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Experimental Validation of the Linear Theory of Stimulated Raman Scattering Driven
by a 500-fs Laser Pulse in a Preformed Underdense Plasma
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Measurements of stimulated Raman scattering (SRS) retlectivity produced by the interaction between
a short 450-fs, 1.06-p, m laser pulse and a large underdense preformed plasma are presented.
Experimental results show that the SRS reflectivity sharply increases as the intensity of the interaction
beam approaches 10'6 W/cm from below and saturates for intensities greater than 10' W/cm . These
results are found to be in very good agreement with those of the initial transient stage theory of SRS
starting from thermal equilibrium noise.

PACS numbers: 52.40.Nk, 42.65.Dr, 52.35.Mw

Stimulated Raman scattering (SRS) in the backward
direction is a parametric instability in which an incident
electromagnetic wave (EMW) resonantly decays into
a backscattered electromagnetic wave and an electron
plasma wave (EPW) [1—3]. This instability is an im-
portant issue in the context of laser inertial confinement
fusion (ICF) and gas-target experiments using fem-
tosecond lasers. In both cases it can lead to scattering
and redistribution of the incident light energy and may
reduce the efficiencies of fs-laser applications such as
x-ray laser [4], wake-field generation [5], or high har-
monics generation [6]. In previous works [7], it has been
shown that for long laser pulses (—1 ns) the backward
SRS reAectivity correctly follows the predictions of a
convective gain model provided that the onset of absolute
instability is prevented by using smoothed laser beam.
On the other hand, in the absence of beam smoothing
and in the case of sufficiently intense and long laser
pulses, SRS is absolute and has enough time to reach a
highly nonlinear saturated state. Thus, above the absolute
threshold, a comparison between experiments and the
linear theory of the instability is possible only in the
case of very short pulses (e.g. , with durations typically
shorter than the characteristic time of the onset of absolute
instability behavior). So far, the amount of experimental
data on SRS with short pulses that has been published
has only been devoted to the interactions between high
intensity short laser pulses and gases, either gas jet targets
[8] or static fills of gas [9,10]. In these experiments,
the gas was not fully ionized, with a very low electron
density (typically n/n, ~ 10 3), and the SRS refiectiv-
ity was always very weak, 10 in the most favorable
conditions of pressure, gas species, and intensity of the
pump laser [9].

In this Letter, we report experimental observations of
SRS in the backward direction produced by the interac-
tion between a subpicosecond laser pulse, without beam
smoothing, and a large underdense preformed plasma.
This work complements the earlier studies on SRS with
beam smoothing by using a different mechanism (short
pulse length) to simplify the SRS interaction and deal with
much higher intensities. The main result shows that the
SRS reAectivity sharply increases from below 10 up to
a few tens of percents as the intensity of the interaction
beam is raised from 5 && 10'5 to 10' W/cm . It then
saturates for intensities between 10' and 10' W/cm .

These results have been compared with the predictions
of the linear theory of SRS assuming that the instability
grows from thermal' noise.

The experiment was performed at CEA, Centre
d'Etudes de Limeil-Valenton (CEL-V) using the P102
laser facility. This laser generates up to 50-TW power
pulses centered at 1.058 p, m wavelength by using
the chirped-pulse-amplification technique applied to a
Ti:sapphire/Nd:silicate power chain [11]. For our experi-
ment, the chirped initial laser beam was split into two
different beams (Fig. 1): The first one was used to
preform the plasma while the second one interacted with
the underdense preformed plasma after being temporally
compressed by a pair of gratings. This configuration
allows one to study the interaction over a large range of
laser intensity with the same plasma conditions.

The first beam, the creation beam, had a duration of
500 ps full width at half maximum (FWHM); it was fo-
cused by a f/8 lens in a direction perpendicular to the
target plane onto a thin plastic foil (CH). After being
frequency doubled by using a potassium dihydrogen phos-
phate (KDP) crystal (associated to a BG18 filter to suppress
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FIG. 1. Experimental setup.

the residual infrared light), the spectrum of this chirped
beam had a central wavelength of 0.529 p, m. A random
phase plate (RPP) with 2 mm x 2 mm elementary cells
was added to improve the reproducibility of the plasma
conditions shot by shot. The intensity of the creation beam
on target was maintained at 4 X 10'2 W/cm, correspond-
ing to an energy of 2.5 J contained in the 400 p, m focal
spot diameter. The target thickness (200 nm) and the time
delay between the two beams (At = 1.7 ns) were chosen
so as to obtain a subtenth critical plasma density for the
whole duration of the interaction [12,13]. The density and
the temperature profiles, as well as the ionization state,
were estimated from one-dimensional (1D) hydrodynamic
simulations cHIvAs [14]. 'Just before the arrival of the
interaction beam we obtained a fully ionized plasma char-
acterized by a 1 mm FWHM Gaussian electron density
profile with a maximum of 0.07n, and an electron tem-
perature of about 100 eV.

The second beam, the interaction beam, was focused
collinearly with the first beam by the same f/8 lens
onto a smaller focal spot of 40 p, m in diameter which
corresponds to 90% of the incident energy. Images of
the focal spot showed a smooth intensity profile without
significant hot spots. The spectrum of this beam was
centered at 1.058 p, m with a spectral width of about 5 nm
FWHM. The pulse duration, routinely measured at each
shot by a single-shot autocorrelator, was typically 450 fs
FWHM. The energy of the interaction beam on target
was varied from 30 mJ to 7 J by locating optical-quality
attenuators in the beam path before the pair of gratings.
A pedestal of 1 ns duration preceded the main pulse; the
peak-to-background intensity contrast ratio was measured
to be better than 10:1.

The backscattered light was collected through the fo-
cusing lens of aperture AA = 0.02 sr, which imaged the
plasma to different diagnostics in order to simultane-
ously obtain SRS spectrum and energy. Namely, the SRS
light was analyzed by a spectrometer associated with an
InGaAs detector permitting the recording of spectra up
to 1.6 p, m. The SRS energy was measured by a fast
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FIG. 2. SRS spectra at two different laser intensities: (a)
I = 10'6 W/cm' and (b) I = 4 x 10" W/cm'.

InGaAs photodiode (300 ps rise time) with a nearly con-
stant spectral response between 1.1 and 1.6 p, m. ReHec-
tivity at wavelengths near the fundamental wavelength
(1.058 p, m) was systematically suppressed by means of
filters that attenuated the 1 p, m light by a factor greater
than 10 . The transmitted light was imaged through a
f/8 lens onto a fast Sl photodiode. An other fast Sl
photodiode was used to measure the stimulated Brillouin
scattering (SBS) refiectivity. In the latter diagnostic, the
very low sensitivity of the S1 photodiode for wavelengths
greater than 1.1 p, m insured the contribution of the para-
sitic light coming from SRS to be negligible. Increas-
ing the laser intensity from 3 x 10' to 10' W/cm, we
found that the energy transmission rate varies from a
few percents to 20% and that the SBS refiectivity varies
from 10 to 10 '. In the following, we present and
discuss only results concerning the SRS spectra and the
time integrated SRS reAectivity as a function of the laser
intensity.

Figure 2 shows time integrated typical spectra of the
SRS backscattered light at two different laser intensities.
For both low intensity [Fig. 2(a), I = 10'6 W/cm ] and
high intensity [Fig. 2(b), I = 4 X 10' W/cm ] the spec-
tra of the backscattered light were centered at a wave-
length close to 1.46 p, m. According to the usual three
wave resonance conditions for SRS, one finds that this
value corresponds to an electron plasma density of 0.07n, .

in agreement with the 1D hydrodynamic simulations [14].
The width (FWHM) of the spectra was observed to in-
crease with the laser intensity, typically from about 20 nm
at 2 X 10'6 W/cm to 60 nm at 6 x 10'7 W/cm . It has
been seen that. at high intensities [e.g. , Fig. 2(b)] the
spectra displayed strong modulations typically spaced by
15 nm, contrary to spectra at low intensities. We did not
find any simple interpretation for these modulations.

The squares in Fig. 3 represent the experimental SRS
reAectivity as a function of the laser intensity. This
reAectivity is the ratio of the SRS energy backscattered
through the focusing lens to the incident laser energy.
The shaded area corresponds to a backscattered energy
less than 3 X 10 'o J which is the detection threshold of
the diagnostic device. The points with vertical error bars
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correspond to an overestimated value of the reflectivity
when the signal is very weak or null. The typical
experimental uncertainty of our measurements essentially
originates from the actual value of the laser intensity in
the plasma and from the calibration of the detector system
in the 1.2 to 1.6 p, m range. One can see the following:
(i) the SRS retlectivity increases very sharply from below
10 to a few percent for incident laser intensities rising

FIG. 3. Time integrated SRS reflectivity as a function of
the laser intensity for n/n, = 0.07, T„= 0.1 keV, and L =
600 p, m. The squares are the experimental data, and the
solid line is the theoretical curve as given by Eq. (1). The
shaded area corresponds to a backscattered energy less than the
detection threshold. The experimental uncertainty displayed
as a footnote is systematic and is to be applied to each
experimental point.

from 3 X 10'~ to 10' W/cm; and (ii) the retlectivity
saturates at a few tens of percent for intensities between
10' and 10' W/cm .

Measurements of SRS reflectivity as displayed in Fig. 3
strongly suggest that the SRS nonIinear saturation only
starts playing a significant role for pump intensities above
2 X 10'6 W/cm . It follows that for lower intensities
the reflectivity is expected to be analytically obtained
from theoretical estimates based upon the Iinear theory
of SRS. The theoretical model we used has already been
extensively described in Ref. [15]. For the reader's con-
venience we summarize here the principal points that
characterize this model: (i) A 1D model is used in
which the waves propagate in an underdense homoge-
neous plasma of finite length L. (ii) The incident pulse
of peak intensity I,„and characteristic duration t~ is re-
placed by a square pulse of intensity Io and duration t~,
where Io is determined so that the total energy is identi-
cal to the incident energy. (iii) The parametric growth is
solved in terms of fluctuating initial and boundary condi-
tions corresponding to thermal noise at equilibrium. Fluc-
tuating source terms, representing thermal noise emission
of waves, are accordingly retained in the coupled mode
equations.

The problem of the time evolution of the reflectivity as
given by this theory is out of the scope of this paper, and
we will restrict ourselves to the time integrated reflectivity
to be compared with the experimental results of Fig. 3.
For pulse duration such that t~ ( (4L/c) (1 —n/n, . )
which is always satisfied in our experimental conditions,
one finds that the linear time integrated SRS reflectivity is
given by

t' ylo )
R, = (2~)' +

2v2 ) 2 ~ col —n/n, 2yt„
exp(2y t„)

ctzgl —n/n, 2 2jytr $2rrytz

with y = yo/~2 where
yo (n/n, )' (I~4 Ao)' [(I —n/n, )' + (1 —2Jn/n, )' 2]= 4.03

ps ' Ao(l —n/n, )'~ (1 —Qn/n, )'~.
is the homogeneous SRS growth rate; here Ao denotes the vacuum laser wavelength in p, m and I~4 Ao is the vacuum
laser IIux in units of 10' Wcm p, m . The validity condition for Eq. (1) corresponds to that of the so-called standard
decay regime where the envelope approximation is valid for each of the interacting waves. It reads

((I —n/n, )'~' + [I —2(n/n, '~']'i'P

The quantity X2 /2v2 appearing in expression (1) is proportional to the EPW spectral density at the wave number
corresponding to the usual three wave resonance conditions for SRS. At thermal equilibrium, this quantity reads

/2v2 &&(I
—n/n, )' [(I —n/n, )' + (1 —2gn/n, )' ] T, AQ

1 jLm (n/n, ) '~2 l keV I,4 ~o

where the solid angle AA, = 0.02 sr corresponds to the aperture of the collected lens.
In the regimes where the reflectivity is no longer small compared to unity, it is necessary to take into account both the

pump depletion and the coupling between SRS EPW and the ion acoustic waves (IAW). In the limit of a 1D model it
has been observed numerically [16,17] that for time scales as short as 0.5 ps the coupling between EPW and IAW has
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no time to play an important role as far as the backward
SRS reAectivity is concerned. On the other hand, it can be
shown from the Manley-Rowe relations properly modified
to take into account the laser pulse propagation [15] that,
in the linear stage of the instability, the ratio of the SRS
EPW energy to that of the backscattered transverse wave
is equal to 2Vn/n, /(I —Qn/n, ). Assuming then that, at
saturation, all the available incident energy is totally dis-
patched between the two SRS daughter waves, one finds
that the energy of the backscattered transverse wave must
be less than R,„—= g(1 —Qn/n, )/(I + Qn/n, ), where
the factor g denotes the fraction of the incident energy
which is available for backward SRS. Accordingly, we
will roughly take into account the pump depletion by ap-
proximating the time integrated SRS reflectivity R by

1/R = I/Rt. + 1/R, „, (4)
where the linear reflectivity Rt is given by Eq. (I).

We have checked that R does not depend strongly on
the electron temperature and density; for this reason we
will make the comparison between theoretical predictions
and experimental data by choosing the most typical val-
ues for the physical parameters, namely, T, = 0.1 keV
and n/n, = 0.07. Note that in this limit condition (2)
reads I]4 Ao ( 2 + 10, which is always satisfied in the
laser intensity domain of interest. The remaining parame-
ters are Z = 5.3, A = 6.5, and Ao = 1.058 p, m. For these
parameters, we have also checked that at low intensities
((10'6 W/cm ) the pedestal intensity is always below the
SRS homogeneous collisional threshold. At high intensi-
ties ()10'6 W/cm ) the SRS reflectivity nonlinearly satu-
rates (cf., Fig. 3), and considering possible effects of the
pedestal is no longer relevant.

Figure 3 shows the theoretical curve as given by Eq. (4)
for an interaction length L = 600 p, m corresponding to
the Rayleigh length of the focusing optics; the squares
represent the experimental data. The factor q appearing in
the expression for R „has been assumed to be given by

q = 1 —T —Rs~s, where T = 0.2 and RsBs = 0.1 are,
respectively, the measured energy transmission rate and
the measured backward SBS time integrated reAectivity
in the large fIux regime I]4 Ao ) 2 X 10 . We have
therefore neglected both SRS and SBS sidescattering as
well as the absorption of EMW. It can be seen that the
theoretical reflectivity (4) is in very good agreement with
that experimental results. This leads to the two following
remarks.

(i) In the linear regime of the instability (2 X
10' ~ I,4ko ~ 2 X 10 ), SRS reflectivity proves to be
properly described by the standard three wave theory
in which the instability grows from thermal equilibrium
noise [15]. In this regime, one can attribute the slight
overestimation of the experimental data by the theoretical
curve to our neglecting SRS side scattering and/or to a
slight underestimation of the actual local laser intensity
due to the inhomogeneity of the focal spot.

(ii) In the large flux regime (I~4 Ao ) 10 ), the theo-
retical estimate R = R „is found to slightly overestimate

4658

the actual reflectivity. This result is expected and can be
attributed to our neglecting different effects, such as SBS
and SRS sidescattering and/or EMW absorption that tend
to lessen the value of R „by diminishing that of g.

It is worth noting that these results are strikingly differ-
ent from those of similar short pulse experiments devoted
to stimulated Brillouin scattering [18,19]. Indeed, in the
latter case a large discrepancy has always been found be-
tween theoretical predictions of SBS from thermal noise
and experimental results.

In summary, we have observed stimulated Raman scat-
tering produced by the interaction between an intense sub-
picosecond laser pulse and a large underdense preformed
plasma. The main result shows very good agreement be-
tween experiment and theory for time integrated reAec-
tivity. Such an agreement leads to the conclusion that
short pulse driven SRS can properly be described by the
linear theory of three wave parametric instabilities grow-
ing from thermal equilibrium noise.
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