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Interaction of Ultraintense Laser Pulses with an
Underdense, Preformed Plasma Channel

V. Malka, J. Faure, J. R. Marquès, F. Amiranoff, C. Courtois, Z. Najmudin, K. Krushenick, M. R. Salvati, and
A. E. Dangor

Abstract—We report on experimental results regarding the
propagation of ultraintense laser pulses in a preformed plasma
channel. In this experiment, the long (4-mm) fully ionized plasma
channel created by the amplified spontaneous emission (ASE) was
measured by interferometry before and after the propagation of
the short laser pulse. Forward spectra show a cascade of Raman
satellites, which merge with one another when the laser power was
increased up to critical power for relativistic self-focusing . The
number of filaments measured by interferometry increases when
the laser power increases. High conversion efficiency (10%) of
second harmonic generation was observed in the interaction.

Index Terms—Laser particale acceleration and plasma guiding,
laser plasma interaction, relativistic self-focusing.

I. INTRODUCTION

T HE propagation over a long distance of high-intensity laser
beams in a plasma is crucial for laser plasma accelera-

tion schemes [1]–[3], X-ray laser [4], high harmonics genera-
tion [5], and in inertial confinement fusion (ICF) with the fast
ignitor scheme [6]. All of these schemes depend on the inter-
action length, which is typically limited by laser diffraction,
to a few times the Rayleigh length. Various mechanisms can
help to overcome this limitation. Relativistic and ponderomo-
tive self-channeling are the natural way to do this, but they are
not easy to obtain. Self-guiding in a preformed channel seems
to be the most promising method to achieve propagation lengths
of the order of several times the Rayleigh length. Recent exper-
iments have proven the feasibility of this idea [7]–[11]. Intense
electromagnetic waves propagating in an underdense uniform
plasma can also excite intense relativistic plasma waves via the
self-resonant wakefield instability (SRWI) [12]–[14] suitable
for particle acceleration [15]–[19]. The maximum energy that
an electron can get from the relativistic plasma waves (RPW)
is proportional to the product of the RPW amplitude and the
dephasing length (the length over which electrons stay in an
accelerating arch of the relativistic plasma waves). In order to
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Fig. 1. Experimental setup.

Fig. 2. (a) Focal spot image. (b) Fraction of energy contained inside a circle
of radiusr.

obtain the maximum energy from the waves, the electron must
travel in a long and intense RPW. To achieve this with laser
schemes, the laser pulse needs to be guided at high intensity.
The interaction of an intense laser pulse with an underdense
plasma is also of interest in the “fast ignitor” fusion concept. In
this scheme, it is required to deliver a short, intense laser pulse
to the (imploded) dense laser-fusion capsule. The intense pulse
must propagate through a very long (a few millimeters) region
of underdense plasma, and this propagation may be hampered
by forward Raman scattering (FRS). Review papers on plasma
guiding and plasma based accelerators can be found in [3] and
[20].

In this paper, we present some recent experimental results
on the propagation and the interaction of a short and intense
laser pulse in a well-defined preformed plasma channel. Prop-
agation was studied from interferograms, whereas interaction
was studied from the FRS spectra. We also show that the second
harmonic light is generated in the plasma channel and scattered
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Fig. 3. Images of forward transmitted spectra obtained with a backing pressure of 60 bars, for a given energy of 10 J and for 370 fs (a), 3 ps (b), and 7 ps (c).

off the RPW, as evidenced by the observation of Stokes and
anti-Stokes satellites in the forward Raman spectra.

II. EXPERIMENTAL RESULTS

The experiment described here was performed at LULI with
the TW laser operating at 1.057m in the chirped-pulse ampli-
fication (CPA) mode. In this configuration, the laser provided up
to 10 J (on target) in 370-fs pulses. The laser beam was focused
onto the edge of a gas jet with a off-axis parabola after
propagation in vacuum. The experimental setup is presented in
Fig. 1. The focal spot was imaged with 12magnification on to
an 8-bit charge-coupled device (CCD) camera with 5-m spa-
tial resolution. The laser distribution at full energy (10 J) at the
focal plane is a Gaussian function with a waist (FWHM) of
20 m. In Fig. 2, we present the focal spot image [Fig. 2(a)] and
the fraction of energy contained inside a circle with of radius
[Fig. 2(b)]. This corresponds to typical powers of 20 TW and to
on-target intensities of the order of W/cm . The mea-
sured Rayleigh length was 2 mm. To avoid refraction induced by
ionization processes [21], [22], the laser beam was focused onto
the sharp edge of a 4-mm diameter laminar plume of helium gas
from a pulsed, supersonic gas jet located 2 mm below the focal
region. The nanosecond prepulse, generated by using amplified
spontaneous emission (ASE), with an estimated intensity of few

W/cm is intense enough to fully collisionally ionize he-
lium and to create a channel over the whole length of the helium
gas jet (4 mm). The electron density in the gas jet was controlled
by changing the backing pressure of the jet. The neutral density

Fig. 4. On-axis corrected intensity profiles of spectra presented in Fig. 3.

profile was characterized before the experiment [23]. The inter-
action density was measured through the frequency shift
of the anti-Stokes sidebands created by FRS, whereas the elec-
tron density profile is deduced from interfograms obtained from
a green (0.53-m) probe beam propagating at to the laser
axis, with a few picoseconds pulse duration.

The spectrum of the light transmitted in the forward direc-
tion was measured in the full cone angle and imaged at the
entrance of an imaging spectrometer (100 lines/mm). This light
was reflected by a silicate plate with a surface flatness of .
The spectrum was detected with a 16-bit silicon CCD camera. A
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Fig. 5. Interferograms recorded 2 ps before [Fig. 4(a)] and 13 ps after [Fig. 4(b)] the main beam. The parameters are the same as those of Fig. 2(a).

bright blackbody source placed at the focal position of the pump
laser was used to measure the overall transmission function of
the optics and the spectral response of the CCD camera. This
was used to correct the measured spectrum. Fig. 3 shows typ-
ical recorded forward spectra obtained with a backing pressure
of 60 bars, for a given energy of 10 J and for 370 fs [Fig. 3(a)],
3 ps [Fig. 3(b)], and 7 ps [Fig. 3(c)]. The on-axis electron den-
sity deduced from frequency shift of the anti-Stokes side-
bands of the pump laser is cm and corresponds
to a critical power for relativistic self-focusing (as defined for
an uniform plasma) of TW. The Stokes satellites are
not visible on these spectra because of the poor efficiency of the
silicon CCD above 1.1 m. The ratio between the laser power

and the critical power are then 17 [Fig. 3(a)], 2 [Fig. 3(b)],
and 0.8 [Fig. 3(c)]. In the second harmonic, both Stokes and
anti-Stokes satellites are visible. The electron density deduced
from the position of the peaks of the satellites at is
in agreement with those deduced at . We observe that
when was increased, the satellites become broader and
then merge with one another. In Fig. 4, we present the on-axis
intensity profiles of these spectra after the overall spectral re-
sponse was taken into account.

To obtain interferograms, the probe beam was sent into a Wol-
laston interferometer and recorded with a 8-bit CCD camera.
Interferograms presented in this paper correspond to time-inte-
grated images of the plasma, recorded 2 ps before [Fig. 5(a)]
and 13 ps after [Fig. 5(b)] the interaction beam. The plasma ex-
pansion is sufficiently slow to obtain, in most cases, well-de-
fined fringes in spite of the duration of the probe pulse. The
interferogram in Fig. 5 is obtained with the same parameters as
those of Fig. 3(a). Each picture contains two identical images.
In the first case, when the probe beam arrives before the TW
laser pulse, we obtain an interferogram of the plasma created
by the ASE. In this picture, the laser propagates from the right
to the left. In the picture, we see the sharp shift in the fringes,
which indicates a plasma-vacuum boundary. The radial plasma
size is about 300 m in diameter, and the plasma covers the
whole length (4 mm) of the gas jet. The plasma length is lim-
ited by the dimension of the gas jet. The plasma expands radi-

Fig. 6. Radial electron density deduced from the interferogram of Fig. 5(a).

ally over a distance of about 100-m radius and is homogenous
over the whole gas jet length. Fringes are clearly visible, and it
is reasonable to suppose that the plasma is axisymmetric. We
can then use Abel inversion to retrieve the radial density pro-
file as presented in Fig. 6. The electron density increases from

cm on axis to cm at a radius of 100 m.
The on-axis electron density deduced from this interferogram is
in good agreement with those deduced from the forward spectra.
In the second case [Fig. 5(b)], we also observe [11], [24] at the
beginning of the interaction zone, short filaments outside of the
laser propagation axis that propagate over a distance ofmm.
A main filament stays on the laser propagation axis over 3 mm.
In this case, we cannot deduce the electron density profile using
Abel inversion because the axisymmetric assumption is not jus-
tified. In the lower power case, only one long filament was ob-
served.

In Fig. 7, we present an image obtained at , at , to the
laser propagation axis in that we see a long green filament that
propagates over 3 mm. We point out here the fact that the TW
laser beam is perfectly aligned along the channel center, because
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Fig. 7. Second harmonic side images [same parameters as Fig. 2(a)].

the creation beam (ASE beam) is perfectly aligned with the TW
laser beam.

III. D ISCUSSION

In the experiments described in this paper, the RPW is excited
by an intense pulse via the self-modulated wakefield SMW in-
stability. In this regime, the strong electromagnetic pump wave

decays into a plasma wave and two forward-
propagating electromagnetic cascades at the Stokes
and anti-Stokes frequencies [12]–[14], [25], [26].
Here, ( /m) is the plasma frequency andis a
positive integer. The signature of such a process is then visible in
the presence of Stokes and anti-Stokes satellites in the spectrum
of the transmitted light. We can estimate of the RPW amplitude,
if we assume that the ratio of the harmonic Raman satellites is
proportional to the harmonic content of the scattering plasma
wave. The harmonic amplitude of the scattering as a func-
tion of the plasma wave amplitude , is given by [27]

where is the number of the harmonic. Hence, the ratio be-
tween second and first harmonics is simply equal to the plasma
wave amplitude. Values up to 6% were measured in the low laser
power case. In the other cases, the satellites are so broad that is
difficult to estimate this ratio.

In the high-power case, the main difference in the forward
spectra near the propagation axis (where the electron density is
constant) appears in the broadening of the Raman satellites. This
is not surprising if we consider that the temporal envelope of the
plasma wave is an increasing exponential function (at least at the
beginning of the instability) , where is the growth rate
of the instability. The spectrum of such a wave has a width that
is proportional to . Furthermore, scales as in the weakly
relativistic limit. Hence, for the low-power case, the laser inten-
sity is low and . This gives a narrow spectral peak at

on the spectrum. This is as we observe on Fig. 3(c): in the
high-power case, the intensity is larger, so is , making the
spectral peak wider. Physically, we can understand that when the
growth rate becomes comparable to, the plasma wave can os-
cillate at nonresonant frequencies. Out of the propagation axis,
the broad satellite [see the bottom of the Fig. 3(a)] could also
be the signature of the propagation of light filaments in the high
electron density region of the channel, as observed in the inter-
ferograms. These side beamlets can be produced in the self-fo-
cusing regime [28] or by Raman side scattering [29]. In the low
laser power case , the laser beam is self-guided
by the plasma channel that satisfied the guiding condition.

Fig. 8. Radial intensity profiles obtained from the forward Raman spectra at
2! and at! [same parameters as Fig. 2(c)].

In previous experiments [30] ( W/cm and
focusing), second harmonic light was observed in the for-

ward direction with a conversion efficiency of . The laser
pulse was focused into the helium gas jet, whereas in the present
case, the short pulse laser interacts directly with the preformed
plasma. The measured second harmonic conversion efficiency
in the cone angle of the laser is defined as the ratio between the
integral signal at and is of the order of 10%. The main
mechanism to generate second harmonic is the presence of den-
sity gradients in the plasma. Physically, this is because of the
laser-induced quiver motion of the electrons across a density
gradient, which gives rise to a perturbation in the electron
density at the laser frequency (as can be seen from the con-
tinuity equation). This density perturbation, coupled with the
quiver motion of the electrons produces a source current
at the second harmonic frequency:

. For the transverse electron density gradient, the cur-
rents are phased to radiate predominantly in the forward di-
rection. In this experiment, the source of the density gradient
is mainly caused by relativistic or ponderomotive [31] self-fo-
cusing rather than laser ionization processes. This is shown by
the observation (see Fig. 6) of the long filaments at inside
the plasma channel. Another confirmation of the production of
second harmonic from density gradients appears clearly in the
radial distribution measured in the forward spectra at. This
distribution contains many hot spots, whereas the fundamental
is homogeneous, as presented in Fig. 8. As mentioned in pre-
vious experiments [30], [32], the laser light is frequency-dou-
bled passing the interaction region and scattered by the plasma
wave, giving Stokes and anti-Stokes satellites at .
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IV. CONCLUSION

In conclusion, we have presented experimental observations
of the propagation of an ultraintense laser pulse in a preformed
plasma channel. Propagation was investigated by using interfer-
ometry. In the high laser power case, many filaments produced
at the beginning of the interaction zone were observed because
of Raman side scattering or to beam breakup. Forward spectra
shows a cascade of Raman satellites, which merge with one an-
other, in the high laser power case. We also report on the obser-
vation of the forward scattering of second harmonic light
from relativistic electron plasma waves driven by FRS. The gen-
eration of the second harmonic light is consistent with the pres-
ence of radial electron density gradients resulting from the radial
ponderomotive force.
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