at near-
Earth orbit, the plasma was not magnetized. The EM wave
is thus linearly polarized. Space-relevant magnetization
(Ωce=ωp ∼ 0.01) could be achieved using fields of a few
tens of Tesla, available from pulsed coils [30] or capacitive
coils irradiated by a high-intensity pulsed laser [31].
Finally, let us note that in the context of inertial confine-

ment fusion, EM-2ωp emission could be a simple-to-
implement diagnostic to retrieve information on SRS-
generated LWs and LDI. In addition, the efficient produc-
tion of EM-2ωp emission could provide an interesting path
toward high-intensity terahertz sources.
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