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Transient Filamentation of a Laser Beam in a Thermal Force Dominated Plasma
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Experimental evidence for the transient phase of the filamentation instability of a laser beam in
a thermal force dominated plasma is presented. When the laser beam is crossed with a weaker
degenerate probe beam at a small angle, the interference of the two beams drives a thermally
enhanced ion grating which during its transient phase acts to seed the filamentation/forward Brillouin
instability. [S0031-9007(96)02241-7]

PACS numbers: 52.40.Nk, 52.35.Mw, 52.35.Nx

The nonlinear optics of plasmas is one of the mosin F-SBS the gratings are ion acoustic waves,. =
actively studied areas in plasma physics [1]. In particulark, c;, ¢, =+/(ZT, + yT;)/M is the ion acoustic velocity]
a voluminous amount of literature exists on parametriovhich frequency down-shift (Stokes) and up-shift (anti-
instabilities [2] of a single intense electromagnetic waveStokes) the scattered light by the ion acoustic frequency.
as it propagates through a plasma. Yet when multipléf, as in our experiment, the ion acoustic damping rate
laser beams overlap in a plasma, the nature of thessmall compared to the ion acoustic frequeagy, and the
instabilities can be strongly modified and indeed newpump pulse duration is only a few ion acoustic periods, we
effects can become apparent [3]. In this Letter we preserdgxpect to see the transient phase [9] of the filamentation/F-
experimental evidence for one such effect: the transier8BS instabilities. During this phase these two instabilities
phase of the filamentation instability [4,5] when two become experimentally indistinguishable from one another
laser beams are crossed at a small angle [6] in a lowecause the ion response to the filamentation instability
temperature plasma [7]. The cross beam geometry allowsas a transient at the ion acoustic frequeagy [3]. In
one to see this effect unambiguously, whereas if a singléhis case the scattered light also acquires an ion acoustic
laser beam is used, self-focusing of this beam as a wholeequency shiftw,., which is normally associated with
may mask filamentation even though the two may behe F-SBS instability. The difference between the two
occurring simultaneously. instabilities becomes pronounced at larger where the

Of the many parametric instabilities that can occur infilamentation growth rates in steady state rapidly go to
a laser excited plasma, the filamentation [4] and forwardnegligible values, while the F-SBS, which continues as a
stimulated Brillouin scattering (F-SBS) [8] instabilities are resonant three wave process, can have a significant growth
very closely related, since both involve ion gratings that areate [8].
comparable in magnitude, orientation, and growth times. Although our work is in the transient regime, it is
The wave vector matching diagram for the two processes imstructive to begin with the predictions of the steady-
shown in Fig. 1 (inset). Herk, is the pump wavek. and  state theory. The steady-state spatial growth rate for
k— are the scattered electromagnetic waves,/and the the filamentation instability, obtained from perturbation
ion wave grating. In the steady state the ion wave gratingtheory, is shown in Fig. 1(a) and given by [10]
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FIG. 1. (a) Steady-state filamentation growth rate as a func- T°(keV)\/€A; (um)k1

tion of wave numberk,. The dashed line at, =35 cor-  Here y, is the ponderomotive contribution from the in-
responds fo thek for whole beam self focusing, while the orference of the incident electromagnetic wave and the

solid line atk; = 200 is the location of the detectors. In- . .
set shows thek-matching diagram for filamentation/forward- scattered wavesy, is the force due to localized heat-

stimulated Brillouin scattering. (b) Solution of Eq. (4) for INg, and ksp/k = 1 + (30k A.)*3 is the reduction to
constant degenerate pump and probe beams,wyiih,. = 0.2.  the classical Spitzer-Harm conductivity due to nonlocal
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heat transport effects [11]. In the formulais the laser
intensity in units of10'* W/cn?, A, is the laser wave-
length inum, T is the electron temperature in ke¥, is
the plasma density,,. is the critical densitye is the dielec-
tric constant, Ir\, is the bremsstrahlung logarithmAnis  one dimensional and produces frequency shifted light, this
the Coulomb logarithm, and, is the electron delocaliza- response, which may be thought of as transient filamenta-
tion length [11]. For Fig. 1(a), the following experimental tion/F-SBS induced by the cross beam geometry, can be
and derived parameters were used: electron dengity n discerned even though WBSF and filamentation at other
9 X 10'® cm~3 or 0.9% of critical density, electron tem- k, modes (which scatter light in two dimensions) may be
perature of 2.5 eV, peak laser intensitysok 108 W/cn?  simultaneously occurring.
atA, = 10.6 um, A, = 0.24 um, and aZ = 1 nitrogen The experimental setup is shown in Fig. 2(a). The
plasma with m/m, = 14. Under these conditiong, >  arc discharge source [14] produces a large volume of
y, for k, = 2k, sin(6/2) = 200 cm™!, so the instability singly ionized nitrogen plasma, whose axial and radial
is driven primarily by the thermal force. In this figure the dimensions are approximately 1.5 cm. Over the laser
dotted line at perpendicular wave numlker = 35 cm™!  spot size, there are no significant radial density or
indicates our wave number for whole beam self-focusingrelocity gradients. The effect of axial flow on the nearly
(WBSF). ltis evident from Fig. 1(a) that if the laser beamtransverse ion wave is negligible. The plasma, which
contains sufficient power, WBSF will always accompanylasts for several microseconds, does not evolve over the
any filamentation growth. time scale of the laser~(100 ns). The CQ laser is a
When pump and probe beams cross in a plasmalEA oscillator/amplifier system operating at 1Quén in
the initial conditions can be significantly different. The a single longitudinal mode. The laser was operated at
temporal evolution of the normalized density modulationa peak intensity of~10° W/cn? in a near diffraction

focusing optics. These waves, in turn, reinforce the grat-
ing which scatters even more frequency shifted light, thus
completing the feedback loop for the forward-SBS insta-
bility. Because the ion grating with a well-definéd is

7i is now given by the equation [9]
92 9 il Z mc? ;
(m + 21/5 + a)i) Z = —7 7ki(F0F+ +F,F")
X (1+A). 4
Here F,, F_, and F; are the normalized amplitudes
(vosc/c) of the pump and the scattered electromagnetic
waves k- andk.), respectivelyA = y,(ksu/k)/v, IS
the thermal enhancement factar,./c = eE/mw,c is
the normalized electron quiver velocity is the electron
mass,M is the ion mass, and, is the laser frequency.
(The degenerate probe beam can be included in either
the F+ or F_, depending on the direction at which it
is injected.) The solution [12], subject to boundary
conditions#i(0) = 0 and 47i(0)/dt = 0, assuming rapid
onset of the drivers, and neglecting the evolution of the
Stokes and anti-Stokes waves, is (for smellv,.)
ii(t) « [1 — e " codwaet — )], (5)
with @ = tan! = v/w,.. Figure 1(b) depicts the re-

limited 875 um spot radius, with a rise time of100 ns
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sponse of such a harmonic oscillator to a constant driv-
ing force (with »/w,. = 0.2) due to degenerate pump I e
and probe waves. The oscillator takes about one-half ion b}
acoustic period to respond significantly. The transient re- s ; s s
sponse is larger than the steady-state response by a factor 0 1 2 3 4 5
of ~2 and takes several damping times to reach steady Laser Intensity (x 108 Wicm?)

Sfjge' Stlrr:ce til1|_e lon ?SOUS“.C perltod ig Qu(; 2exper|m(ejnt I?—'IG. 2. (a) Experimental setup. An 8% probe beam intersects
ns, the collisional damping rate [13] #80.2w,, an the pump at 2in the plasma. Detectors 1 and 2 are placed

the laser pulse duration is only 150 ns, this transient igymmetrically on both sides of the pump to measure the probe
crucial in this experiment. The pump and probe beamand signal beams. (b) Scattered power on detectors 1 and 2

now scatter from this density oscillation and produceas a function of pump laser intensity. The crosses show the

Stokes and anti-Stokes waves in the direction of the prob?|gna| on detector 2 when the probe beam is present. The solid
. . . ine shows the signal without the probe beam, while the dashed
beam and its mirror imagé( andk-). The wave num-

. . s line is the stray light level (without plasma or probe beam).
ber mismatch for this to occukk/k, = c¢;/c = 107 is

_ The inset shows the scattered power as a function of time on
much less than the angular spreadkin(10~2) due to the  detector 1, ak, = 200 cm™!, when a probe beam was present.
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and a fall time of~200 ns. The Rayleigh lengthz{ =  laser intensity. At higher powers, the scattered light
23 cm) of these beams was much greater than the plasnan both detectors often showed modulations but not
size of ~1 cm. A beam splitter was used to divide the necessarily at any characteristic frequency. All of these
laser into the probe and pump beams with an intensitpbservations are consistent with the signals on detectors 1
ratio I,,/I, = 8%. The angle between the pump andand 2 (solid line in Fig. 2) being due to whole beam self-
probe beams (which were focused by the same opticdpcusing/filamentation of a whole spectrum lof modes
was about L Two detectors (room temperature HgCdTe)[100 < k, (cm™') < 300] of the pump beam.
were placed symmetrically about the pump beam to detect In order to see transient filamentation of a well-defined
the scattered light in the direction of the probe beamk,, we kept the pump beam & X 108 W/cn? and
denoted byk_ (detector 1), and the signal beam, denotednjected a probe beam at 2, = 200 cm™') containing
by k., (detector 2), at an equal angle on the opposite sidapproximately 8% of the pump power. The grating
of the pump beam. In addition, a small fraction of thewavelength is approximately 300m, and there are about
incident CO, beam could be used to bypass the plasmaix grating periods across the focal diameter. At once
and mix with the scattered light (homodyning) on thewe noticed that detector 1, which detected the probe
detectors to detect any frequency shifts up to 0.5 GHz. beam exiting the plasma, had a sinusoidal modulation on
We have previously shown [14] that by adding a coun-it [Fig. 2(b), inset]. The frequency of this modulation
terpropagating pump beam and measuring the propertiagas approximately the ion acoustic frequeney, /27 =
of the phase conjugate signal that in this plasma, at= 25 = 7 MHz, using the previously measured valuecf
400 cm™!, the thermal force contribution (which scales asand by doubling the angle between the pump and the
k1 ?) to the pump-probe grating is 16 times larger than theprobe beam, this frequency was doubled. As expected,
contribution of the ponderomotive force. Furthermore, bywhen the pump and the probe beams were cross polarized,
tuning the probe beam frequency we could resonantly erthis modulation disappeared. The modulation observed is
hance the phase conjugate signal when the pump and tleensistent with the probe beam, at frequengy mixing
probe beat at the ion acoustic frequency. From this weat the detector with the Stokes/anti-Stokes radiation at
determined the value af, to be8 X 10° cm/s [14]. The w, * w,. that is generated when the pump scatters from
present filamentation experiments are carried out with #he transient component of the ion wave to the density
similar pump-probe geometry but with intensities a factorresponse given by Eq. (5).
of 10 greater to exceed the thresholds for the self-focusing The injection of the probe beam also produced a
and F-SBS instabilities. significant enhancement in the amount of scattered light
Now we discuss the experimental results. First, withon detector 2 (signal beam). In Fig. 2(b) the crosses show
the pump beam only, at a density ®f+ 2 X 10° cm™3,  the signal when both the pump and probe beam are on.
we measured the scattered light as a function of pumpt 2 X 103 W/cn?, the signal increases by a factor 5
intensity at detectors 1 and 2. This is shown as thd€above the stray level) when the probe beam is present.
solid line in Fig. 2(b). Up to an intensity o X If equal amounts of Stokes and anti-Stokes were present
103 W/cn?, the amount of 10.G:m light at detectors 1 in this signal it would appear to be modulated2a,..
and 2 when the pump beam traverses the plasma KHowever, the signal does not appear modulated unless
about the same as the level of stray light from thewe mix it with a reference signal from the laser, upon
pump beam through vacuum. Thereafter, the scattereghich a similar frequency modulation as on detector 1
light level increases exponentially with pump intensity.becomes evident, indicating that one of the two sidebands
The duration of this signal is often shorter than thatis preferentially excited. At/ = 1.8 X 108 W/cn? up
of the pump near the apparent threshold intensity ofo 3 X 1073 of the pump power is converted into signal
2 X 10® W/cn?. However, homodyning of this scattered radiation in thek, direction compared to abouit0 >
signal with an external 10.am signal on the detector (deduced from the depth of modulation of the probe) in
showed no evidence of a low frequency modulationthe k_ direction.
on the signal which might be characteristic of any ion As the pump intensity is increased to approximately
acoustic shift. Furthermore, by reducing the pump signa#.5 X 108 W/cn?, the amplitude of the signal beam
to approximatelyl X 10 W/cn? (half the value needed increases fromd X 1073 up to~10"3 of the pump. Since
for the onset of signal at these detectors) and adding the probe to pump power ratio is kept fixed at 8%, we
second counterpropagating beam containing the other hatfight have expected a factor of 5 increase in the signal
of the laser power (i.e] X 10® W/cn?), we could once beam if optical mixing followed by Bragg scattering
again detect signal on detectors 1 and 2 [15]. It has beewere responsible for enhancing the transient component
shown [16] that two counterpropagating beams, whileof the density fluctuationsi/n, ~ I,,, Pscar ~ (ii/n,)?].
stable individually, can become unstable in the presenc@/e are, therefore, definitely seeing exponentiation of an
of the other. For both the single and counterpropagatingnstability with roughly threee-foldings of growth from
beam cases, the amount of signal on the two detectotie initial noise level provided by optical mixing. A
increased exponentially with both plasma density andgpatiotemporal model of filamentation [5,9] predicts the
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Stokes wave to grow (for constant pumEJ/s%) as shifted in frequency byw,., at a higher power level than
2 3

1 o, 2m _, what would be expected from optical mixing.
F_(t) = ex 1-5<1—6;§MF0GKI — vt | (6) We thank Dr. W.B. Mori, Ritesh Narang, and Lor-
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