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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 puls® 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 instabilitie$1] occur during the interaction of in- pulse and showed that wavebreaking due to RBS and large
tense light with an underdense plasma for electron densitiemngle RSS occurs at the beginning of the pulse, while RFS
ne<n.4, wheren. is the plasma critical density. Raman grows later in the pulse. This leads to a possible scenario for
instabilities are usually described as a three wave process trapping[10,8): RBS and RSS could preaccelerate electrons,
which an incident electromagnet{&M) wave (wq,ko) de-  enhancing the trapping in the fast plasma wave driven by
cays resonantly into a scattered electromagnetic wav&FS. This illustrates the important role of the instability dy-
(ws,kg) and a plasma wavew(,e,K,), wherew, is the fre-  namics on the understanding of trapping mechanisms.
guency of the electron plasma wave. These waves satisfy the The temporal evolution of the RFS-driven plasma wave
dispersion relations in a plasma, as well as the phase matchas been measured befdrel] using Thomson scattering.
ing conditions:wy= ws+ wpe andko=Kks+k,. These insta- However, in this Rapid Communication, we assess the time
bilities have been studied intensively for the past few dedin the referential of the laser pulse at which Raman instabili-
cades because of their important role in inertial confinementies occur. In this sense, our measurements give additional
fusion physics. In the interaction of a short {0 ps) high information on the dynamics of the instabilities. The tempo-
intensity (=10' W/cn?) laser pulse with an underdense ral resolution was obtained by using a chirped pulse as the
plasma, Raman instabilities also play an important role. Fopump pulse. Although chirped pulses have been used before
instance, in the laser-plasma accelerator conf2@i, Ra- [12], here they have been used to investigate on the temporal
man forward scatterin@RFS can be used to drive relativis- dynamics of instabilities and they constitute a powerful tool
tic plasma wave$4,5] which accelerate electrons to multi- for such a purpose.

MeV energies. This effect is also relevant for the fast ignitor The experiment was performed at the Laboratoire
[6] fusion scheme: the ultraintense laser pulse propagating iOptique Appligu@ on the 10 Hz, 20 terawatt laser )
underdense regions of the expanding fusion target can pre=820 nm. The laser delivered up to 600 mJrj+ 35 fs at
duce hot electrons through Raman instabilities. Thereforefull width half maximum(FWHM) and was focused with a
the study of the dynamics of the different Raman instabilitiesf/7.5 off axis parabola to a focal spot =6 um, where
and their interplay is crucial to a better understanding of they, is the radius at #in field amplitude. However, by trans-
interaction in these regimes. lating one of the gratings of the compressor, we were able to

For three wave Raman processes, the growth raé]is generate chirped pulses with durations at FWHM ranging
y=Kkcag/4 o} wpe(wo—wpe) V% where k is the plasma  from 7,=35 fs to 7 ps(and respective intensities froi
wave vector,w, the plasma frequencya, the normalized =15x10'to |=8x10 W/cn?). The chirped laser pulse
potential vector, andv, the laser central frequency. The was focused onto the edge of a supersonic helium gas jet.
plasma wave(or Bohm-Gros} frequency readsop.= (wg The neutral density profile of the jet was measured before the
+3k2vt2h)1’2, whereuvy;, is the electron thermal velocity. The experimen{13]: it was flat over a plateau of 4 mm and the
three wave Raman growth rate increases with the scatterindensity gradient length at the edges was about 400. In
angle and is maximum for Raman backward scatteringrder to study the temporal dynamics of Raman instabilities,
(RBS). Hence one expects RBS to occur first, followed bythe transmitted light, the 30° side scattered light and the
Raman side scatterinRSS and RFS. This has been ob- back-scattered light from the interaction were imaged onto
served in recent particle in ce(PIC) simulations: Tzeng the slit of a spectrometer. The spectra were recorded with a
et al. [8,9] simulated the interaction of an ultraintense laserl6 bit charge-coupled-device camera.
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FIG. 1. Experimental RFS spectra fog=4.2 ps,|=1.2x10" 7, (ps)
Wicn?, n,=3x10'"° cm 3. Solid (dotted line: positive (negative _ _ _
chirp. Thick solid line: initial spectrum. FIG. 2. Time of maximum scattering for RF®pen squargs

and RSS(open diamondsfor different pulse durations and far,

For a chirped Gaussian pulse, one can define an instanta=3x10'° c¢m™3. On they axis,t/7,=0 corresponds to the maxi-
neous frequencyw,= wy+ 2bt, whereb is the chirp param- mum intensity of the pulse.
eterb=2In2/r§\/(rc/ro)2—1, t the time in the pulse refer-
ence frame, andr. (7p) 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 EM always Ierger tharzR_. o
wave at frequencyo= w1~ Wpe is scattered. Its amplitude The time resolutiordt of the method is limited by the

will reach a maximum at time,, andt, maximizes the prog- spectral widthdw (at FWHM) of the Raman satellites. The

uct E(t)dn(t), where én is the amplitude of the density spectral width can be_due o the Fo.uri_er transform !imit., in
perturbation associated with the plasma wave B the th!s casalt=4 In2ldw; it can also be limited by the chlr_p, "
laser electric field. Hence, by measuring the spectrum of thiis CaSEdt:O_I‘”/(_Zb)' In the best case, the resol_utlon 1S
scattered wave, one can retrieve the instantaneous frequen@y= V7o7c, Which is 190 f5(460 fs for a 1 ps(6 ps chirped

wy, and, as a consequence, obtain time resolution in thaulse. In this paper, the resolut_ion is represented for each
referential frame of the pulse. data point by error bars on the figures. It is generally lower

The thin solid line of Fig. 1 shows a typical RFS experi- than 1 ps and small enough so thif7.<0.3.
mental spectrunitransmitted light, obtained for a positive ~_1he time of maximum scatterintyes (trs9 can be ob-
chirp. One can see the spectrum of the laser and two satdined from the spectra of forward scattered (30° side scat-
lites: Stokes atos=w;,—wpe and anti-Stokes abps= w;, tered light. The results are presented in Fig. 2: both RFS

+wye. These two satellites signify the presence of a plasm&PPen squargsand 30° RSSopen diamondsgrow at the
wave driven by RFS. Then, the instantaneous frequency i8ack of the pulse. It should be noted that the measurement
simply given byw, = (ws+wag)/2, and one can retrieve the cotjld not resolve.the d|fference in the .growth of RFS and
time of maximum scattering, knowing the central fre- 30° RSS. In addition, the sign of the chirp does not seem to

quencyw,. The initial laser spectrurtthick solid line was affect the growth of RFS and RSS: for a given pulse dura-

fitted by a Gaussian function, giving a central wavelength afion: the times of maximum scatteringgs andtgssare the
No=813 nm, which was used for the analysis . The dashed@me for a positive or a negative chlrp: This is also con-
line in Fig. 1 shows the RFS spectrum obtained with thefi'med by the fact that the Raman satellites have about the
same parameters but for a negative chirp. In this case, thgame amplitude for a positive or negative chisge Fig. 1
satellites are shifted because the frequengyis different ~ There is another interesting feature in Fig. 2: for long pulses
for a positive or a negative chirp. In Fig. 1, one can alsol7c=4 PS), the maximum scattering tends to occur around

notice that the central wavelength was somewhat bludn€ middle of the pulse. _ _ _ _
shifted: this is the effect of ionizatiofi4]. lonization causes ~1Nese results are in agreement with PIC simulations: Fig.
a frequency shift but it takes place early enough in the pulsé(c) from Ref.[9] shows a simulation with parameters simi-
so that RFS does not experience it. lar to ours: 7pywym=600 fs,ap=0.3, ne/n.=1%. It clearly
This purely temporal analysis of the data neglects propashows that in this regime, RFS takes place at the end of the
gation effects. This assumption is justified because for all thgpulse.
data shown in this paper, the laser power was always lower In order to explain the behavior of RFS for longer pulses
than the critical power for relativistic self-focusing when the (7=1 ps), we developed a simple temporal model. The
pulse was chirped: P/P-<1, where Pc(GW) chirped electric field is described as

:16.2(w0/wp)2 [15]. Therefore, the effective interaction
length was never larger than a Rayleigh length
= wwgl)\(): 140 w m. In addition, the pulse lengttr. was

065401-2



RAPID COMMUNICATIONS

DYNAMICS OF RAMAN INSTABILITIES USING . .. PHYSICAL REVIEW E63 065401R)
107 ' [ T a) | (W/em?)
[ A 80" 1.2x0'7 2x10"” 2x10"7 1.2410"7 8x10'"®
£ P il i U T N R B
c | ; : : ;
N A KT IR
o I p Ll P | 1 * o y
N | ) |
=107k ! I o A
@ Fog Ak | 1O £ o5[ % ]
QCJ L *I 1! (] : A %
"E L | 1! [ :
= S froL® & :
g I it :
- :"':aﬁ\ i :ﬁ\ Or % : % ]
e e b st i negative chirp | positive chirp
15 1 05 O 0.5 1 1.5 05 :
(0-wg)fo 8 6 4 2 0 2 4 6 8
7. (ps)
FIG. 3. Calculated RFS spectra for=4.2 ps, |=1.2x10" b)
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where® = wyt + bt?. The plasma wave driven by RFS grows W' .. .. .
according to the purely temporal, nonrelativistic four wave -10 -5 ¢ (gs) 5 10

growth rate[7] yo=an(t) w?/(\8w,), where it is assumed
that ag<<1, andag(t)eyI(t)A“. The plasma wave is also FIG. 4. (8) Time of maximum scattering for RFS for different
damped by the modulational instabilitll) in the super- pulse durations,=3x10"* cm 3. Open squares, experimental
sonic regime[16] for which the growth rate is given by: data; closed trianglegliamonds, calculated points witiwithout)
ao:(wpi/@)(c/vth) on(t). The evolution of the plasma damping by the modulational instabilityh) Dotted line, profile of

wave can be found by solving the heuristic equation the laser pulse; solittlash-dottefdline, growth of the plasma wave
with (without) damping.

J .
— 8n= y,(t) Sn— a(t,n) dn. 2) One can notice a remarkably good agreement between the
at experiment and the model in terms of the satellite positions

i . . . nd amplitude. For instance the relative amplitude of the
The first term on the right-hand side describes the growth o - - “ateliites is 2.5 to>410-2 in the experiment and

the plasma wave due to RFS. The instability is considered 19 541072 for the calculated spectrum. For the positive

be in it_s linear part_and the wave amplitude is smalt chirp, the position of the Stokeganti-Stoke is As

<1. Itis also considered to be weak enough so that the_g5q |\ (as=708 nm) for the experimental case, and

envelope of the pulse is not modifieg{/w,<1). The sec- _ _ ; '

ond term is a phenomenological term sir';lulating the dampz\s_ 926 nm as=711 nm) for the calculation. The free

in . ) parametersl, and 6ny do not have an important effect on
g of the plasma wave by the Ml with a time dependent

d . t 0 The int tion lenath is ch 0 b the result: changindl, from 50 eV to 1 keV causes the
amping ra eao(1). 1€ intéraction length IS ¢ (_)se_n. 0 D€ paman satellites to be shifted by less than 4 [mvhich is

the Rayleigh length since there is no self-focusing: it is the4><1072 in units of (0— wg)/w,]
region where the laser intensity is high and where the plasma The same model was Ouseg .to retrieve the time of maxi-

waves can have significant amplitudes. From these assump. | scattering for RFS as a function of pulse duration, A

tions, one can write the elect.rlc field after 'nte.racuon'comparison between the model and the experiment is shown
EO“‘(I):Ei”(t)e).(pG\P)’ Whe”?‘l’ IS the phase expengnced in Fig. 4(a): without Ml (solid diamondy the model predicts
by the laser during propagation in the plasma; it is given bya growth of the plasma wave until the end of the pulse. In
0y Zg this case, the sc_attering takes place very. late in the pulse,
W= dn(t) — —sin(wpt). (3)  contrary to what is observed. When damping of the plasma
@o Np wave by the Ml is included, the agreement with the experi-
The experimental parameters always verdy<l and mental result is very good. The growth of ion waves in a
Yo/ wp<<1, and this simple model gives results in goodtime of the order of a few ion plasma periods saturates the
agreement with the experimental data. Figure 3 shows a caplasma wave amplitude at about 5%. This is shown in Fig.
culated RFS spectrum with the same experimental param¥b). Moreover, before being damped, the plasma wave
eters as Fig. 1. For this calculation, the temperature Was grows as exp(t), with
=200 eV and the initial noiseSn, was considered to be

caused by the longitudinal ponderomotive force of a Gauss- I(t)= f‘ t)dt 1+erf(t/ 7.2 In2 4
ian pulse with truncated fe¢l7]: sny=0.9rag/(7.w,)?%. ® ﬂcyO( dt= V7Lt erf(t/7ey2In2)]. - (4
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I (W/iecm?) represented for two different densities. It shows that for long
840 12407 2407 20" 12407 840" pulses, the maximum scattering occurs earlier in the pulse
15— ——— ;‘ : when the density is increased. This is due to the fact that for

higher densities, RSS grows faster and the plasma wave
; reaches high amplitudes earlier in the pulse reference frame.

positive chip ] Furthermore, at higher densities,,; is larger; the ions can

move faster and the Ml is more efficient.

: ] Measurements on RBS were also performed and showed

% % % % that for ng=1.2x10*® cm 3, RBS always occurred before

v v v v

1k

v
negative chirp

»° 0.5

the peak of the pulse. However, we found a difference in the
% ] time of maximum scattering for a positive and negative
. chirp. This could have been due to ionization blue shifting
s ; since RBS takes place at the beginning of the pulse. How-
b b b b Ll ever, this point needs further investigations.
8 6 4 2 0 2 4 6 8 In conclusion, we have reported on measurements of Ra-
T, (ps) man instabilities with subpicosecond time resolution in the
) ) ) ) referential frame of the laser pulse. We have found that Ra-
FIG. 5. Time of maximum scattering for RSS for different pulse 1,54 30° side scattering and forward scattering occur at the
durations and dengsities.gOpen tria.mgles, expgrimental points f%ack of the pulse. A simple model has been developed: it
Egg 2‘::19_:%;?(131%1 C‘;nrﬂg ; closed circles, experimental points for allows us to calculate RFS spectra with a good accuracy, and
€ ' the results match the experiment very well. The model also
shows that for long pulses, the plasma wave cannot have an
This explains that for longer pulses, the plasma wave reachesnplitude larger than 5% because of the damping by the
high amplitudes earlier in the pulse reference frame. As anodulational instability. We have also shown that this damp-
consequence, it is damped earlier. This is confirmed by Figing occurs earlier at higher densities. These results are in
4(a). agreement with previously published theoretical estimates
In Fig. 5, the time of maximum scattering for 30° RSS is and PIC simulations.
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