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Large-amplitude radial-plasma-wave generation during high-intensity laser interactions
with underdense plasmas
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Forward-scattered radiation produced from the interaction of an ultraintense laser PH&eTWV) with
underdense hydrogen and helium plasmag<(10*® cm™3) is measured. The coherently Thomson scattered
satellites of the second harmonic at off-axis scattering angles are observed to be significant, in contrast to
observations in the directly forward direction. These results are likely due to the existence of large-amplitude
radial plasma waves generated by ponderomotive forces as the laser pulse propagates through the plasma.
[S1063-651%98)01901-1

PACS numbse(s): 52.40.Nk, 42.65.Dr, 52.25.Rv, 52.70.Kz

During high-intensity laser-plasma interactions the pon-ntensity laser pulse into a 3-mm-diam jet of neutral gas
deromotive forces associated with focused laser radiation cagither helium or hydrogenwhich consequently undergoes
produce large-amplitude plasma waves in the “wake” of theoptical field ionization and forms an underdense plasma. We
laser pulse as it propagates through an underdense plasmged the Table Top Terawatt laser system at the Naval Re-
Since these waves have large longitudinal electric fields angearch Laboratorfh =1.054um, 7~ 400 f9, which was op-
phase velocities close to the speed of light, they have beegrated at a maximum power of 2 TW. The beam could be
proposed as a means of accelergting an injected electrggcysed to an intensity of %% 10'8 W/cn® (in vacuum using
beam to high energl]. Large-amplitude plasma waves for o /3 off.axis parabolic mirror. For the gas densities used,

acceleration purposes can be produced either in the standatrlge ; ; -3
. ) . plasma had a typical electron density of abodf tén
laser wake-field acceleratér WFA) [1], if the intense laser (7p6~30 fs) for both He and kiwhen fully ionized. Directly

EUISNe;V;;T(;) If)rSIirr?IIt{;ret?stgl?-nilgggl(;?ez!’aéssr&? F()f\;{/ﬁ) forward-scattered light was recollimated by a parabolic mir-
rggime[z] R Which a wake field is generated as a long-"" similar to that used to focus the beam while radiation
|,§_cattered at off-axis angles was collected by a simple lens.

duration, intense laser pulse undergoes a self-modulation i h d liah hen i d he it of 5
stability as it propagates in higher-density plasma. This in- "€ Scattered light was then imaged onto the slit of a 0.25-m

stability causes the pulse to break up into beamlets having §Z€my-Turner spectrometer that used a charge coupled de-
duration corresponding to the plasma period and the subs¥IC€ detector_se_nsmve to _V|S|ble and near mfrareq radiation.
guent resonant interaction with the plasma can produce a Strong emission of a directly forward-propagating second
large-amplitude wake field. There have been several recef@rmonic was observed in these experiments and conve-
experiments that have measured the temporal evolution dfiently provided a copropagating low-intensity probe of the
the wake field using both schem&-5] as well as the en- interaction. The spectrum of this forward-scattered light was
ergy of electrons accelerated by these waugsto 100 MeV ~ examined in the region near 527 nmdg) using either hy-
in the SM-LWFA regime [6,7]. drogen or helium as the target gas. Typical spectra of the
In this paper we present results of recent high-intensitysecond harmonic in the directly forward-scattered direction
laser-plasma interaction experiments performed at the Navdibr both helium and hydrogen are shown in Fig. 1 for an
Research Laboratory in which we find that second-harmonielectron density of 18§ cm™2 and an incident laser power of
radiation produced during such interactions can act as about 2 TW. The second-harmonic emission is broadened
probe of large-amplitude plasma waves created at the frordgnd displays a blueshift, qualitatively similar to the observed
of the laser pulse as it propagates through the plasma. THaueshift of the fundamentdlp to 100 nm that was caused
angular distribution and frequency structure of this scatterethy the rapid optical field ionization procegs]. From Fig. 1
radiation reveals information concerning the properties oft can be seen that the total second-harmonic emission was
these waves and may have implications for the feasibility ofabout an order of magnitude greater in helium than in similar
the SM-LWFA concept. Our results show that at high plasméiydrogen plasmas and was accompanied by a larger blue-
densities, as a very intense laser pulse undergoes sebBhift. The spectral modulations seen in Fig. 1 are typically
modulation, radial plasma wave structurésrge-amplitude nonreproducible and fluctuate from shot to shot, although the
cylindrical oscillation$ can be generated and may dominateintegrated intensity remains similar.
the coherently Thomson scattered spectrum. These results The most likely source of the observed second-harmonic
are distinct from and complementary to other recent experiemission is the action of the ponderomotive pressure of the
ments that measured the radial structure of plasma oscilldecused laser pulse that produces large density gradients as
tions produced in the low-density standard LWFA regimeplasma electrons are expelled from the focal region by the
using the technique of frequency domain interferomg®ly  laser. The interaction of intense laser radiation and large
Our experiments were performed by focusing a high-plasma density gradients has been shown previously to cause
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FIG. 1. Emission of a second harmonic in the directly forward 0 .
forward direction at 2 TW, for hydrogelight curve and helium i
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second-harmonic emissid®]. Since the laser pulse has a frequency
duration of only 400 fs and the ion plasma period is greater
than 1 ps, ions are effectively stationary during the interac- ] ) ) )
tion so that density gradients and filamentation effects are F!G- 2. Change in sateliites of sidescattered second-harmonic
largely produced by displacement of plasma electrons. Emigmission with respect to laser gntenfslty at a 30° sidescattered
sion of the second harmonic of backscattered stimulated R&'9/S: @) P=2TW, Ne=1x10%cm ° and @) P=15TW,
man scatteringSRS has been reported recenfly0] and is N.=1x10" cm 3. Note that the intensity scale is similar for both

. L . : . spectra. The feature on the extreme left of each spectrum that ob-
attributed to a similar mechanisfi0,11]. It is also possible . scures the second-order anti-Stokes line is emission from the hy-

that some (.)f th‘? forward-propagat_lng Second.-har.monlc €MIYrogen 4-2 transitiori4861 A). The spectra have been offset for
sion in helium is due to the nonlinear polarization of 'He clarity.

ions in a static electric field produced by charge-separation

effects created by the laser ponderomotive pressie L ) . .
Scattered radiation was also examined at off-axis ang|e§m|35|on of sidebands of the second harmonic shifted by the

in the spectral region near the second harmonic and wadasma frequency is not primarily due to doubling of forward
collected by anf/3 lens having a 10° acceptance angle. AfRaman scatte_red light since freqL_Jency shifts observed be-
30° from the axis of laser propagation, the sidescattereVeen orders in the off-axis direction weug, rather than
spectrum was characterized by significant emission near 524®pe- THiS iS in contrast to the @, shift observed in the
nm, which exhibited both Stokes and anti-Stokes sidebanddackscattered second-harmonic radiation as previously ob-
of similar strength(see Figs. 2 and)3The amplitude of the

sideband emission was comparable to that of the sidescat- R o e

tered fundamental. The frequency shift of these sidebands 2800 [
(AN~25 nm) corresponds to the electron plasma frequency [
wpe= (47N€%/M) 2, which is known from previous mea- 2400 [
surements of the plasma density under similar conditions. At - -
a 45° angle, the scattered spectra in the second-harmonic & 2%
region was similar to that at 30°, although it often showed £ 1600
higher orders of sidebands. Up to four orders of Stokes emis- =

sion could be observed as well as two orders of anti-Stokes 2 00 k
emission. This is in distinct contrast to the second harmonic =
in the directly forward directioriFig. 1), which exhibited no 800 [
sidebands. On a shot-to-shot basis, the relative strength of [
the sidescattered satellites varied by about 25%. Helium typi- 400 [

cally produced fewer sidebands than hydrogsee Fig. 3
when similar experimental parameters were used. No satel-
lite structure at frequency shifts ab,. near the second-
harmonic wavelength were observed at 90° or in the back-
ward direction.

The principal source of the sidescattered satellite radiation
near 527 nm is probably coherent Thomson scattering of the F|G. 3. Thomson scattered spectra at a 30° scattering angle for
forward-going second harmonic from part of a large-(A) hydrogen(P=2TW, n,=1.3x10* cm™3) and B) helium
amplitude plasma-wave structure havingectors at off-axis  (P=2 TW, n,=1x10'° cm3). Atomic emission lines are indi-
angles to the axis of propagation of the main laser beancated. The spectra have been offset for clarity.
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served in Ref[10], which was due to frequency doubling of 40 T T T T |

backward SRS. However, it is probable that some of the

second-order Stokes sidebafad wo—2w,) is generated by 120 1 los =

this process, especially in helium or at higher electron den- g r %

sities (see Fig. 3. = 0 < E
The higher-order sidebands of the Thomson scattered sat §g o F Joe %

ellites indicate the scattering plasma waves are large ampli- < & _ ] Es

tude and nonlinear. Since the amplitudes of the higher-ordel £ 6o [ Jos £

Stokes sidebands are similarote that the spectra in Fig. 3 g . ] &

are displayed on a linear scal¢his implies that the ampli- £ [ > ] g

tude of these radial plasma oscillations is such thag/n, 20 0z

~1. Broadening of Thomson scattered satellite emission was ]

observed as the laser power increadéig. 2, curveA) and o ———t——

as the plasma density increas@dg. 3, curveA). Similar 0 B homsan scattering argle 80

observations at the fundamental frequency in other experi- (degrees)

ments at higher powers have been attributed to wave-

breaking effects for very large amplitude way&s. In our FIG. 4. Plot of the plasma wave phase velocity dndector

experiment, it is likely that the observed broadening is due tQjirection versus the coherent Thomson scattering detection angle
the |aneaS|ng denSIty grad|ents n the focal reg|0-n Caused bM\"th respect to the probe beam axis of propagation

deeper channel formatidd 3] as the plasma density and la- ) )

ser power are increased. of the plasma-wave amplitude; however, for large-amplitude

main laser pulse as it propagates over steep plasma densfi§Stroyed16]. The large-frequency shifts from ponderomo-

gradients. Longitudinal plasma wake fields trailing the maintVe char_ge displacement effeqﬁ$3] that (_Jlomingte laser- .
lasma interactions at very high laser intensity result in

laser pulse are therefore not sampled by the second hal . X
monicpThe fact that the second-haprmonicy plasma Sate”it:groademng of the observed Thomson scattered satellites and

are not seen in the directly forward direction but are seen Oﬁnade observation of this effect difficult in our experiments.

axis indicates that the plasma waves sampled by the second We also observed Thomson scattered satellites at shifts of
: plasma\ P y wp2 in the region of the second harmortgee Fig. 2 The
harmonic are nonrelativistic with wave vectors nearly per-

dicul he b < Th | lik ource of this emission was not clear. Recent theoretical
pendicular to the beam axis. These plasma waves are likely, i [17] has predicted the existence of an explosive Raman
radial plasma waves with cylindrical symmetry similar to

h ; . ional icle-i | simul scattering instability that can occur during high-intensity
those observed in two-dimensional particle-in-cell simula-ager plasma interactions and results in forward-scattered

tions [14]. The radial structure of the plasma waves is im_'light, frequency shifted bys,/2 from the fundamental. Al-

portant in these types of experiments since the focal spot si ough such emission near the fundamental has been mea-

(~10pum) is approximately the same as the wavelength OZgured recently by another groups8], in our experiments
relativistic plasma waves \,=2mc/w,e). It should be

i o w2 shifted satellites were only definitively measured in
noted that the radial structure of plasma oscillations has alsg,, spectral region near the second harmonic.

been found to be important for understanding the nonlinear |, conclusion, we have shown that the spectral character-

plasma waves produced in beat-wave accelerator expefistics of second-harmonic emission changes significantly de-
ments|15]. i ) ... pending on the observation angle. We believe that the source
Coherent Thomson scattering requires that the incidents i1ig angular variation is due to the presence of large-
and scattered electromagnetic waves and the plasma wayg,jitude cylindrical oscillations produced around the pulse
satisfy Bragg scattering conditions, i.@sca=winciden™ @pe  during the propagation of intense laser pulses through under-
andKscai= Kincigent™ Kpe- The phase velocity and the direction yense plasma. Such radial wake fields, if not adequately con-
of the k vectors of the plasma waves that interact with ayq|ieq, would likely be important for practical applications
collinearly propagating probe beam that satisfy these condist the |aser wake-field accelerator concept since they will
tions are shown in Fig. 4. In our experiments, scattered salyreatly increase the emittance of any injected electron beam.
ellite radiation was observed at off-axis anglee., for 30°  Eo 3 practical laser wake-field accelerator the confocal pa-
and 45j, indicating that the plasma waves that interact t0rymeter should be significantly longer than that used in our
scatter the second harmonic haveectors that are approxi- eyperiments in order to minimize the effect of the focusing

mately at right angles to the laser axis of propagation angyeometry and the production of undesirable transverse accel-
have a phase velocity about 10% the speed of light. erating structures.

Cylindrically symmetric plasma oscillations are anhar-
monic and the plasma frequency of these waves should be The authors would like to thank C. Manka, E. Esarey, A.
slightly greater[3,16] than that of longitudinal plasma Fisher, and P. Sprangle for useful discussions and L. Daniels
waves, which are those ordinarily observed. This nonlineaand K. Evans for technical assistance. This work was sup-
correction to the plasma period is proportional to the squar@orted by the ONR and the U.S. DOE.
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