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Dynamics of Raman instabilities using chirped laser pulses
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Time resolved measurements of the growth of Raman instabilities were performed using a picosecond
chirped laser pulse. It was observed experimentally that for a short laser pulse (,10 ps), forward and 30°
Raman scattering occur at the back of the pulse. The growth of the instabilities was found to be independent
of the sign of the chirp. In addition, a simple temporal model was developed and shows good agreement with
the experimental results. This model also indicates that the plasma wave driven by forward Raman scattering
is severely damped in the case of pulses longer than a few picoseconds. Damping by the modulational
instability is compatible with the experimental results.
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Raman instabilities@1# occur during the interaction of in
tense light with an underdense plasma for electron dens
ne<nc/4, wherenc is the plasma critical density. Rama
instabilities are usually described as a three wave proces
which an incident electromagnetic~EM! wave (v0 ,k0) de-
cays resonantly into a scattered electromagnetic w
(vs ,ks) and a plasma wave (vpe ,kp), wherevpe is the fre-
quency of the electron plasma wave. These waves satisfy
dispersion relations in a plasma, as well as the phase ma
ing conditions:v05vs1vpe and k05ks1kp . These insta-
bilities have been studied intensively for the past few
cades because of their important role in inertial confinem
fusion physics. In the interaction of a short (,10 ps) high
intensity (I .1018 W/cm2) laser pulse with an underdens
plasma, Raman instabilities also play an important role.
instance, in the laser-plasma accelerator concept@2,3#, Ra-
man forward scattering~RFS! can be used to drive relativis
tic plasma waves@4,5# which accelerate electrons to mult
MeV energies. This effect is also relevant for the fast igni
@6# fusion scheme: the ultraintense laser pulse propagatin
underdense regions of the expanding fusion target can
duce hot electrons through Raman instabilities. Theref
the study of the dynamics of the different Raman instabilit
and their interplay is crucial to a better understanding of
interaction in these regimes.

For three wave Raman processes, the growth rate is@7#:
g5kca0/4@vp

2/vpe(v02vpe)#1/2, where k is the plasma
wave vector,vp the plasma frequency,a0 the normalized
potential vector, andv0 the laser central frequency. Th
plasma wave~or Bohm-Gross! frequency readsvpe5(vp

2

13k2v th
2 )1/2, wherev th is the electron thermal velocity. Th

three wave Raman growth rate increases with the scatte
angle and is maximum for Raman backward scatter
~RBS!. Hence one expects RBS to occur first, followed
Raman side scattering~RSS! and RFS. This has been ob
served in recent particle in cell~PIC! simulations: Tzeng
et al. @8,9# simulated the interaction of an ultraintense las
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pulse and showed that wavebreaking due to RBS and la
angle RSS occurs at the beginning of the pulse, while R
grows later in the pulse. This leads to a possible scenario
trapping@10,8#: RBS and RSS could preaccelerate electro
enhancing the trapping in the fast plasma wave driven
RFS. This illustrates the important role of the instability d
namics on the understanding of trapping mechanisms.

The temporal evolution of the RFS-driven plasma wa
has been measured before@11# using Thomson scattering
However, in this Rapid Communication, we assess the t
in the referential of the laser pulse at which Raman instab
ties occur. In this sense, our measurements give additi
information on the dynamics of the instabilities. The temp
ral resolution was obtained by using a chirped pulse as
pump pulse. Although chirped pulses have been used be
@12#, here they have been used to investigate on the temp
dynamics of instabilities and they constitute a powerful to
for such a purpose.

The experiment was performed at the Laborato
d’Optique Appliquée on the 10 Hz, 20 terawatt laser atl0

5820 nm. The laser delivered up to 600 mJ int0535 fs at
full width half maximum~FWHM! and was focused with a
f /7.5 off axis parabola to a focal spot ofw056 mm, where
w0 is the radius at 1/e in field amplitude. However, by trans
lating one of the gratings of the compressor, we were abl
generate chirped pulses with durations at FWHM rang
from tc535 fs to 7 ps~and respective intensities fromI
51.531019 to I 5831016 W/cm2). The chirped laser pulse
was focused onto the edge of a supersonic helium gas
The neutral density profile of the jet was measured before
experiment@13#: it was flat over a plateau of 4 mm and th
density gradient length at the edges was about 400mm. In
order to study the temporal dynamics of Raman instabiliti
the transmitted light, the 30° side scattered light and
back-scattered light from the interaction were imaged o
the slit of a spectrometer. The spectra were recorded wi
16 bit charge-coupled-device camera.
©2001 The American Physical Society01-1
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For a chirped Gaussian pulse, one can define an insta
neous frequency:v t5v012bt, whereb is the chirp param-
eterb52ln2/tc

2A(tc /t0)221, t the time in the pulse refer
ence frame, andtc (t0) the duration at FWHM of the
chirped ~transform limited! pulse. Hence, for a positive
~negative! chirp, b.(,)0 and the ‘‘red’’ ~‘‘blue’’ ! frequen-
cies are located at the front of the pulse.

If a plasma wave grows during the interaction an E
wave at frequencyvs5v t0

2vpe is scattered. Its amplitude

will reach a maximum at timet0, andt0 maximizes the prod-
uct E(t)dn(t), where dn is the amplitude of the densit
perturbation associated with the plasma wave andE(t) the
laser electric field. Hence, by measuring the spectrum of
scattered wave, one can retrieve the instantaneous frequ
v t0

, and, as a consequence, obtain time resolution in
referential frame of the pulse.

The thin solid line of Fig. 1 shows a typical RFS expe
mental spectrum~transmitted light!, obtained for a positive
chirp. One can see the spectrum of the laser and two s
lites: Stokes atvS5v t0

2vpe and anti-Stokes atvAS5v t0
1vpe . These two satellites signify the presence of a plas
wave driven by RFS. Then, the instantaneous frequenc
simply given byv t0

5(vS1vAS)/2, and one can retrieve th

time of maximum scatteringt0 knowing the central fre-
quencyv0. The initial laser spectrum~thick solid line! was
fitted by a Gaussian function, giving a central wavelength
l05813 nm, which was used for the analysis . The das
line in Fig. 1 shows the RFS spectrum obtained with
same parameters but for a negative chirp. In this case,
satellites are shifted because the frequencyv t0

is different
for a positive or a negative chirp. In Fig. 1, one can a
notice that the central wavelength was somewhat b
shifted: this is the effect of ionization@14#. Ionization causes
a frequency shift but it takes place early enough in the pu
so that RFS does not experience it.

This purely temporal analysis of the data neglects pro
gation effects. This assumption is justified because for all
data shown in this paper, the laser power was always lo
than the critical power for relativistic self-focusing when t
pulse was chirped: P/PC,1, where PC( GW)

FIG. 1. Experimental RFS spectra fortc54.2 ps,I51.231017

W/cm2, ne5331019 cm23. Solid ~dotted! line: positive~negative!
chirp. Thick solid line: initial spectrum.
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.16.2(v0 /vp)2 @15#. Therefore, the effective interactio
length was never larger than a Rayleigh lengthzR

5pw0
2/l05140 m m. In addition, the pulse lengthctc was

always larger thanzR .
The time resolutiondt of the method is limited by the

spectral widthdv ~at FWHM! of the Raman satellites. Th
spectral width can be due to the Fourier transform limit,
this casedt>4 ln2/dv; it can also be limited by the chirp, in
this casedt5dv/(2b). In the best case, the resolution
dt5At0tc, which is 190 fs~460 fs! for a 1 ps~6 ps! chirped
pulse. In this paper, the resolution is represented for e
data point by error bars on the figures. It is generally low
than 1 ps and small enough so thatdt/tc<0.3.

The time of maximum scatteringtRFS (tRSS) can be ob-
tained from the spectra of forward scattered (30° side s
tered! light. The results are presented in Fig. 2: both R
~open squares! and 30° RSS~open diamonds! grow at the
back of the pulse. It should be noted that the measurem
could not resolve the difference in the growth of RFS a
30° RSS. In addition, the sign of the chirp does not seem
affect the growth of RFS and RSS: for a given pulse du
tion, the times of maximum scatteringtRFS and tRSSare the
same for a positive or a negative chirp. This is also co
firmed by the fact that the Raman satellites have about
same amplitude for a positive or negative chirp~see Fig. 1!.
There is another interesting feature in Fig. 2: for long puls
(tc.4 ps), the maximum scattering tends to occur arou
the middle of the pulse.

These results are in agreement with PIC simulations: F
1~c! from Ref. @9# shows a simulation with parameters sim
lar to ours:tFWHM5600 fs,a050.3, ne /nc51%. It clearly
shows that in this regime, RFS takes place at the end of
pulse.

In order to explain the behavior of RFS for longer puls
(t>1 ps), we developed a simple temporal model. T
chirped electric field is described as

FIG. 2. Time of maximum scattering for RFS~open squares!
and RSS~open diamonds! for different pulse durations and forne

5331019 cm23. On they axis, t/tc50 corresponds to the maxi
mum intensity of the pulse.
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Ein~ t !5E0expF22 ln2S t

tc
D 2

1 iFG , ~1!

whereF5v0t1bt2. The plasma wave driven by RFS grow
according to the purely temporal, nonrelativistic four wa
growth rate@7# g05a0(t)vp

2/(A8v0), where it is assumed
that a0,1, and a0(t)}AI (t)l2. The plasma wave is als
damped by the modulational instability~MI ! in the super-
sonic regime@16# for which the growth rate is given by
a05(vpi /A6)(c/v th)dn(t). The evolution of the plasma
wave can be found by solving the heuristic equation

]

]t
dn5g0~ t !dn2a0~ t,dn!dn. ~2!

The first term on the right-hand side describes the growth
the plasma wave due to RFS. The instability is considere
be in its linear part and the wave amplitude is small:dn
!1. It is also considered to be weak enough so that
envelope of the pulse is not modified (g0 /vp!1). The sec-
ond term is a phenomenological term simulating the dam
ing of the plasma wave by the MI with a time depende
damping ratea0(t). The interaction length is chosen to b
the Rayleigh length since there is no self-focusing: it is
region where the laser intensity is high and where the pla
waves can have significant amplitudes. From these assu
tions, one can write the electric field after interactio
Eout(t)5Ein(t)exp(iC), whereC is the phase experience
by the laser during propagation in the plasma; it is given

C5pdn~ t !
vp

v0

zR

lp
sin~vpt !. ~3!

The experimental parameters always verifya0,1 and
g0 /vp!1, and this simple model gives results in go
agreement with the experimental data. Figure 3 shows a
culated RFS spectrum with the same experimental par
eters as Fig. 1. For this calculation, the temperature wasTe
5200 eV and the initial noisedn0 was considered to be
caused by the longitudinal ponderomotive force of a Gau
ian pulse with truncated feet@17#: dn050.9pa0

2/(tcvp)2.8.

FIG. 3. Calculated RFS spectra fortc54.2 ps, I51.231017

W/cm2, ne5331019 cm23. Solid ~dotted! line: positive~negative!
chirp.
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One can notice a remarkably good agreement between
experiment and the model in terms of the satellite positio
and amplitude. For instance the relative amplitude of
Raman satellites is 2.5 to 431022 in the experiment and
3.531022 for the calculated spectrum. For the positiv
chirp, the position of the Stokes~anti-Stokes! is lS
5928 nm (lAS5708 nm) for the experimental case, an
lS5926 nm (lAS5711 nm) for the calculation. The fre
parametersTe and dn0 do not have an important effect o
the result: changingTe from 50 eV to 1 keV causes th
Raman satellites to be shifted by less than 4 nm@which is
431022 in units of (v2v0)/vp#.

The same model was used to retrieve the time of ma
mum scattering for RFS as a function of pulse duration.
comparison between the model and the experiment is sh
in Fig. 4~a!: without MI ~solid diamonds!, the model predicts
a growth of the plasma wave until the end of the pulse.
this case, the scattering takes place very late in the pu
contrary to what is observed. When damping of the plas
wave by the MI is included, the agreement with the expe
mental result is very good. The growth of ion waves in
time of the order of a few ion plasma periods saturates
plasma wave amplitude at about 5%. This is shown in F
4~b!. Moreover, before being damped, the plasma wa
grows as expG(t), with

G~ t !5E
2`

t

g0~ t !dt}Atc@11erf~ t/tcA2 ln2!#. ~4!

FIG. 4. ~a! Time of maximum scattering for RFS for differen
pulse durationsne5331019 cm23. Open squares, experiment
data; closed triangles~diamonds!, calculated points with~without!
damping by the modulational instability.~b! Dotted line, profile of
the laser pulse; solid~dash-dotted! line, growth of the plasma wave
with ~without! damping.
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This explains that for longer pulses, the plasma wave reac
high amplitudes earlier in the pulse reference frame. A
consequence, it is damped earlier. This is confirmed by
4~a!.

In Fig. 5, the time of maximum scattering for 30° RSS

FIG. 5. Time of maximum scattering for RSS for different pul
durations and densities. Open triangles, experimental points
RSS atne51.531019 cm23; closed circles, experimental points fo
RSS atne5631019 cm23.
n
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represented for two different densities. It shows that for lo
pulses, the maximum scattering occurs earlier in the pu
when the density is increased. This is due to the fact that
higher densities, RSS grows faster and the plasma w
reaches high amplitudes earlier in the pulse reference fra
Furthermore, at higher densities,vpi is larger; the ions can
move faster and the MI is more efficient.

Measurements on RBS were also performed and sho
that for ne51.231019 cm23, RBS always occurred befor
the peak of the pulse. However, we found a difference in
time of maximum scattering for a positive and negati
chirp. This could have been due to ionization blue shifti
since RBS takes place at the beginning of the pulse. H
ever, this point needs further investigations.

In conclusion, we have reported on measurements of
man instabilities with subpicosecond time resolution in t
referential frame of the laser pulse. We have found that
man 30° side scattering and forward scattering occur at
back of the pulse. A simple model has been developed
allows us to calculate RFS spectra with a good accuracy,
the results match the experiment very well. The model a
shows that for long pulses, the plasma wave cannot hav
amplitude larger than 5% because of the damping by
modulational instability. We have also shown that this dam
ing occurs earlier at higher densities. These results ar
agreement with previously published theoretical estima
and PIC simulations.
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