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Excitation and damping of a self-modulated laser wakefield
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Spatially, temporally, and angularly resolved collinear collective Thomson scattering was used to
diagnose the excitation and damping of a relativistic-phase-velocity self-modulated laser wakefield.
The excitation of the electron plasma wave was observed to be driven by Raman-type instabilities.
The damping is believed to originate from both electron beam loading and modulational instability.
The collective Thomson scattering of a probe pulse from the ion acoustic waves, resulting from
modulational instability, allows us to measure the temporal evolution of the plasma temperature.
The latter was found to be consistent with the damping of the electron plasma wav200®
American Institute of PhysicS1070-664X00)04201-4

I. INTRODUCTION comparable with the energy stored in the EPW at its peak.
_ However, this argument fails if the damping of the EPW
The study of growth and damping of electron plasmay, 9k various mechanisms leads to saturation of the EPW
waves(EPW) excited during propagation of a high-intensity q,,ring the laser pulse. Tingt al® observed the growth and
laser pulse in a plasma is relevant to many applications, Suchecay of the scattered light near the probe wavelength in the
as the fast ignitor concept in laser fusibr;ray Ia;grs, and 30° direction(with respect to the direction of beam propa-
Iaser-plasma—based electron acceleratarao collisionless gation. They attributed such enhanced scattering of the
damping processes have been observed to damp EPWs ony@yhe |ight to the collective scattering from IAWSs that are
time §cale short compared_to cplhsm_nal damping proc_esseﬁroduced by modulational instability decay of the EPW.
One is electron beam loading, in which hot electrons in the 4 eyver, without resolving the scattered light spectrally and
plasma are trapped and heated by the EPW, when their thegs, o arly. the attribution of such scattering to IAWS is un-

mal velocities are higher than the trapping threshold. An<,nyincing and competing mechanisms could not be ruled
other is due to the decay of an EPW into an ion acousti

wave (IAW) and daughter EPWs as a resuit of modulational In this experiment, a self-modulated laser wakefield ex-
|nstap|llty of EPWS® B'oth have been observed_ In _the cited during the propagation of an intense laser pulse in a
damping of the EPW excited by Raman bafgsca“e””g INStg51asma was observed through the appearance of Raman sat-
bility (which is a slow-phase-velocity waw&® and the lat-  gjites. Strong spectral cascadingp-to-4th anti-Stokes sat-
ter have been observed in the C(l)cl)llnear laser-beat-wavgyjites) was detected, and their relative strengths indicate that
(which is a fast-phase-velocity wave _ a large-amplitudéup to 30% density perturbatiprlectron

_The damping of a sel-modulated laser V‘{?‘_‘ef'eld Wa$lasma wave was excited. Observation of anti-Stokes satel-
attributed to electron beam loading by Tze#tqal:™" in Stud- |tes indicates strong coupling to a plasma wave driven by a
ies using a particle-in-cell simulation that assumes immobilgz 3 man-type instability, either Raman forward scattering or
ions. In this case, the EPW amplitude is not high enough tqg|t. modulation instabilit}®~22 In addition, relativistic elec-
induce longitudinal(one-dimensionalwavebreaking. They  4ng generated by the electron plasma wave were observed.
believe the occurrence of Raman backscattering and sidepege results have been reported previously in Ref. 12. In
scatterlng. |p|tlally heats the electrons such that the lattegg.. II, new results for angularly resolved Raman spectra are
have sufficient energy to be trapped by the large-phase; esented, which allow us to look into the three-dimensional
velocity (vp~c) EPW that is generated from Raman o4t res of Raman scattering instability.
forward-like scattering? ®> On the other hand, Bulanov To measure the growth and the decay of the plasma
et al'l(,s suggested that transverse wave-breaking can cauggyve, je., its temporal distribution, collinear collective
damping of a three-dimensional EPW and inject electronsrnomson scattering of a second-harmonic probe pulse was
into the trappmg?rl%gmn of the plasma wave. _ used. The growth of the plasma wave is found to be expo-

Two groups™™ have investigated the evolution of @ pentia| and the high damping rate limits the duration of the
self-modulated laser wakefield experimentally by use of COlyasma wave to a few picoseconds. These observations have
linear collective Thomson scattering and, yet, gave d'ﬁerengeen published previously in Ref. 17, and are summarized in
explanations for the observed fast damping of the EPWgec i New results for various pump laser powers are dis-
We'" previously attributed the damping of the EPW 10 aC-ssed in Sec. IV, providing new clues about the dominant
celeration of electrons in the forward direction based on th%amping mechanisms. In Sec. V. we discuss our studies of
observation that the total energy carried by these electrons ¢ spatially, temporally, and angularly resolved collective
Thomson spectra to investigate the three-dimensional fea-
dElectronic mail: synchen@umich.edu tures and the spatio-temporal distribution of the electron
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plasma wave excited. In Sec. VI, we report the results of our
investigation of the damping processes of the self-modulated
laser wakefield. The spatio-temporal distribution of the IAW
was measured using collinear collective Thomson scattering,
revealing the importance of modulational instability in the
damping of a self-modulated laser wakefield, in addition to
the effect of electron beam loading. The time-varying angu-
larly dependent frequency shifts of collective Thomson scat-
tering satellites—presumably from IAWs—were obtained
using angularly resolved spectroscopy, rendering the mea-
surement of the temporal evolution of the effective electron
temperature. These results allow us to systematically identify
the relative importance of the various damping mechanisms
for the self-modulated laser wakefield, and diagnose the sub- spacroreter

sequent plasma heating. A summary is given in Sec. VII. E_ﬁ'fw
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far pump light
¥
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FIG. 1. Setup of angle-resolved spectroscopy for detecting the spectra of
Il. OBSERVATION OF RAMAN SCATTERING Raman scattering or collective Thomson scattering. The fiber array was

INSTABILITY VIA ANGLE-RESOLVED RAMAN removed from the entrance slit of the spectrometer when the direct forward

SCATTERING SPECTRA channelusing lenseswas used. The spectrometer was a prism spectrometer
] ) when a low spectral resolution and a large range were needed, and was a
In this experiment, we used a laser system that producetboo lines/mm grating spectrometer when a high spectral resolution was

400 fs laser pulses at 1.0%4n wavelength with a maximum needed.
peak power of 4 TW. The 50 mm diam laser beam was fo-
cused with arf/3.3 harmonically coated parabolic mirror to
a small spot of 8um FWHM (full width at half maximum  ported in Ref. 12 for a shorter and nonuniform gas({£0
in diameter at the front edge of a supersonic helium gas jefum long), with which relativistic-ponderomotive self-
(This small spot contains 60% of the pulse energy, and thehanneling was not observed. Here we discuss the results
rest (40%) is in a large spot of>100um in diametep. A obtained by using the spectra measured in the 15° channel
co-propagating second-harmonic probe pulse was focused ligr the 1 mm long uniform gas jet. All qualitative features
the same parabolic mirror to a spot ofum FWHM, over-  were found to be the same as in the results of the 0° channel
lapping with the pump-beam foctéWhen a flat-topped gas for that 400um long gas jetsee Ref. 12 Figure 2 shows
jet (1000 um in length with a sharp gradien250 um) was  the Raman spectra in the 15° channel for various plasma
used, relativistic-ponderomotive self-channeling of the pumplensities at 2.5 TW pump power, and Fig. 3 shows the re-
pulse was observed when the peak laser power wasults for various laser powers at X10'°cm2 plasma den-
=15TW for 3.7x10°cm ° plasma density*?> Under  sity. The dependence of the anti-Stokes frequency shift on
such conditions, the probe pulse was observed to be guidgglasma density is consistent with the theoretical prediction
by the plasma-density depression created by the self-
channeled pump pulgé:?®

To measure the spectra of Raman scattering in several
directions simultaneously, glass fibers of 1 mm core diameter
were set up 2 cm away from the laser focus, if£0 accep-
tance, with each fiber looking from a specific angle. The
opposite ends of the fibers were lined up on the slit of a
prism spectrometer. The prism spectrometer has a resolution
of AMAN=300 at A=527nm and N/AA=600 at \
=1054 nm. A prism spectrometer, instead of a grating spec-
trometer, was used because of its ability to measure the en-
tire spectral region of interegincluding the fundamental and
the satellitesin a single shot. However, if the glass fiber is
situated within the forward laser cone-(0°<#<+10°),
the strong laser light will damage the fiber tip and also gen-
erate white light in the fiber, burying the signal. Furthermore,
a higher efficiency of signal collection is needed in the direct f::g::gn“:j
forward channel in order to increase the sensitivity of mea- 0 > 4 5 3
surement of plasma wave amplitude. Therefore, whenever Aw(x10%rad/sec)
the measurement of the spectrum in the direct forward direc-

; ° ; ; ; FIG. 2. Spectra of Raman forward scattering in the 15° direction for various
tion (0 ) wasneeded, an Imaging system with Ienséﬂﬁ) plasma densities at a fixed laser power of 2.5 TW. Note that the intensity

was used _inStead- The setup i~_—°’ shown in Fig. 1. scale is logrithmic and that the curves are vertically displaced for ease of
The direct forward scattering specttat 0°) were re-  viewing.
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FIG. 3. Spectra of Raman forward scattering in the 15° direction for varioudd€am loading(or wave-breaking leading to a turbulent
laser powers at a fixed plasma density of 3I0'°cm™3. Note that the  plasma. The scattering would then be due to the individual
intensity s_cal_e is logrithmic and that the curves are vertically displaced fora|actrons and not due to a single collective mode of plasma.
ease of viewing. Since the electrons are still bunched in spdeenatched but
now have a range of velocities, they will produce a broad-
ened spectrunt??’?8 This process is referred to as stimu-
wp(Y)=wpo/\y, (1) lated Compton scatterirfd;**which has a largé&\ p, in con-
trast to stimulated Raman scattering.

The Raman spectra at various angles are shown in Fig. 4
wpo= V47N M,=5.64x 10" nf’[cm %Jrad/s, (2) for a laser power of 2.5 TW and a plasma density of 3.7
10'%cm™3. The spectra in all channels of forward direc-
ions show roughly the same features. As can be seen, the
intensities of the Raman satellites decrease more slowly with
aé increasing angle than the fundamental does. This shows that

y=V1+ > (€©)) the angular spread of the Raman satellites is larger than that

of the fundamental, which is indicative of the small cross

is the relativistic factor associated with the average transsection of the plasma wave, in addition to the small cross
verse quivering velocity of an electron in a laser fiedgiis  section of the pump beam. On the other hand, near-forward
the normalized vector potential of the laser field. The factRaman scattering and Raman side-scattering instabilities
that such relation is obeyed, i.ev,> Jne, proves that the may also contribute to the observed satellites at larger
satellites observed are indeed Raman scattering satellitesngles. The Stokes satellites were not measured because the
Strong spectral cascading was observad to the fourth  CCD (charge-coupled devigeamera is not sensitive in that
anti-Stokes satellife indicating strong coupling to a plasma spectral range.
wave generated by Raman forward scattering and self- The spectrum measured in the 165° channel shows a
modulation instabilities?~>* The amplitude of the plasma strongly modulated spectrum extending from the red side of
wave, which is proportional to the square root of the relativethe fundamental wavelength to the blue sitigher than the
strength between the anti-Stokes signal and the fundamentalecond anti-Stokes satellijesNormally, for stimulated Ra-
increases with increase of laser power and plasma density, asan backscattering, only Stokes is resonant. The appearance
expected from the temporal growth rate for Raman forwarchf the signal on the blue side is believed to be a result of both

where

is the nonrelativistic plasma frequency which is determine
by electron density, only and

scattering’ strong broadening and blue shift of the first Stokes satellite
2 as a result of Raman backscattering in the strong coupling
@Yo %o i di d in Ref. 31
Yo= S — (4)  regime, as discussed in . 31
\/§(1)0 \ 1+a0/2
wherewy is the laser frequency. . MEASUREMENT OF PLASMA WAVE AMPLITUDE

. . LUSING COLLINEAR COLLECTIVE THOMSON
Note that the Raman satellites become broadened at hi SATTERING

laser power and plasma density. Such broadening may bea
result of relativistic self-phase modulation of the pump pulse  Measurements of Raman scattering spectra can provide
and its relativistic cross-phase modulation on the Raman satauch information, such as the plasma density, the existence
ellites. Another possibility is the loss of the coherence of theof an electron plasma wave, and a rough estimate of peak
plasma wave as a result of strong damping via, e.g., stronglasma-wave amplitude. However, in order to properly un-
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107 3.6%, while the anti-Stokes satellite indicates 9.2%. How-
ever, sincel is not actually measured but roughly estimated
= 10° from the pump—pulse channel length, the obtained plasma-
8 108 wave amplitude has some uncertainty.
> There is another approach to calculate the plasma wave
B g8 amplitude®*-3¢For a significant plasma-wave amplitude, the
o) plasma-wave density profile steepens and thus contains har-
€ 103 monic component¥’* The harmonics in the plasma density
profile can be expanded in terms of the fundamental density
e 4 e perturbationAn, /ng
Ao (x10'rad/s) An,, ( Anl) m ©
— e | —
FIG. 5. Direct forward Thomson scattering spectrum for 3 TW pump power, No " No

9 —3 H . . .. .
2.3x10%cm* plasma density, and zero probe delay. wherem is the harmonic number, and the coefficient in a

cold plasma is

mm

derstand the growth and decay of the electron plasma waves _ )
m 2mflm! .

generated, it is necessary to characterize the distribution of
the plasma-wave amplitude spatially and temporally. Torp g the first two coefficients are,= 1.0 andag=1.1. The

measure the growth and decay of the electron plasma Wavgh harmonic component of the plasma wave produces the
excited by Raman forward scattering and self-modulation iny4 stokes and anti-Stokes satellites. By combining Ess.
stabilities, collinear collective Thomson scattering was used

_ and(6), we can obtain the ratio between the intensities of the
When the second-harmonic probe pulse propagated cokyialiites

linearly with the pump pulse in the plasma, it was scattered

by the plasma wave to longer wavelengtBsokes Thomson Pso _ o[ANM Zsind(AK,L) ®
satelliteg and shorter wavelength&@nti-Stokes Thomson Ps1 ng | siné(AK;L)
satellites, i.e., ws=(2wp) =n-wp, wheren is the order of Since in our results the second Stokes and anti-Stokes satel-

the Isr?iﬁltlaltf?rnst step, the spatially-averaged temporal distribu lites are visible, the harmonic analysis can be used and yields
) - - . 0 0 .
tion of the EPW was measured. Forward scattered light fromamphtudes of 17% and 12%, respectively. As can be seen,

. ) 0
the probe pulse was collected on-axi3°) and spectrally both methods give the same amplitude]0%, when the

resolved by using the prism spectrometer. Since the focus (%nti—Stokes satellites are used. The results from the Stokes
y 9 P P ' Satellites are very different when different methods are used;
the probe beam overlapped with the focus of the pump bea

o 'Rowever, the average result4s10%, the same as the anti-
and the former is slightly smaller than the latter, the pmbesésokes results. Therefore, the anti-Stokes satellites are used

DUIS? measured a plasma wave amplitude that is averagel e determination of the plasma wave amplitude in this
spatially over the probe spot size transversely and the cha%—

nel length of the plasma wave longitudinall xperiment.
9 P Y hafly. . Figure 6 shows the collective Thomson scattering spec-
The results for a 40um long nonuniform gas jet were

. : . a as a function of pump-laser power and plasma density for
reported in Ref. 17 and are summarized as follows. Figure g pump b P y

shows the Thomson scattering spectrum for zero probe dela ero probe delay’ All the features, such as the shift of sat-
. 9sp P llite frequency with plasma density, and the broadening of
(i.e., when the pump pulse and the probe pulse overlap tem:

porally) for a pump—pulse peak power of 3 TW and a plasm satellites at high laser power and plasma density, are consis-

. . nt with th f Raman satellites. The temporal evolution
density of 2.%10*cm 3. Two Stokes and anti-Stokes sat- © 0se 9 _Sateliiies. The temporal evoiltio
of the plasma-wave amplitude can be obtained by scanning

ellites were detected, and, from their amplitudes, the plasm%e probe delay. Figure 7 shows the Thomson scattering

wave amplitude can be determined. The ratio between th . . g
intensities of Thomson satellites and the incident probe Caépectra at different probe delays, and Fig. 8 shows the tem

b d to determine the olasma wave amolitude b vin oral distribution of the plasma wave amplitude derived
€ used to determine the plasma wave amplitude by applying, o, i The growth and decay of the plasma wave can be fit
the Bragg scattering equatitsn

fairly with exponential functions, except for the region

e T 2sinz(AKL) around the peak. The growth rate is measured to be 3.5
Py ZANToNpL (AKL)Z (3 +0.3ps? from the Stokes satellites, and 3:8.3 ps * from

the anti-Stokes satellites. The decay rate is measured to be

whereAn is the plasma wave amplitudassuming a sinu- ¢ g+ 0.1pstand 1.9:0.2ps’?, respectively.

soidal plasma wave with frequenay, and wave number

Kp), g is the classical electron radius,, is the probe wave- V. SPATIALLY AVERAGED TEMPORAL EVOLUTION
length, L is the plasma-wave channel length, ahl =k, OF THE PLASMA WAVE AMPLITUDE

—ks*k, is the wave vector mismatch. Assuming a plasma-
wave channel length of 22@m, estimated from the side In the recent experiment, we used the 1 mm long uni-
imaging of the linear Thomson scattering of the pump pulseform gas jet to repeat the same measurement described in
the Stokes satellite indicates a plasma-wave amplitude dbec. Il under various pump laser powers in order to inves-
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A(o(x1014 rad/s) | FIG. 8. Amplitude of the plasma wave as a function of probe delay at 1.5
3 plasma TW pump power and 310 cm2 plasma density. Solid squaréspen
10 den?gy 5 circles represent the amplitudes derived from anti-Stdi@tskes satellites.
102 (x10" cr) The exponential fits of the growth and decay rates are also shown.
1019 3.7
o s 2275 measured at various laser powers, at which different numbers
3,10 13 2'3 of electrons were trapped and accelerafed. These accel-
[ 10 2'1 erated electrons propagated in a narrow care20°
£ 10" 14 FWHM) along the direction of propagation of the laser
= 10° 0.8 beam. Figure 9 shows the spatially averaged temporal distri-
107 0.6 bution of the EPW amplitude for various laser powers. The
10° : ‘ ‘ ‘ : exponential growth rate is measured to be 24'@g 1 TW,

6 -4 2 0 2 4 6

Ao (x10" rad/s) 4.4pstat1.9TW, and 5.2pg at 3.2 TW. At high laser

powers, the growth of the EPW begins to saturate, as ob-
FIG. 6. Direct forward Thomson scattering spectra for various pump powerserved from the shift of the position of the amplitude peak
at 3.7<10'*cm™® plasma density(a), and for various plasma densities at 3 towards earlier times. The EPW damps quickly after the pas-
TW pump power(b). The probe delay is zero. Note that the intensity scale sage of the laser pulse with a damping rate that is roughly
is logrithmic and that the curves are vertically displaced for ease of viewing. 1 .

1.8ps - at laser power below 1 TW and that rate increases
slightly with increasing laser power.

tigate the damping mechanisms that cause the decay of the '€ increase of the growth rate with increase of laser
EPW. Since the acceleration of electrons by the plasma waROWer, shown in Fig. 9, is consistent with the prediction of
(electron beam loadingcan be an important factor for the the theory of Raman forward scattering and self-modulation

damping of the plasma wave, the characteristics of the eled?Stabilities. An accurate comparison between the experi-
tron beam generated was also monitored in thignental results and the theoretical predictions is difficult be-

experiment? The temporal distribution of the EPW was Cause of the complicated evolution of Raman forward scat-
tering and self-modulation instabilities as the pump—pulse
propagates in the plasma and the variation of laser intensity

. . . . ——delay with time in a laser pulse. In addition, the actual growth rate
1040:_—~—_//\ﬁ&-:(ps) is strongly affected by the occurrence of relativistic-
=N
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FIG. 7. Direct forward Thomson scattering spectra for various probe delay$1G. 9. Spatially averaged temporal evolution of the EPW amplitude for
at 1.5 TW pump power and 310" cm™3 plasma density. Note that the various laser powers at a plasma density ob3LD*cm ™3 (a) 1 TW, (b)
intensity scale is logrithmic and that the curves are vertically displaced forl.9 TW, and(c) 3.2 TW. The number of electrons accelerated in each case
ease of viewing. is 10, 10, and 10, respectively.
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ponderomotive self-channelifg2°~*'A simple comparison 102 . . . : :
is the relative temporal growth rat¢&q. (4)] for different W1
pump powers. The relative growth rates are 1:1.4:1.8 at the 10°° q124ps
beginning of the growttiduring Whichag< 1) using Eq.(4), " :\—7\%‘ :25 pz
and are 1:1.8:2.2 in the experiment. This is reasonably con- 10 L,/A\m‘ +1'8 Es
sistent. The actual growth rate and the absolute plasma wave 99 W‘ N 1'6 os
amplitude depend on seeding of the initial plasma wave, - 10 W‘ 4 os
which in this case is probably dominated by the ionization fé 102 W] +1:2 ps
effect. Using the equation given by Maet al>>42 > \—/\/\/\_/\-/\x_1 +1.0ps
B 18 +0.6 ps
EZM, 9) ﬁ " %z +0.4 ps
No 4 £ 0 F\_/\,\\M/-\_J +0.2 ps
whereag(¥ionir) is the laser-strength parameter at the ioniza- “ F\J\«\J\J\/\_‘ T(?_zpzs
tion intensity, the seeding plasma wave amplitude is 4 10 W‘ 04ps
X 10~* and 2x 102 for singly and doubly ionized helium, . '\“"\-\_/\_f.__/\_, 06 ps
respectively. However, the experimental results indicate that 10 W‘ -1.0 ps
the plasma-wave amplitude at the time of ionizaticAT{ 1ok . . . . . ;

10
—0.7 ps) is about ¥ 10 2. Therefore, additional seeding is 6 4 -2 0 2 4 86

present, such as wake excitation by the front of the laser Aw(x10"rad/sec)

pulse. The latter can be important if the front of the laser _ _

pulse is deformedsharpenedas a result of its erosion when FIQ. 10. Spectra of the collective Thomson scattering from the EPW for
. . . . various probe delays at 15°, 2.5 TW pump laser power, and 3.7

relativistic-ponderomotive self-channeling occi¥ or its 109 cm -2 plasma density. The peak at ne&t=4Xx 10rad/s is just

etching due to Raman Sidescatterﬁ?lﬁ.3 stray light which does not change with variation of probe delay. The attenu-

The possible mechanisms that are responsible for thation due to a neutral density filter at the center of the CCD camera chip in
: . . this figure is not compensated. Note that the intensity scale is logrithmic and
damping of the EPW are discussed in Sec. V1. that the curves are vertically displaced for ease of viewing.

V. SPATIALLY, TEMPORALLY, AND ANGULARLY the temporal evolution of the plasma wave at every position
RESOLVED COLLECTIVE THOMSON SCATTERING along the channel. The longitudinal extent of the EPW coin-
. i o cides with that of the pump—pulse and varies accordingly as
By using the fiber array setqp, the angular d!str|but|on (?fthe pump—pulse undergoes self-channeling. It shows a
the (_:(_)Ilect|ve Thomson scatte_rlng can be obtained. The iNgradual decrease along the propagation patbbably due to
ten5|t_|es of the Thoms_on s_atellltes were observeq to be stroRre decrease of pump beam intensity resulting from various
gest in the forward directio(0°) anddecrease with larger |5sg mechanisms and contains multiple-peak structure

angle, and their angular spreads are larger than the probgs ohably resulting from a multifoci structure in the laser
laser congand the pump-laser copesimilar to the angular channe).

distribution of the Raman satellites. One example of the
spectra observed at the 15° channel for various probe delayd. MECHANISMS FOR DAMPING OF THE ELECTRON
is shown in Fig. 10. Such large angular spreads of ThomsoRLASMA WAVES
satellites can be attributed to the small cross section of th@ possible damping mechanisms
pump-laser channel, which results in small cross sections o )
(and thus larger angular spread of wave vegtofsthe ex- . When a relativistic electron beam is generated, accelera-
cited EPW and the guided probe pulse. All forward channeldion Of electrons by the EPW must take energy from the
observed similar temporal evolution for Thomson satellites.
If the scattering of the probe beam by the plasma wave
in the direction perpendicular to the direction of beam propa-
gation occurs, then direct side imaging of the spatial distri-
bution of the Thomson satellites using matching narrow-
bandpass filters and a CCD-camera imaging system for
various probe delays can measure the spatio-temporal distri-
bution of the amplitude of the plasma wave. Figure 11 shows
side images of the first Stokes Thomson satellite at various
probe delays. Images of the first anti-Stokes satellite show
similar variations. The relative EPW amplitude can be ob-
tained by taking the square root of the ratio between the
collective Thomson satellite signal and the probe linear

Thomson scattering signal. The temporal duration of the G 11 Sidei e first StokesTh eliite at vari )
P . . . olde Images O e TIrs oKes—I'homson satellite at various prooe
EPW at each position was found to be basically the same E{:elays for 2.5 TW laser power and %10'cm 3 plasma density(a)

th_at observed in the spaFiaIIy averaged measurerfient ~ —1ps,(b) +0.2ps,(c) +0.6 ps, andd) +1.6 ps. The arrow indicates the
Fig. 9); therefore, the spatially averaged results can describéirection of laser propagation.
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EPW and thus should cause damping of the EPW as a result T T T

of energy conservation. Therefore, electron beam loading 12001

certainly contributes to the saturation and decay of the EPW. 1000k

At high laser powers, when a large number of electrons are

trapped and accelerated, electron beam loading plays a sig- g 800

nificant role in the saturation of the EPW because the energy sool

carried by these electrons is found to be comparable with the E

maximum energy stored in the EPW. When this occurs, the @ 400}

energy of the laser pulse that would otherwise be used to =

drive the EPW is instead diverted to the accelerated electrons 200

and thus the amplitude of the EPW saturates even before the o <o - >
end of the laser pulse. However, the fact that the plasma 5240 5260 5280 5300
wave decays at a rate of 1.8 3s even when few electrons wavelength (angstroms)

are accelerated, indicates that at least another dampinF(? _ _

. . . . 12. Spectra of the scattered probe light at various angles for 3 TW
mechanism takes place besides electron beam loading, apd., power, 3.% 101 cm-? plasma density and 20 ps probe delt:25°
dominates the decay of the EPW at lower laser powers, 3se, (c) 45°, (d) 55°, and(e) 65°. The vertical line indicates the un-
(lower EPW amplitudes shifted probe central wavelength. Note that the bumps on the shoulder origi-

Modulational instability is a promising candidate for the nate fFOI"; thehPVri]g(ij“a' Prodbehspeagunl‘, VlzhiCh is mgr}im’ec‘hwnh thle 165°
additional damping mechanism that dominates the decay ¢f'a"e! (. which detected the probe light scattered from the nozzle.
the EPW, because it has been observed to dominate the

damping of EPWs excited by laser-beat-wave or Ramaf,qer nowers in spite of the occurrence of significant changes
backscattering. The growth rate of modulational instability is;, the EPW amplitudéa factor of 3 and the plasma density
on the order ofw; (ion plasma frequengyin the strong  gepressionlarger than a factor of 20Similarly, the damp-
coupléng (_Igrge EPW amplituderegime, which, for a 3.7 jng of the EPW amplitude due to the transverse expansion of
X 10 cm electronildens.lty in a fully ionized helium q hjasma channel should be significantly different for 1 and
plasma, isw,=5.6 ps~, which is on the same order as the 3 1\y cases. Again, this was not observed in the experiment.
measured EPW decay rate. However, the actual decay rate gherefore, these two effects, which certainly affect damping
the EPW depends on the initial seeding for modulational¢ the EPWs to some degree, are not important during the

instability. The initial ion-density fluctuation in this case gport time scale in which the damping occurs in our experi-
mainly comes from random thermal fluctuations and hydro{,ants.

dynamic perturbations. This is characteristically different
from the decay of the EPWSs excited by collinear laser-beat-
waves, in which the laser pulses are sufficiently long sucr‘?'
that stimulated Brillouin scattering can generate an IAW of  When an EPW is damped by modulational instability,
significant amplitude with which to seed the modulationalthe EPW (,,k,) is converted into an IAW §,k) and
instability (and thus lead to discrete wave vectors of thedaughter EPWs ¢+ w,k,=k). The growth of an IAW
daughter EPWS’ As a result, modulational instability in the upon the decay of the EPW is a signature of this process. To
case of EPWs generated by short-pulse Raman forward scaibserve the I1AWS, collinear collective Thomson scattering
tering instability(and standard laser wakefiglchay or may of the probe pulse was used in the same way as for the
not be as important as in the long-pulse laser-beat-wavdiagnosis of the EPWSs, and the results are analyzed in a
cases and long-pulse Raman backscattering cases. Howevsimilar way. In order to resolve the small shifib) of the
modulational instability decay of an EPW can occur whenThomson satellites from the probe frequency, the fiber array
the EPW amplitude exceeds a threshold determined by thand a 1200 lines/mm grating spectrometehich has a reso-
IAW damping raté® and this threshold is generally much lution of 0.4 A atA =527 nm) were used. Four main obser-
lower than that for electron beam loading. Therefore, moduvations were made and described in the following.
lational instability may dominate the decay of the EPW when  First, the angular dependence of the scattered spectrum
the EPW amplitude is small. was studied. Figure 12 shows the spectra of the scattered
Two other possible candidates for damping the EPW unprobe light at various angles for 3 TW laser power, 3.7
der our experimental conditions are transverse wave<10cm 3 plasma density and 20 ps probe delay. Blue-
breakind® and the transverse hydrodynamic expansion of theshifted and red-shifted peaks were observed and could be the
plasma channdf For transverse wave breaking, the numberanti-Stokes and Stokes satellites of IAWSs, respectively. The
of plasma oscillation periods before wave breaking occursmall bumps on the shoulder of each peak come from the
should be inversely proportional to the plasma wave amplioriginal spectrum of the probe pulse, as seen in the 165°
tude, the self-generated magnetic field strength and thehannel which monitors the probe backscattered from the
plasma-density depression on aXiét is, therefore, expected nozzle. The asymmetry between the anti-Stokes and Stokes
that the duration of the EPW should change significantlyshifts might result from red-shift of the probe due to the
with variation of laser power, because these three factordecreasing electron density in the channel when self-
increase with increasing laser power. However, we observedhanneling occurs, or from the difference between their
that the EPW decay rates are about the same at 1 and 3 Tphase-matching conditions. The Thomson satellites of the

Observations related to modulational instability
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FIG. 14. Temporal evolution of the scattered intensity of the probe near the

jore]
non

— T T T T T[T -1 -1 1 .30 T T T T T
18 |- - S .
| 1 5_';25- o 1TW |
- L s 3TW
16 60 ¢ g 20}
I ] 2
] e ©°
14 48 ps % 15 o
L 4 =] 9 n °
£ 10 L] [ [
12 40 ps o . .
S | ] "5t o "o 00
Sl _ 2 LE 8o,
=2 28 ps 0 20 40 60 80 100
2 s i delay (ps)
L
£ I 1
61 T probe wavelength for various laser powers at 25° and a plasma density of
- 1 3.7x10%cm 3,
4
ﬁ %]6

:
% Third, the spatio-temporal distribution of the probe scat-
s ' 1 1, tering was measured. Figure 15 shows the side images of the
5230 5240 5250 52|60 5?"36\5280 5290 5300 scattered probe light near the probe wavelength, obtained
wavelength (A) using a narrow-bandpass filter that covers both the Stokes
FIG. 13. Spectra of the scattered probe light near the probe wavelength f(ﬁmd ant"StOI_(eS satellites, for Vano_us pro_be delays. The_ t_em'
various probe delays at 25°, 3 TW pump laser power, antk30°cm2  poral evolution of the scattered intensity at any position
plasma density. The long vertical line indicates the probe wavelength. Thg|ong the channel was found to be roughly the same as that
short vertical lines indicate the wavelength of the blue- or red-shifted peaksobserved bv the fiber arrav in the forward directions. This is
Note that the intensity scale is linear and that the curves are vertically”.” . y . y . ) .
displaced for ease of viewing. Also note that the bumps on the shouldepimilar to the behavior of the collective Thomson satellites
originate from the original probe spectrum which is monitored with the 165° from the EPW.
channel,(f), which detected the probe light scattered from the nozzle. Fourth, although one may think that the spectra in Figs.
12 and 13 can be interpreted as the probe light scattered from
- .._the expanding plasma channel, two observations oppose such
IAW has an angular spread similar to the Thomson satellites P gp PP

of the EPW. Such a large angular spread is indicative of thé possibility. First, the strongly enhanced scattering of the

three-dimensional nature of the modulational instability,prObe pulse at later delaypeaked atT +20p3 was ob-

originating from the fact that the IAW is the decay product served even when the Iager power was very levg., 0.3
S TW) and no plasma-density depression was observed. Sec-
of the EPW, which itself has a small cross sectioampa- . .
. ond, the expansion of the plasma channel has a higher veloc-
rable to the plasma wavelengtiAnother important observa-

tion is that the position of the anti-Stokes peak varies WithIty at a higher laser power, as observed in interferograms
variation of angle. (see Ref. 25 however, we observed that the peak of the

Second, the temporal evolutions of the spectrum and th robe scattering occurs at abdut 20 ps delay regardless of

scattering efficiency were measured. If such scatterin Wagser power(Fig. 14. Note that such invariance of the
9 y . 9 rowth rate of the IAW with variation of laser power seems

. . . g
indeed caused by the IAW, we can obtain the spatially AVeTi) be consistent with the invariance of the decay rate of the
EPW.

TDOUOODDD.
nnannnnn

0 et

aged temporal evolution of the IAW amplitude by taking the
square root of the Thomson satellite signal. Figure 13 shows
the scattered spectrum around the probe wavelength for vari-
ous probe delays at 25°-angle, 3 TW laser power, and 3.7
X 10%cm™2 plasma density. As can be seen, the temporal
evolution of the Stokes and anti-Stokes peaks has features
similar to that of the EPW, which is shown in Fig. 10. That
is, the Stokes satellite is visible only when the probe delay is
near the maximum of the anti-Stokes satellite, and in the case
of the EPW, the opposite occurs. Figure 14 shows the scat-
tering efficiency(the ratio between the intensities of the scat-
tered light and the incident bearof the probe pulse in the
25° direction as a function of probe delay. The intensity of
the Thomson satellite increases from almost z@&bzero
delay to the maximum(at aboutT+20p9 and then de-
creases gradually. Noteworthy is that in both cases the ten@?\} alr?au?dfog‘;aggg ;’f;thg ;C?&e{:geir”ti’;:g?’:necfg;%fr:]‘{ge :’:;“rf;ength
poral eyolu'uon of the scattering efficiency is almost |den§|caldensity:(a) 50,3 pS’(b)y+ 0.9ps,(c) +1.9 pps,(d) +3.4ps,(e) +10pps,(f)
(reaching their peaks at the same tjmeven though their 50 ps () +40ps, (h) +60 ps. The laser pulses propagate from left to
pump laser powers are significantly different. right.
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ki, andkay are the wave vectors of the anti-Stokes satellite,
the probe and the IAW, respectively. Note tlkatis deter-
bl mined by the directionangle of observation anda is
determined by the IAW frequencyw(sy) and the sound
speed €.), i.e., wjaw=Kaw:Cs. Therefore, by measuring
the anti-Stokes frequency shifqual to the IAW frequendy

0 10 20 30 40 50 60 70 80|
angle (degrees)

electron temperature (eV)

10°F at a specific angle, the sound speed can be obtained and the
plasma electron temperature can be determined. A very good
1 match is made when the effective electron temperature is set
0 20 40 80 80 100 to b_e 3 ke_V.(Here we use = \/Te/mi /(1+kiqgw\5), Where
time (ps) m; is the ion mass anil(T,) is the electron Debye length,

to define the effective electron temperatiigbecause, e.g.,
FIG. 16. Temporal evolution of the electron temperature for pump power ot :
of 1 TW (open circles and 3 TW (solid squaresat a plasma density of The elec,:tron .energy ,dlsmbuuon maY not be, !\/Iax.welljan..
3.7x10“cm 2. The inset shows the wavelength shift of the scattered probel N€ satisfaction of this phase-matching condition is consis-
light at various angles for the case of Fig. 12. The solid line satisfies thgent with collective Thomson scattering by IAWSs. The devia-
phase matching condition for the scattering of on-axis probe wave vector b¥ion of the Thomson satellite wavelenath from the fitting line
ion acoustic waves propagating at a velocity consistent with an effective . 9 9
electron temperature of 3 keV. at large angles is probably due to the fact that the scattered

signals in these directions might be dominated by the scat-

tering of the off-axis probe wave vectors. By finding the

In other words, all these observations for the scatteringight temperature to fit the anti-Stokes frequency shift at

of the probe light to the spectral region near the probe wavesmall angles, we can obtain the effective electron tempera-
length are similar to those for the scattering of the probure at various probe delafFigure 16 shows the temporal
pulse by the electron plasma wave, which are described igyolution of the effective electron temperature. The effective
Secs. IV and V. Therefore, it is very likely that such scatter-g|actron temperature increases to 20 k@vkeV) at 3 ps
ing is indeed a result of collective Thomson scattering by ion ¢ the passage of the pump—pulse for a pump power of 3

acoustic waves. The fact that the growth of the IAW occursyy, (1 TW), and then drops to around 400 eV after 50 ps
after the pump—pulse passes the region of observation, indi- Note that the effective electron temperature increases

cates that the IAW observed seems to be a result of decay of, . - o
the EPW through modulational instability. Although the while the original EPW damps and that the position of the

EPW decays to almost zero within 3 ps after the passage 0 a.xim.um electron .te.mperature coincides with the complete
the pump pulse, the IAW continues growing until 20 ps Iater.extInCtlon of the original _EPV\(at T+3ps. F_urthermore, a
This may be attributed to a cascading decay process. Whe%nlno:o'?(o'l) EPW with a phase velocity czlose to the
the original EPW decays, its energy is converted to IAwsSPeed of light has an average electron enéigyu . where
and mainly daughter EPWs. Because the modulational instale is the peak fluid velocity of electrons in the ER\6f 23
bility grows from ion-density fluctuation, which has a wide keV (2.5 keV). This is roughly equal to the effective electron
spread in phase space, and the EPW is three-dimensional i@mperature measured right after the decay of the EPW.
nature, the original EPW decays into a broad spectfand  These observations seem to indicate that the energy stored in
angular spreadof IAWs and EPWs. These daughter EPWsthe original EPW is transferred to IAWs and, mainly, the
continue to cascade into IAWs and EPWSs, and so on. Thigffective electron temperature, upon its decay. The model of
might explain why the IAW can continue to grow even modulational instability decay shows that, when the original
though the original EPW is gone. Such a process can lead PW damps, the energy from the original EPW must be
strong Langmuir turbulence in the plasth&ventually, all  converted into mainly the energy stored in the daughter
the energy of the original EPW is converted into that stored=p\ys. Therefore, the effective electron temperature we mea-
in the IAWs and the background plasma temperatheated  syred is probably the average electron energy stored in both
by warm wave breaking of the slow-phase-velocity daughtefne tyrbulent motion of electrorisomposed of the daughter
EPWS. EPWs generated during the three-dimensional cascading pro-
cess and the random thermal motion of electrons. At early
C. Plasma heating delays(right after the decay of the original EPWhe turbu-

The existence of an IAW can be used to diagnose théent motion of electrons dominates the effective electron
plasma temperature. The frequency shift of the Thomsofkemperature. Gradually, more and more energy is converted
scattering satellites of the IAW varies with angle because of® the random thermal motion of electrons by way of warm
the phase-matching conditions. The inset in Fig. 16 show¥/ave breaking of daughter EPWs. At-20 ps, the daughter
the wavelength shifts of the anti-Stokes satellites, with re EPWs are exhausted so that the IAWs cease to grow and the
spect to the probe wavelength, scattered towards various dgnergy is mainly stored in the random thermal motion of
rections for the case of Fig. 12. The fitting line is from the electrons. The cooling of the effective electron temperature
phase-matching condition for the scattering of the on-axignay result from thermal conduction and hydrodynamic ex-
probe wave vector by the IAW% —k;=Kk,ay , Whereks, pansion.
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