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Observation of ion acoustic waves associated with plasma-induced incoherence of laser beams
using Thomson scattering
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We have carried out experiments to investigate the physical processes responsible for the recently discovered
phenomenon of plasma-induced incoheref®i#) of a laser beam. Using a Thomson scattering diagnostic, we
have observed ion acoustic wav@W ) having wave vectors transverse to the interaction beam spectral and
temporal characteristics of which show a clear correlation with other signatures of PII for various conditions of
plasma density and laser intensity. These results support the recent theoretical interpretation for which the IAW
result from the coupling between forward stimulated Brillouin scattering and self-focusing of the laser light in
PIl mechanisms.
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[. INTRODUCTION as self-focusing, forward SBS, and the more recent resonant
instability of filaments[9]. Simulations performed for our
Over the past few years, experimerital-5] and theoret- experimental conditiongL2] show that the filament instabil-
ical [6—12] studies have demonstrated the ability of an un-ity provides an ion-wave seed for forward SBS of the inter-
derdense plasma to reduce the spatial and temporal cohexction beam. A broad spectrum of ion acoustic waag/)
ence of an intense laser beam propagating through it. As anig thus resonantly excited. These waves have small wave
process affecting laser propagation, plasma-induced incohevectors and propagate transversely to the beam. Identifica-
ence(PIl) appears fundamental for inertial confinement fu-tion of these waves in an experiment is of outstanding theo-
sion (ICF) [13] for it can have an impact on wave-coupling retical interest since it would validate part of the proposed
conditions. In fact, the growth rates of convective three-wavescenario.
instabilities, such as stimulated Brillouin scatterif8B9 or The experiment presented in this paper was designed to
stimulated Raman scatterii§RS [14] greatly depend upon detect the presence of IAW having frequencies and wave
the beam’s level of coherence. The effect of a progressiveéumbers according to the numerical simulations of[EH].
loss of coherence would be to relax the constraints imposeth particular, the simulations demonstrate that transverse
by the presence of such undesirable parametric instabilitie\W fluctuations can be driven at large enough wave num-
in laser-fusion plasmas. However, while instabilities could bebers to be detected experimentally. A Thomson scattering
reduced, a lower spatial coherence may spoil the laser’s irradiagnostic was put into place to look for such IAW and to
diation uniformity through beam spray and hence can betudy their spectral and temporal behavior and their correla-
disadvantageous for ICF. A better physical understanding dfion with transmitted light frequency broadening. The spec-
of PIl would aid in assessing the potential benefits for ICFtrum of the transmitted light, a signature of PIl, was simul-
and may enable control over them. taneously monitored with the Thomson scattered spectra for
While most previous experiments have demonstrated thearious interaction conditions. The comparative results give
effectiveness of the plasma-induced incoherence of lasegood evidence for the participation of IAW in PII.
beams through measurements of beam characteristics after
propagation through the plasnia—5], none of these have Il. EXPERIMENTAL SETUP
given insight into the underlying mechanisms. Theoretical
interpretationg 6,10—-12,7 explain PIl as the result of the
interplay between different forward scattering processes such The experiment was performed using six Gaussian 600-ps
full width at half maximum(FWHM) laser beams of the
Laboratoire pour I'Utilisation des Lasers Intenses facility. All
*Also at CEA-DIF, Bote Postale 12, 91680 Bruses-Le-Cheel,  beams were smoothed by random phase plé&P and
France. contained in the horizontal plane. All beams had horizontal

A. Beam configuration and plasma characteristics
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FIG. 1. Layout of the laser beams and main diagnostics. Theb) and horizontal window(c). Window 1 collected scattered light
thin-foil target is at the center of the experimental chamber with itswith anglesé varying from 73° to 110° and window 2, angl@s
surface perpendicular to the interaction beam. varying from 23° to 41° away from the interaction beam.

polarization. The beam configuration is shown in Fig. 1. The | and t | luti 0.4 A and 130 i
plasma was preformed by two counter-propagating lasef & @nd temporal resoiutions ot . ’an pS, T€spec
pulses at\ =0.53 um focused onto the surface of agm tlyely. Abeam dump placed on the quss surface blocke.d the
thick parylene(CH) foil target and then heated by a third direct light 'from. being collecte@see Fig. 2a)]. The magni-
identical beam 0.6 ns after the first two. The plasma’s mairfude and direction of the probed wave vectors were further
expansion axis was perpendicular to the target's initial surSelected by placing additional mask_s on the coIIe_ctlon optics.
face, which we define as tizaxis. The target was initially at TWO Such apertures were used during the experiment, one in
z=0. With a time delay of 1.6 ns after plasma formation, anthe horizontal plane and one in the vertical plane, as illus-
interaction beam at,=1.053 «m with a maximum average trated in Fig. 2. When the properties of the probe beam and
intensity of (1)1,=1 in units of 1* W/cn? and with an the angle of observation have been set, there are two possible
initial f/6 aperture was sent propagating along #hexis to-  ion acoustic waves to satisfy the Thomson geomekpyyy
wardsz>0. In the following, we will refer to the front part == (Kp—Kscar) [16]. They have opposite directions. The
of the plasma as the entrance side of the interaction beamagnitude of the probed wave vector varies with the scatter-
with z<0, and the rear part of the plasma as the output sidéng angle  fOs.ar according to  Kaw=2kg(1

with z>0. At the same moment, a low-intensitf1fis  —ne/nc)Y%sin(fscaf2), Whereky is the modulus of the wave
~0.04, A\,=0.351um) probe beam was focused onto the vector of the interaction beam in vacuum. For both observa-
plasma by a /10 lens at 67.5° from the interaction beam. Bytion windows, thescatteredlight was collected betweep
reducing the energy of the creation beams from 50 J to 15 Jz[7.7°,11.39 away from the initial probe axis, which in
we obtained two sets of plasma conditions with maximumyyrm corresponds to ion waves with wave numbers varying
densities at the peak of the interaction pulse oi.8nd  from 0.4, to 0.6,. The direction of the probed IAW is
0.8n., respectively, Wherﬂc=1>§102 Cm,_.3 is the critical  getermined by the Thomson scattering geometry. The first
density for 1.053.m light. The high densities were interest- e ryre(window 1) collected light that scattered off IAW
ing because they were seen FO .favor Pli n past Experimen opagating nearly transversely to the interaction beam at
[4,5]. T_he plasma’s characten_shcs were 5|_m|lar to those reénglesa between 73° and 110°. The second aperturie-
ported in Refs[4,5,19. According to two-dimension@D) dow 2 collected the scattered light off IAW mostly in the

hydrodynamical simulationgsee Ref.[15]), the maximum . . . o :
density evolution is best described by an exponential decaporlzonta_l plane \.N'th angle# varying from 23° to 41° away
rom the interaction beam.

in time: Ny p(t) =Ny pexd —t/(530 ps), wheret=0 corre- . . .
sponds to the peak of the interaction pulse. The typical scale ||Th? fc;)r\/\_/tat\]r_d tscatteredl light of th% |rtltera$|oofriobeaT was
length of the inverse parabolic profile was 7aén for the collected within two angufar ranges. betwee (up to

y : _— : twice its focusing apertujeand between 22.5°5.0° away
low-density plasma and 300m for the high-density plasma. from the z axis in the horizontal plane. Light within each

aperture was separately analyzed using a spectrometer
coupled to a streak camera with spectral and temporal reso-

The probe beam was used for Thomson scattering off iofutions of (2 A, 150 psfor the first aperture and ¢2A, 60
acoustic waves excited by the laser-plasma interaction. Thps) for the second aperture. By placing different masks on
scattered light was collected by a /2.5 lens and analyzethe collected light's path we were able to further refine the
using a spectrometer-streak camera combination with speobservation angle within each aperture.

B. Diagnostics
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FIG. 3. Magnitude of the two-dimensional spatial finite Fourier
transform (FFT) of electron density perturbation$5ne/no(IZ)|,

with normalization such thabn, /no(x) = =gone /no(K)expk-X), FIG. 4. Time-resolved spectra for the low-density plasma
where k=(kj.k;). The FFT was performed over a (n, =0.3.) of Thomson scattered light at170 um in the rear
(Az=80 um)X (Ax, =250 um) strip centered at=100 M, X, part of the plasmé&a) for (1),,~1 and(b) for (I);,~0.1. The probe

=0um, i.e., 100um to the rear of the target of the simulation data heam is Gaussian with 600 ps FWHH4) and(d): spectral intensity
taken from Ref[12] that closely reproduce the current experimental profiles integrated over the dashed box.

conditions. The area marké?, indicates the wave numbers probed

by the Thomson scattering probe with collection window(cL 140 ,m 10 the rear of the target center where the average
Fig. 2. The wave numbers probed by the second geometrydensityne/nc=0.25 at the peak of the interaction pulse. One

.(W".”dow 2 lies slightly outside .Of the f'gur.e n the direction finds these fluctuations to be contained within angles of
indicated by the arrow labeled, with characteristic wave number o o L -
90°+20° from thez axis, i.e., nearly transverse to the inter-

k=(0.42,0.26). action beam, and extending up to magnitudes kof
. NUMERICAL RESULTS FOR THE DENSITY ~0.7 wg/c, wherewg/c is the vacuum wave number of the
FLUCTUATION SPECTRUM interaction beam.

The regions of wave number probed by the Thomson scat-

The two-dimensional laser-plasma interaction codegring experiment using collection windows 1 an(ge Fig.
HARMONHY [12] was used to model our experiment over the - -
2) correspond to the areas kfspace in Fig. 3 that are la-

whole duration of the interaction pulse600 ps with realis- ) .
tic interaction conditions and f/6 RPP optics. The nonlinealbeled 1, and €, respectively. Evaluating dh/n)ims

= 2\1/2 ; ) ;
hydrodynamic plasma model used B¥RMONHY allows us _5< /(5ne/rl°z) %ng utsr;ngTh Parseval Stt _theor?m gl\r:es
for the use of density and velocity profiles, spatial and tem-( n/1)ms=0. orthe 1homson scattéring volume, where

poral dependence of which, due to target expansion, closel he angle brackets indicate a spatial average. Restricting the

mimic those of the experiment as described in detail in Ref’ um over wave numbers to include only those wave numbers

; ; hich are contained within the regions mark@d and Q)
12]. Furth h | | for ligh vhieh . 9 2
[12]. Furthermore, the paraxial model used for light propa Fig. 3 gives [(on/n)dr. lesxlo,ﬁ and

gation allows one for the simulation of the whole plasmaI
profile in thez direction. With these features, the simulations[ (81/n)mslie o,=5%107°, respectively. On this basis, we
correctly describe the interplay between strong inversavould predict that a Thomson scattering diagnostic would
Bremsstrahlung absorption, laser pulse temporal profile angee an enhanced signal first experimental geonatiydow
target expansion that were found necessary in order to cott), and a thermal level in the secoindow 2). Note that
rectly describe the transmitted light spectra. the value of 510~ ° corresponds to the level of numerical
Simulations with a peak average interaction intensity ofnoise, and thermal fluctuations are not included in the simu-
(IY14~0.45 and nonlocal electron heating included alonglations.
with the ponderomotive force show the generation of a broad

spectrum of density fluctuations, evident in Fig. 3, as a result IV. EXPERIMENTAL RESULTS

of self-focusing, filament instability, and forward SBS. The )

frequency spectrum of the transmitted light corresponding to A. Spectra of Thomson scattered light

these conditions exhibited a strong redshift0 A that has Figure 4 shows typical Thomson scattering spectra col-

been attributed to self-phase modulation of laser lightiected in the vertical window of the diagnostic. The colorbars

brought about by the nonlinear evolution of density channelsgeflect the relative signal intensity of the Thomson scattered
Figure 3 shows the spatial density fluctuation spectrunsignal and the scale units are consistent between all Thomson

|6ne/ng(k)|, taken from the simulations, over a region spectra. This result has been obtained in the low-density
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window 1: vertical window 2: horizontal 40-100 times stronger than in the low-density plasma for the
same location on theaxis and same collecting aperture. For
(1)14~1, we observe that the bulk of the signal is now en-
tirely shifted by 1-1.5 A towards longer wavelengths. Again
the signal is greatly diminished, near noise level, when the
(D1a~1 (D14~ 1/10 (D14 ~1 intensity is divided by a factor of ten. A complementary re-
| e ] o 9 " o’ sult comes from the observation of sc.attered light in the hori-
L ght in the hori
(2) ) T & © zontal window which, due to the scattering geomd#fig.
' : (2)], probes IAW whose wave vectors have a large longitu-
dinal component. The signgéee Fig. %c)] associated with
L L IR - S — nontransverse IAW is dramatically lower than for transverse
) © O IAW. Moreover, the signal associated with nontransverse
IAW does not exhibit the same nonlinear behavior with in-
creased plasma density or beam intensity. This observation is
in agreement with the numerical results discussed in Sec. Ill.

<+—— Time (ps)
T

| |
0 L5 -1.0 0 1.0 -1.0 0 1.0
AL A AL A AL A

FIG. 5. Comparison of the Thomson scattered spectra between
the vertical and horizontal collection window in the high-density
plasma (o,=0.8n;). Laser intensities ard )14~1, 0.1 in(a), (c), Our previous observations of PIl were partly based on the
and(b), respectively. The different colorbars provide information on gpectral analysis of the forward scattered light at-aD°
the signals’ relative intensitie$(c), (d), and (f)]: time-integrated  from the laser axig§4,5]. These spectra displayed a strong
intensity profiles of the spectra i), (b), and(c), respectively. redshifted component up to about 10 A as a result of strong

induced temporal incoherence. This red-shift has been corre-
plasma ,,~0.3n; and(l);4,~1) for which evidence for lated with direct measurement of the coherence time using a
PIl has already been established in the recent g5t To  Michelson interferometer and is considered a clear signature
demonstrate that these waves were produced by the interagf PIl. The IAW wave vectors responsible for the near-
tion beam, we reduced its intensity by a factor of té,,  forward scattering are of the order of Ok}5 The transverse
~0.1, and the corresponding spectrum is shown in Fig).4 1AW with k;awe[0.4kq,0.645] detected by Thomson scat-
For both laser intensities, the diagnostic collected light emittering in this experiment cause the interaction beam to be
ted from a plasma volume oAz~40 um centered az  deflected by angles between 21° and 31° in the vertical
=+170 um in the rear part of the plasma. By comparison ofplane. Because of mechanical constraints we could only col-
Figs. 4a) and 4b), we observe that the signal obtained atlect the light at such angles in the horizontal plane. The
high laser intensity reduces to noise ley@lie to stray light appropriate solution was then to place ourselves in equiva-
and/or plasma emissiprvhen the intensity is lowered by a lent interaction conditions in the horizontal plane by chang-
factor of ten. Note that in this case, the limit of sensitivity of ing the laser’s polarization direction by 90°. We rotated the
the camera has been attained. The strong reduction in signpblarization from horizontal to vertical, using a half-wave
confirms that the observed signal @),,~1 comes from plate, and collected the forward scattered light at 22.5°
IAW associated with the interaction beam. The signal peaks-5.0° in the horizontal plane which is associated with the
at the laser pulse’s peak intensity and has an approximat@w observed by Thomson scattering.
duration of 300 ps. It exhibits a spectral broadening of 0.3 A An example of two time-resolved spectra, recorded at
on each side of the initial wavelength, with no significant22.5° from the laser axis in the high- and in the low-density
spectral shift. Assuming scattering from density fluctuationsplasmas, is shown in Fig. 6. The spectra display a broad
associated with forward SBS IAW the expected Thomsorredshifted component with a shift larger in the high-density
scattering spectra would consist of two 0.2-A wide compo-plasma than in the low-density plasma by a factor between
nents symmetrically shifted away from the probe wavelengthwo and four. Typical FWHM values of the redshifts for the
by about 0.15 A. The signal’s width of 0.2 A mainly due to low- and high-density plasmas af@-5 A and (2-16 A,
the integration over the collection volume of the velocity respectively. These shifts are larger than the ones of the light
gradient(Doppler broadeningand the density gradient but collected at a smaller angle. The red component is shorter in
also the angular dispersiaxk;,,, of the probed ion waves in time than the laser pulse and its maximum intensity coin-
the collection aperture. Because of the limited spectral resceides with the peak of the interaction pulse. It usually be-
lution of the system, which was at best 0.4 A only, these twoacomes visible little before+ 100 ps) the peak of the inter-
components are likely merged in a broad component as olaction pulse in the case of a high plasma density. This is
served in the experimental spectrum. partly due to a rapid increase in transmission, fretf% at

Since PIl is shown to become more effective as the—200 ps to~35% (i.e., the plasma becomes more transpar-
plasma density increasg$,5], we repeated the previous Th- ent, when approaching peak laser intensity. It is noticeable
omson scattering measurements in a higher density plasnihat the observed redshifts are larger than what could be
(nwp=0.8nc) for both laser intensitiefsee Figs. &) and  expected from pure forward SBS in the weak coupling re-
5(b)]. In this plasma, the scattered light exhibits more com-gime and that they depend on the laser intensity. Numerical
plex features and the integrated signal is on the averagseimulations[3,12] have produced a good quantitative agree-

B. Spectra of the forward scattered interaction beam
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FIG. 7. Temporal evolution of the Thomson scattered signal and

1 1 1 [ | that of the redshifted component of the transmitted pulse at 22.5°
0 0 10 0 10 compared to thg initial_ intera_ction_pulse_ profile. Each curve is
K—XO(A) drawn in normalized units of signal intensity.
1000 growth can be explained by a combination of different rea-
d) fvacuum sons. As mentioned before, the plasma is very opaque to the

interaction beam in the first half of the its pulse. Since the
i ~0.3 nonlinear phenomena responsible for the existence of the
Jedliop™V- M redshift also become more efficient as the peak approaches,

P
500 ,' '/"3 ‘\‘ the redshifted signal can rapidly rise. The frequency-tripled
! F Loy 110p™0.81; probe beam, on the other hand, can propagate with little
o \ absorption, as the plasma is transparent for 0,351 light.

The dissimilarity can be worsened by the lack of temporal
resolution of the Thomson spectra and to some extent by the
fact that the spectrum of transmitted interaction beam is in-
X_XO(A) tegrated over the whole plasma lengtil z's) while the
Thomson spectra is collected over a small region onzhe

o

FI?_‘ 6. Trar.\smltted.llght spectra, c_ollected over ar_lgles 22:5 axis and so can only account for the growth of local IAW.
+5.0°: (a) calibrated in vacuum,b) in a plasma withn,

~0.3¢, and(c) in a plasma witm;,,~0.8n. . (d) Time-integrated
lineouts of the signals ifa), (b), and(c). The spectral resolution is
2 A. Time 0 corresponds to the peak of the incident beam. Comparison of the redshifted component in the transmit-
. ted light spectra at 22.5° with the ion acoustic wave signal
ment of the spectra recorded at010° based on the self- 450 show a good correlation between the two phenomena as
phase modulation of the forward scattered light in the chang fynction of the laser intensity. Like the IAW signal, the red
nels dug by self-focusing with an additional contribution component of the transmitted light decreased strongly when
from forward SBS associated with the transverse IAW. Thishe |aser intensity was reduced by a factor of ten, demon-

B. Intensity correlation

explanation also holds for the light collected at 22.5°. strating the nonlinear behavior of the involved processes.
A further correlation between both types of spectra was
V. CORRELATION BETWEEN TRANSVERSE IAW made by flipping the beam polarization from the horizontal
AND THE INTERACTION BEAM'S FORWARD to the vertical plane. Note that for each diagnostic the signals
SCATTERED LIGHT were recorded under the same observation conditions for

We have observed correlations between the observelaOth polarization states. The Thomson scattered light was

transverse IAW waves and the transmitted interaction bea oIIecte_d in window 1 and the f_orward sc_attered light of th?
at 22.5° in time, intensity, and spectra when the laser intennteraction beam was selected in the vertical plane only. This
sity or the plasma density was modified. way, bqth the interaction beam and the probe beam scattered

off vertical IAW. For this purpose, and because of the me-

. chanical constraints stated earlier, the effect of the beam’s
A. Temporal correlation polarization state on the transmitted interaction beam was

The temporal profile of the red component at 22.5° istested for near-forward transmissiofi.e., between 8°

comparable to that of the Thomson scattered spectra in th&3°). Figure 8 shows time-integrated lineouts of the spectra
high-density plasma since both signals occur near the pulsed light scattered by angles between 5° and 11° away from
peak intensity, and have shorter duration than the laser puldbe z axis and the corresponding Thomson scattering spectra
as shown in Fig. 7. Slight differences in the signal’s initial for both polarization states of the interaction beam. The sig-
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x104 x103 frequency have been detected by Yoddd] in the case of
1 ~ Horizontal SBS backscattering of the main beam. This additional red-
polarization shift is, however, still very difficult to predict quantitatively.
—  Vertical Regarding the third explanation, the shift in wavelength due
e to self-phase modulatiod\, will be smaller for the probe
beam compared to the interaction beam because of its shorter
wavelength and shorter length of propagation in the speckles
I and in the overall plasma. Simple estimates based on the
0 10 20 0o 1 2 analytical formula [9], ONp=(NA\,52z/2c)[ 1
A-Ag(A) A=Dp () —ng/nc(Np) 1~ Y4 d[ne/ne(N ) ]/dt} show that a shift of 2A
could be obtained with realistic values of the density de-
FIG 8. Time'integratedover 150 p$ Spectral lineouts of the crease as a function of t|md(|~01nc indt=60 ps), of the
transmitted IlghF(a) and of the 'I'_homson-§cat_tere_d prot_)e beam_Offpropagation length in each channék(- 10 xm), and of the
IAW (b) for horizontal and vertical polarlzatlon in a high-density number of channels encountereti=£10). In the low-
plasma ,,=0.8n; and(l);4~1). A, is the probe wavelength and . . - .
Ao the wavelength of the interaction beam. The forward scattereéjensny.plas,ma’ this shift would b.e much smalle_r, m. agree-
light is collected in the vertical plane only at 83°. Intensity ment W'th Figs. 4b) and 5@ Show'n_g reduced shifts in the_
values are given in the units of relative measured intensity. low-density plasma. In this scenario, self-phase modulation
would therefore be responsible for the redshift of both the
nals have been integrated over 150 ps around maximum sigransmitted light and the Thomson scattered light off the
nal. A very clear simultaneous reduction of both signals wasransverse IAW associated with the temporal incoherence of
observed by changing from the horizontal to the vertical pothe interaction beam.
larization. The integrated intensity of the transmitted light's
red component drops te-35% in the vertical polarization VI. CONCLUSION
state. For this particular location on thexis, the integrated
signal of the Thomson scattering spectra is half than that of In conclusion, we have observed ion acoustic waves
the total signal in the horizontal state. Instrumental responsBropagating transversely to the interaction beams which are
was tested to be independent of the light's polarization statétrongly correlated with PIl signatures, namely, the fre-
and therefore cannot account for any of the changes. In adiuency broadening of the interaction beam. The observed
dition to the correlated modification of the two signals, thesecorrelation persisted as density, laser intensity, and polariza-
results show that the light scattering, as well as the generdion states were modified. The presence of a strong Thomson

tion of the driven 1AW, seems to occur preferentially out of Scattering signal in the geometry of window 1 only is con-
the plane of polarization of the laser. sistent with predictions of numerical simulations. In addition,

the spectral characteristics of these ion waves are also in
agreement with numerical simulations in the case of low
] . ) plasma density. For the high plasma density the Thomson
Both the scattered light of the interaction beam at 22.5°scatter spectra show a red feature that is shifted by almost 1.5
and the Thomson scattered spectra display a strong redshiit e have discussed the possible origins for this shift, and
in the high-density plasma. In these conditions, the plasm@aye shown that phase modulation by plasma channels asso-
response is expected to be both nonlinear and nonlocal, ated with the interaction beam is a likely explanation. The
case for which no complete model exists. Nevertheless, thgpservations reported here provide strong experimental evi-
strong redshift of the Thomson scattered light in the high-gence for the participation of transverse ion acoustic waves
density plasma could be produced by a combination of threg, the PII mechanism. They are important as they will pro-
mechanisms: the Doppler shift, strongly coupled SBS, and/ojjjde a unique access to the study of the influence of PIl on
self-phase modulation of the scattered light off IAW local- parametric instabilities, namely, of ion acoustic waves and

ized in the density channels dug by the interaction beamelectron plasma waves associated with SBS and SRS, respec-
whose density varies rapidly. First, the wave vector probed ifjyely,

the plasma by Thomson scattering using window 1 is almost

orthogonal to the plasma expansion axis. Unless there is a

significant radial flow, the projection of the flow ve_IOC|ty on ACKNOWLEDGMENTS

the probed wave vector would be too small to give the re-

quired redshift. Besides, if radial expansion were important, The authors gratefully acknowledge very valuable discus-
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