Second harmonic generation and its interaction with relativistic plasma
waves driven by forward Raman instability in underdense plasmas
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High conversion efficiency0.1% into second harmonic light generated in the interaction of a
short-pulse intense laser with underdense plasma has been observed. In this experiment the plasma
is created by optical field ionization of hydrogen or helium gas. Second harmonic spectra observed
in the forward direction show Stokes and anti-Stokes satellites. This is due to the interaction of the
second harmonic light with large-amplitude relativistic plasma waves. Second harmonic images
taken at 30° from the propagation axis show that the radiation is generated over a length of a few
times the Rayleigh length and that the origin of the second harmonic light is due to the radial
electron density gradients created by the ionization process and the radial ponderomotive force.
© 1997 American Institute of Physid$1070-664X97)02904-2

I. INTRODUCTION light was observed at 45° from the direct backscattered di-

Harmonic generation has been a subject of great intereSgCtion- _ _ _ _ _
since the advent of high-intensity, short-pulse lasers. The The interest in the interaction of intense laser pulses with
highly nonlinear nature of the interaction of these laserPlasma is not limited only to harmonic generation. The
pulses with gases and plasmas imply that harmonic lighpropagation of intense electromagnetic waves in an under-
should be a significant feature of such interactions. Manydense plasma can also excite plasma waves via the forward
mechanisms can generate laser harmonics in plasmas. In tRaman scattering instabilittFRS.%~8 This instability is of
case of the second harmonic, the main mechanism is thiterest in laser inertial confinement fusion because it can
presence of density gradients in the plasma. Physically, thigenerate energetic electrons that can preheat the fuel and
is due todthe !aserquuced r?,“'r:’er_ motion of the elecgr0ﬂ§educe the implosion efficiency. Another case where FRS is
across a density gradient, which gives rise to a perturbatiog increasing interest is in laser particle acceleration. This is
on in the electron density at the laser frequengy(as can : . : o

o . . because it can excite a large-amplitude relativistic plasma
be seen from the continuity equatjohis density perturba- . . . N
wave that is therefore suitable for particle acceleratidn.

tion, coupled with the quiver motion of the electrong., i ) . ;
produces a source curredtat the second harmonic fre- The interaction of a short-intense-laser pulse with an under-

quency:J= on* v . 2coL(wgt)xcog2wgt). For electron den- dense plasma is also of interest in the “fast ignitor” fusion
sity gradients transverse to the laser propagation directioroncept’® In this scheme, it is required to deliver a short,
the currents are phased so as to radiate predominantly in thietense laser pulse to th@mploded dense laser-fusion cap-
forward direction. sule. The intense pulse must propagate through a very long
Second harmonic frequency generation has previouslyfew millimeter) region of underdense plasma and this
been observed using long laser pul$880 ps at intensity  propagation may be hampered by FRS.
<10 W/cn? in a preformed underdense plasma in a direc- | this paper we report on an experiment in which we
tion perpendicular to the laser. This was attributed to ponypserved FRS accompanied by second harmonic light gen-
deromotive self-focusing or filamentation of the high- o otion with a conversion efficiency of up to 0.1%. More-

intensity laser in a Iong_scale length plasmangularly over, the second harmonic light was phase modulated by the
resolved second harmonic measurements were reported In

the interaction of a CQlaser with a nitrogen gas jétThe copropagating relativistic electron plasma wave produced by
forward second harmonic light was attributed to filamenta-F-RS ©f the main laser beam. We also show explicitly that

tion generation. CQlaser pulsesand Nd:glass laser puldes ionization-induced density gradients are one cause of second
interacting with helium gas-filled chambers also produced@armonic light and show that relativistic and/or ponderomo-

second harmonic light in the forward direction, again attrib-tive self-focusing may be occurring, as evidenced by the ob-

uted to the production of filaments. In a more recentservation of filamentary-shaped images produced by the sec-
experimen® the second harmonic of Raman sidescatterednd harmonic light emission.
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FIG. 1. Typical second harmonic forward spectra for an electron density of IG. 2. Wavelength shift of the Stokés-) and anti-Stokes satellitds-) as
1.5x10" cm~2 (solid line) and 5<10' cm 2 (dashed ling Laser power for ~ a function of the electron density. The reference numbers on each curve

both these shots was around 25 TW. The higher-density spectrum shov@orrespond to the satellite’s number.
blue-shifted shoulders.

length 0.527um obtained for two different plasma densities:
5.4x10'® cm™2 (dashed curveand 1.5<10'° cm™2 (solid
curve. At low electron density, three Stokes satellites and
The experiment described here was performed at the Ruwo anti-Stokes satellites are clearly visible due to the inter-
therford Appleton Laboratofy with the Vulcan Nd:glass la- action with a FRS-driven plasma wave. The positions of the
ser operating at 1.054m in the chirped-pulse amplification peak of the satellites correspond to frequenciggtZhw,, . In
(CPA) mode. In this configuration the laser provided 25 J inthe high-density case the presence of three Stokes and three
0.7-1 ps pulses, which were focused, withféh.5 off-axis  anti-Stokes satellites can be discerned. Here the displacement
parabola, to a 2@m diam spot. This corresponds to typical from the second harmonic wavelength is greater, consistent
powers of 20—25 TW and to on-target intensitigsof the  with a higher electron density. The satellites still correspond
order of 5<10'* W/cn?. The effective Rayleigh lengtfiora  to frequencies of @*nw,. The most remarkable feature is
factor of 2 drop in laser intensitywas 350um. To avoid the broadening of the individual anti-Stokes peaks at this
refraction induced by ionization processééthe laser beam higher density. This is similar to the broadening observed in
was focused onto the sharp edgeao4 mmdiam laminar the incident transmitted laser spectrum, which, as discussed
plume of helium or hydrogen gas from a pulsed, supersoniin a previous publicatioflis characteristic of wave breaking
gas jet® located 2 mm below the focal region. The typical of the plasma wave.
focal intensity of 510 W/cn? at f/4.5 is sufficient to fully As mentioned by Krushelnickin a experiment where
optically ionize helium over at least 2 mm into the jet andthe spectrum of théackscatteredight was reported, two
hydrogen over the full 4 mm diam of the jet. The electronscenarios are possible for the generation of the Raman scat-
density in the gas jet was controlled by the density of neutered satellites around the second harmofiicilaser light
trals that was varied by changing the backing pressure of thmay be frequency-doubled passing the interaction region and
jet. The density was measured through the frequency shificattered by the plasma wave, giving a cascade of satellites
(nwp) of the anti-Stokes sidebands of the pump laser, ast 2uy*=nw; or (i) the incident laser light is scattered by
created by FRS. The electron density was found to be lineahe plasma first, leading to a cascades of satellites at
with backing pressure from 5 to at least 18 bar, where thes,*nw, that are subsequently frequency doubled as they
electron density was 1:510"° cm™. The two key diagnos- propagate, resulting in satellites ab-2nw, . Clearly, the
tics discussed in this paper are the forward scattered electrpresence of both the odd and even satellites of the second
magnetic spectrum around the second harmonic frequendyarmonic show that the first scenario is dominant in our
and images obtained at 30° from the direction of propagatiofiorward-scattering experiment. In Fig. 2 we plot as a func-
of the laser taken through narrow band,dnterference fil-  tion of the electron density the shift of the Stokes) and
ters. anti-Stokes satellite$—). The reference number for each
The spectrum of the light transmitted in the forward di- curve corresponds to the satellites number for example, the
rection was measured in the full4.5 cone angle of the curve(+2) corresponds to the theoretical wavelength shifts
incident laser. This light was transmitted through a pellicleof the second Stokes satellites for a cold plasma, wg. 20
that was antireflection coated at 1.0@th so as to reject the obtain the theoretical wavelength shifts one needs to know
pump laser beam. The spectrum was detected with a 16 bihe effective electron density. As mentioned earlier, we ac-
silicon charge coupled devi¢€CD) camera. A bright black- quire this effective electron density independently from the
body source placed at the focal position of the pump lasewavelength shifts of the first Stokes and anti-Stokes in the
was used to measure the overall transmission function of thepectrum of the transmitteduin pump beam. Figure 2
optics and the spectral response of the CCD camera. Thighows that the experimental wavelength shifts are in good
was used to correct the measured spectrum. Figure 1 showgreement with the theoretical value.
the corrected spectra around the second harmonic wave- In shots at higher electron densities, as can be observed

Il. EXPERIMENTAL RESULTS
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FIG. 3. Measured second harmonic efficiency as a function of the laser 3 millimeters
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in Fig. 1, a small amount of energy of the transmitted SECOH(EIG' 4. Typical second harmonic image at 30° from the propagation axis in
harmonic(less than 10%was slightly(=70 A) blue-shifted. ydrogen.
The blue-shift is a consequence of the time varying electron

density due to tunnel ionization during the rising edge of the Lo is taken to b d the focal t radius. If
laser pulsé? the resulting variation in time of the refractive pm. Ly is taken to be around 10m, the focal spot radius.

: : I we takeay=2, which corresponds to our maximum intensity
index self-modulates the phase of the laser during its propaf 5% 101 W/cn? and a number density of 3cm 2, we

gation in the plasma. Its proper frequency is then increase ind an efficiency of 0.1%, which is of the order of the ob-

giving a blue-shift that is roughly proportional to the electron q : ici That the effici .
density. Similar but larger and more intense blue-shift fea>crved maximum efniciency. That the €fliciency increases

tures are obtained in the transmitted pump. The blue-shiftin ather thar_l safuraiing due to relativistic_ effects, as suggested
of the satellites of the second harmonic indicates that th& these simple treaiments, can be aifributed to enhancement

onset of the second harmonic lighand its blue-shift oc- of density gradients due to ponderomotive effects, which can

curred during the ionization phase, early in time, and wouldPeeur at these higher intensities.

thus precede the FRS, allowing the green light to interact .In Figs. 4 apd S we pzesent two typical sgconq haf.rm"”'
with the relativistic plasma waves, as seen in Fig. 1. ics images obtained at 30° from the propagation diredfiion
’ the plane of the laser polarizatipm hydrogen and helium,

respectively. These images of the scattered second harmonic
l1l. DISCUSSION radiation from the interaction region were obtained using
In the experiment by Krushelnickt al® (I,~2x10' two f/3 ac_hromatic lenses on a eight bit C_CD camera with a
Wi/cm? and /3 focusing no second harmonic light was ob- depth of field of at least 4 mm. The spatial resolution was

served in the forward direction in hydrogen and only a conlimited Dy the pixel size of the CCD to 2m. The second
version efficiency of 10° was observed in helium. In con- harmonic of the laser radiation was selected with a 10 nm

trast, we observed a high conversion efficiency for thefull width at half-maximum(FWHM) interference filter cen-

generation of forward second harmonic light, about®@or ~ teréd at 0.53um. In order to be sure of the nature of the
both helium and hydrogen. The measured second harmonff€€n light, we measured the full light spectrum at the same
conversion efficiency in the cone angle of the laser is plotted® angdle. This spectrum exhibits an intense second har-
as a function of the laser intensitghanging the laser en- monic component at 0.58m that completely dominates the
ergy) in Fig. 3. This shows that the second harmonic conver-
sion increases with laser intensity. A simple theoretical cal-
culation for the conversion efficiency of second harmonic
production due to interaction of a laser beam with density
gradients is given by!’

Py Al LK)
n P,, (1+a32) \4Ly k3]’

where P, (and P, are, respectively, the power of the
second harmonic and the pump lasep=eA/mc®=0.86
X 10\ (um)+/1o(W/cn?) is the normalized vector poten-

tial of the laser, whera is the laser wavelength ands the 3 millimeters
laser intensity and, (kp) is the laser(plasma wave num- ' t >
ber. Ly is the density gradient scale length ahdis the Laser

interaction length. For our conditions is limited by the . - . . .
. . FIG. 5. Typical second harmonic image at 30° from the propagation axis in

detuning of th? gen.erat.Ed second harm_or“(_: from the PUMRejium. Small dots in the image are x-ray hits from accelerated electrons

laser due to dispersion in the plasfayhich is about 120 hitting the vacuum chamber.
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FIG. 6. Experimental radial second harmonic light profile obtained at the ) o

position defined by the arrow from the image in Fig. 3. FIG. 7. Calculated radial electron density in the hydrogen ddsshed
curve and the product of the radial laser intensity with the radial electron
density gradienfsolid curve.

plasma recombination light in energy. We observe in these
figures second harmonic light emanating over a distance of
~3 mm, which is about eight Rayleigh lengths. Similar fea-

; . light intensity profile produces a minimum along the laser
tures were observed in the images taken at 1,068 En-

propagation axis. Figure 6 shows the radial intensity profile

hanced Io.ngituqmal .prppagation. Iengthg ha_we previous%btained at the position along the laser axis defined by the
been obtained in a similar experimefitwhich imaged the arrow in Fig. 4. The two maxima in the radial second har-

scatter.ed laser I.igh.(tat wo). at 90.". In this experiment, by. monic light profile are separated by about 80.
analyzing the axial intensity profile for different laser condi- One can calculate the time-dependent electron density

tions, the authors concluded that relativistic self-channelinqJsing the tunnel ionization rat@sfor hydrogen. Neglecting
Was_rrﬁsponsmle fforhthe Iongdlr::ages. ic light sh . ‘ the effects of hydrodynamic motion for the duration of the
inal ellma_geg_o It ?lsecon Ta;’monl?_llg t show signs o hz?aser, we can calculate the radial electron density at the po-
singie .ongm.J ina’ |ament._ ese 'a”.‘e”ts aré Muchgition of peak laser intensity. The radial laser intensity profile
clearer in hel|urr(F_|g. 5 than in hydroger(Fig. 4. In both is Gaussian, with a radiugo 1/e) in intensity of 10um. In
types of plasmg th|.s structqre appears more (_:Iearly when ﬂﬁg. 7 we plot, on the same graph, the calculated electron
gas pressure 1s higher. Since |n't.h|s experiment th? ,Ia.se('fensity in hydrogen, and the product of the laser intensity
power is much greater than the critical power for relat|V|st|cWith the electron density gradient, as a function of radial

self-focusing| Pe,= 1.7 (wp./ wo)” GW], f[he Iase_r can in tr_leor_y distance. This last quantity is the source term for the second
self-channel, resulting in propagation of high-intensity fila- harmonic light, as discussed earli@ee, for example, Ref.

ment of IlghfL_ over a cor_15|derablt_a distance. The laser mten-lg)_ This quantity present a maximum at 2&n that is 3.5
sity can be higher than its value in vacuum, due to the relas

) If.f i Th q ve f Xthe radius, giving two maxima about 70m apart. This
tivistic seli-focusing. The transverse ponderomotive orcecompares favorably with the experimentally acquired value

associated With.t.he optically guided laser pulse is then hig%f 80 us. We do not observe this feature in the helium case.
enpugh tof S|gn|f|c§1ntly (;axpglt the igct:onz from the éaiepl'his is probably due to the different ionization characteris-
axs, clrgilng at? arp enS|dy gra 1en hW ere sgcr?n dfics of the two gases. Helium is ionized at higher laser inten-
monic light can be generated. Hence the secon armoNGies, poth for its first and second ionization. Consequently

filaments we see can be a signature .Of this self-t_:hannehngm density gradients due to ionization are less well defined
due to relativistic self-focusing. There is further evidence Offor helium

this decrease in effective plasma density due to these

relativistic/ponderomotive effects in the separation of the Ra-

man sidebands as a function of intensity, as mentioned in a

previous publicatior® for it was found that the sideband

separation for a constant backing presqared hence a con- |vV. CONCLUSION

stant initial density of neutrals decreases with increasing

intensity. This would be consistent with an effective decrease In conclusion, we report here the first observation of the

in plasma frequency due to relativistic quiver motion of theforward scattering of second harmoriiwy) light from rela-

plasma electrons and/or a density depression due to ponderiivistic electron plasma waves driven by FRS. The genera-

motive blow-out. Recent experimental investigation usingtion of the second harmonic light is consistent with the pres-

the same laser and plasma conditions have confirmed thance of radial electron density gradients resulting from both

relativistic laser intensitieday~1) are present in these the ionization process and the radial ponderomotive force.

filaments?! The second harmonic conversion efficiency and its depen-
Another interesting feature is evident in the hydrogendency on laser power agree well with theory. The bright

images in Fig. 4. At the beginning of the interaction region,second harmonic light scattered over a distance of several

a 100um before the focal plane, the radial second harmonidRayleigh length indicates self-channeling.

1130 Phys. Plasmas, Vol. 4, No. 4, April 1997 Malka et al.

Downloaded-14-Sep-2005-t0-130.159.248.1.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://pop.aip.org/pop/copyright.jsp



ACKNOWLEDGMENTS T. Tajima, Phys. Rev. LetZ4, 4428(19995; D. Umstadter, S.-Y. Chen, A.

. . Maksimchuk, G. Mourou, and R. Wagner, Sciera& 472 (1996.
One of the authoréV.M.) wishes to thank Dr. F. Amira- 11c ] Coverdale, C. B. Darrow, C. D. Decker, W. B. Mori, K-C. Tzeng, K

noff for a fruitful discussion. We thank Professor C. Stenz A. Marsh, C. E. Clayton, and C. Joshi, Phys. Rev. L&#.4659(1995.
and Dr. R. Brekner of Universited’Orléans for the design **M. Tabak, J. Hammer, M. E. Glinsky, W. L. Kruer, S. C. Wilks, J. Wood-
of the gas jet nozzle worth, E. M. Campbell, M. D. Perry, and R. J. Mason, Phys. Plasihas

. 1626(19949.

The experiment was supported by grants from them‘C N. Danson, L. J. Barzanti, Z. Chang, A. E. Damerell, C. B. Edwards, S.
EPSRC, the Human Capital and Mobility Program of the Hancock, M. H. R. Hutchinson, M. H. Key, S. Luan, R. R. Mahadeo, I. P.
European Community, and the U.S. Department of Energy. Mercer, P. Norreys, D. A. Pepler, D. A. Rodkiss, I. N. Ross, M. A. Smith,

R. A. Smith, P. Taday, W. T. Toner, K. W. M. Wigmore, T. B. Winstone,

1J. A. Stamper, R. H. Lehmberg, A. Schmitt, M. J. Herbst, F. C. Young, ‘]14:3 W. W. Wyatt, and F. Zhou, Opt. Commub03, 392 (1993.

H. Gardner, and S. P. Obenschain, Phys. FIZ8s2563(1985. Monot, T. Auguste, L. A. Lompres. Mainfrey, and C. Manus, J. Opt.
3. Meyer and Y. Zhu, Phys. FIuid, 890 (1987, 159, Biikner. Ph D, thests, UniverditéOriéans, 1904

'W. P. Leemans_, C. E. Clayton, W. B. Mori, K. A. Marsh, P. K. Kaw, A 16W. M. Wood, C. W. Siders, and M. C. Downer, Phys. Rev. L6%,3523
Dyson, C. Joshi, and J. M. Wallace, Phys. Rev4&\ 1091(1992. ' ’ '

“D. Batani, F. Bianconi, A. Giuletti, D. Giuletti, and L. Nocera, Opt. Com- ,,199%- , _

mun. 70, 38 (1989. E. Esarey, _A. Ting, P. Sprangle, D. Umstadter, and X. Liu, IEEE Trans.
°K. Krushelnick, A. Ting, H. R. Burris, A. Fisher, C. Manka, and E. Esarey, 18Plasma SciPS-2] 95 (1993. _ _

Phys. Rev. Lett75, 3681(1995. P. Monot, T. Auguste, P. Gibbon, F. Jakober, G. Mainfray, A. Dulieu, M.
®D. W. Forslund, J. M. Kindel, and E. L. Lindman, Phys. Fluitg 1002 Louis-Jacquet, G. Malka, and J. L. Miquel, Phys. Rev. L4, 2953
(1975. (1995.

C. Joshi, T. Tajima, J. M. Dawson, H. A. Baldis, and N. A. Ebrahim, Phys. lgC E. Max, J. Arons, and A. B. Langdon, Phys. Rev. L28.209(1974.

Rev. Lett.47, 1285(1981). 20A. Modena, Z. Najmudin, A. E. Dangor, C. E. Clayton, K. A. Marsh, C.
8W. B. Mori, C. D. Decker, D. E. Hinkel, and T. Katsouleas, Phys. Rev. Joshi, V. Malka, C. D. Darrow, and C. Danson, IEEE Trans. Plasma Sci.
Lett. 72, 1482(1994. 24, 289(1996.

9A. Modena, Z. Najmudin, A. E. Dangor, C. E. Clayton, K. A. Marsh, C. ?'C. E. Clayton, P. Muggli, D. Gordon, K. A. Marsh, C. Joshi, V. Malka, Z.
Joshi, V. Malka, C. D. Darrow, C. Danson, D. Neely, and F. N. Walsh, Najmudin, A. Modena, A. E. Dangor, D. Neely and C. Danson, “Obser-

Nature377, 606(1995. vation of self-channeling of relativistically-intense laser light in a plasma
%K. Nakajima, D. Fisher, T. Kawakubo, H. Nakanishi, A. Ogata, Y. Kato, channel,” submitted to Phys. Rev. Lett.

Y. Kitagawa, R. Kodama, K. Mima, H. Shiraga, K. Suzuki, K. Yamakawa, M. V. Amnosov, N. B. Delone, and V. P. Krainov, Sov. Phys. JE&
T. Zhang, Y. Sakawa, T. Shoji, Y. Nishida, N. Yugami, M. Downer, and 1191(1987.

Phys. Plasmas, Vol. 4, No. 4, April 1997 Malka et al. 1131

Downloaded-14-Sep-2005-t0-130.159.248.1.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://pop.aip.org/pop/copyright.jsp



