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Second-harmonic generation of Raman scattered light in a plasma channel
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The experimental results of Krushelniek al. on second-harmonic generation of Raman scattered light at
45° to the backscatter direction may be understood as follows. The intense short pulse laser produces a plasma
wave via Raman backscattering. In the region of the wake, the plasma shrinks in size, and forms a narrow
plasma channel, of a few plasma periods width. The channel breaks into bubbles via oscillating two-stream
instability on a picosecond time scale. The Raman backscattered light propagating through the channel of
bubbles generates a second harmonic, observed at oblique 45§1@63-651X96)01309-9

PACS numbsgs): 52.40—w, 52.40.Db, 52.40.Nk

. INTRODUCTION 52(w0—wp)- Whenﬁsz(wo_wp)¢0, the current density pro-

_ i duces 2wy—w),) radiation at oblique angles.

Krushelnicket al. [1] have recently reported experimental | the underdense plasma, the wave vectors of Raman
Ir'e;u'ti\ on second-r?armorllic ?enera;i(;lrjﬁnof 1Rama2n< fg@tter%(:kscatter and second harmonic at 45° to the backscatter are
ight. An intense short pulse laser, 1.@én, S, - - - e :
W/cn? of spot size~10 Zm shines on a jet of%ydrogen or Ki=—woz/C and k;=v2(wo/C)(X~2), respectively. The
helium. A detector with an acceptance angle of 22° is?lec'iron 9den5|tyA should Ahave a Fourier component
mounted at 45° to the direction of the backscatter. The freks=k,— 2k, =[v2X+ (2—v2)Z]wy/c to conserve momen-
quency spectrum of the received light contains a signal atum in the harmonic process. This implies that the radial and
wp—wy, and another one at(@,—w,) where w, is the esti- axial density scale lengths, ,L, should be of the order of
mated plasma frequency at the laser focus agds the c/wy. For wp/wozo.l,vth/c~10’2, wherevy, is the electron
frequency of the laser. In the backward direction they obthermal speed, these valueslqgf,L, are of the order of ten
served orders of magnitude stronger signab@t w, than at ~ Debye lengths.
45°, however, there was no component (atbOZ—cup). In Sec. Il we estimate radial and axial extents of electron

The laser pulse seems to produce a fully ionized plasmdensity channels in the wake region of the laser pulse. In
of density ~10'® cm™2 and an electron temperature a few Sec. llI, the 2wy—wp) signal at 45° to the backscatter is
tens of eV on a femtosecond time scale via tunnel ionizatiombtained. The results are discussed in Sec. IV.

[2]. The electrons experience a strong radial ponderomotive
force and are pushed out of the paraxial region within a time
of the order of plasma periodq,jl, forming a nonuniform
electron cavitatior[3,4]. Raman backscatterin,6] has a Consider the propagation of an intense short pulse laser of
large growth rate, hence, strong signals are observed @ulse durationrin an underdense plasma of electron density
wo—wy, in the backward direction. The side scattering suffersn$ and electron temperatufg, ,

strong convection loss¢g] and may not grow in a channel
of radiusry~c/w,. Even if it grows its level would be
weak.

We propose a probable scenario for the generation of
2(wy—wp) signals at 45°. The Langmuir wave generated inwhere ko= (w5~ w5)*¥c, w,=(4mnge’/m)*? and —e
the Raman process has small group velocity. As it emergeandm are electronic charge and mass. The laser produces an
out of the laser pulse it cannot sustain electron cavitation andscillatory velocity of electrons ,=eEy/miw, and exerts a
the quasistatic electron density profile shrinks. A new equiquasistatic ponderomotive forceﬁp3=e€ bps, Where
librium is found where ponderomotive force due to theqbpS:mIvOlZ/Ze on them.
plasma wave is balanced by the space charge force. The The ponderomotive force imparts quasistatic velocity to
plasma wave is unstable to oscillating two stream instabilityelectrons and modifies_their density i+ ng, producing
[7,8] (OTS)) producing short wavelength zero frequency electrostatic fieldE = — V ¢. Using the equations of motion

density perturbation. The Raman backscattered light propaand continuity for electrons, and employing Poisson’s equa-
gating through an axially and radially nonuniform electrontion one obtains

channel produceswy,—w, scattered radiation at oblique
angles. The backscattered light also exeft®,2 w,) pon- 72n
S

deromotive force on the electrons producing current density _2+wgnsz _
ot

II. QUASISTATIC DENSITY CHANNEL

Eo=XEq(r,t)e i (vot—ko?), &

0
nge

W VZ(i’ps.- (2

*Permanent address: Physics Department, Indian Institute oNherenS<n8 has been assumed, electron thermal motions
Technology, New Delhi-110016, India. are neglected, and ion response has been ignored on a time
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scale much shorter than an ion plasma periog’-,l. On a |2 wgi 1 1
time scale of a few electron plasma periods,(*>t>w , %) g'=— y ( ==\ o+ (6)
Eq. (2) gives Uth + -
nge o ) ) 5 Fork’>k and w'>k’cs, wp; EQ. (6) simplifies to give the
Ne=— 2 VZ¢ps=—2np(1=r?Irg)|vel?/rgwp, (3 growth rate(y=—iw’) of the maximally growing mode
p
where a Gaussian radial profile of the pump, y=wp|v| 8§ (1+ whi/k*cd), @
E§=Egexp(~r?/r§), has been assumed. Foy~c/w, Eq.
(3) givesng/n S~ —|v,|%/c?. The wave number of the maximally growing mode is

The laser pump undergoes stimulated Raman backscatteki~(wp/vth)[zy/wp]l’z,
ing [5-7] (RBS), producing a plasma wave with potential  For the parameters of the experim&nit® could be of the
dp=¢(r)exp[—i(wt—k2z)] and an electromagnetic side- order of 1 um. Thus the plasma wave in the region of the
band Waveﬁlz;?Elexp[—i(wlt—klz)] on a time scald8] Wal_<e _pr_oduces electron channels of radial width and axial
N(C/|UO|)(wpr/2)—1/2, where w;—w—wy, Kk=ko+K; periodicity of the order of ten Debye lengths.
~2wgl/c. The group velocity of the plasma wave is low and
the wave persists even after the laser pulse is gone. The

oscillatory velocity of electrons due to the plasma wave IIl. SECOND-HARMONIC GENERATION
can take a maximum value oby/k~(wy/2wp)c before
wave breaking occurs. Consider the propagation of backscattered electromag-

The laser pulse is also susceptible to forward Raman Scaﬁetic waveéz;?E exd —i(wit—k2)] through the region of
tering on a longer time scale of the order 0”@‘3')‘/2/(”'" the wake where 1uasistat(iuc1 ele%:tron den%it can t?e taken as
The phase velocity of this wave is large ¢ and it could d Y

grow to larger levels n$+n’(r,z). The electromagnetic wave produces oscillatory

The large amplitude plasma wave is susceptible to os\—/elomty* and  oscillatory —density, v,=eE/miw,,

cillating two stream instability, producing a low fre- nml;iié'fvorﬁég‘é’l'f;g; ex\e,zvri';i a(bsec:oidn-qhazr/r;eo n(i?] peolggiaro-
quency (or zero frequency space charge perturbation 2p 2p 2p U1

b ~d'exd—i(w't—k'z)] and sideband plasma waves trons, imparting on them an oscillatory velocity,
d.=¢.exgd—i(w.t—k.2z)] where w.=ow'*w and

k. =k’ +k. Following Liu and Tripath{8], the ponderomo- Uy=e(Ey—Vyp)2imey, (8
tive force on electrons diw’,k’) due to ¢ and ¢.. can be
written as

where Ez is the self-consistent electric field of the second
harmonic, 2w,—w,). The current density at(@y,—wp) is

r_ * R i R ~
where  ¢p=(k-¢-viw_tki v w,)l2. J,=J5+I0", whereJ5=—nJeE,/2imw, and

The electron and ion density perturbations dueg¢foand

" aren’ =(k'?/4me) y (¢’ + P!), - R . eviv, - e .
% ( Jxe(&7+ &) I = —(nyo,+n'0,)eR2=— === Vn' — — Vo2,
k’2 2|(1)1 4|(1)1
! ! 12 9
ni =47Te Xi d) ’ ( )

where a term containing 8%% has been dropped as it can-
where x,~ wy/k'%cE, x{ =~ whi/w'? are electron and ion not produce radiation at oblique angles to thaxis. Using
subscriptibilities at’, k’, in the limit of ' <k'vy, and cold  Eq. (9) in Maxwell's equations, one obtains the following
ions, wherec, is the sound velocity and,; is the ion plasma  equation for the magnetic fieB, of the second harmonic in
frequency. Usingn’, n/ in the Poisson’s equation one ob- an underdense plasn@a§<w§);

tains
Y Y - 4a)2.> Ao -
e'¢'=~Xedp. ) V2Bt — By=— — VX3 (10)
wheree’ =1+ i+ xj -

The density pertur_batiom’ couples withv to pro- We solve this equation in two dimensions, ignorigig
duce nonlinear density perturbations at., k.: n: dependence. Far dependence of the form exg(,z), Eq.
=n'k.p./2w. , wherep_ =v, p_=v*. (10) can be written as

Using these in Poisson’s equation we get

2 ’
k? ;. Kep T 2 _@ _ 270
8t¢i:a§ (1+xi) 2. @', ) G BZy+k2XBZy_ Cwq (kaz—ky)vg X’ (D

wheree. =1—(w 3+kivi)/w? . Equations(4) and(5) yield — whereky, = (4w 3/c*—k3,) "2 Forn’ = ngexp(—x%/x§), Eq.
the nonlinear dispersion relation for OTSI: (14) givesB,y, outside the plasma,
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e ) o IV. DISCUSSION
Bzy"" 773/2 E (kZZ_ kl)XOU insoe_kZXXOM. (12)

! The second-harmonic Raman scatter at oblique angles ap-
Whenk,,x,~1, the ratio of second-harmonic field at 45° to pears to be produced in the wake region of the laser pulse. It

the field of the Raman backscatter(ah— w,) is is sensitive to radial density scale length For significant
second harmonigyd should be around 10-1§, i.e., 1-2
Bay wS Neo U1 pm. Phase matching in thedirection requires electron den-

= =320 < sity ripple with wavelength-2 um. It could be produced via

OTSI of the plasma wave generated in Raman backscatter or

which could be of the order of 10 for the parameters of the Raman forward scatter on picosecond time scale. The ratio of

experiment, viz.mp/w0~0.1,nsO/n8~o_1,vl/C~0_1_ electric fields of(wy—wp) andl%w0 ) signals at 45° is
One may estimate the side scattered signébgt w,) at estimated to be around 10 at'foVic

45° in a similar way. The nonlinear current responsible for The region of harmonic generation is a thin plasma cylin-
der of radium 1um, hence, the power radiated is low. This

this is "= —n’ev,X. Solving the wave equation one ob- could be large if the main laser pulse breaks into small fila-
tains ments via relativistic filamentation instability. However, the
a spot size of a filament is of the order ofw,, which is
B 2277 en kle1X e—king“ roughly the radius of the laser beam in the experiment,
Ly c 0 gy O ' hence, breakup of the laser into small filaments is unlikely to
occur.
BlylE1~10‘3 for the parameters mentioned above.
In cylindrical geometryB,, at the receiver will be down
by a factor~(xo/d) Y2 whered is the distance of the receiver ACKNOWLEDGMENT
from the plasma The intensity of the second harmonic at the
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