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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
a thermal force dominated plasma is presented. When the laser beam is crossed with a wea
degenerate probe beam at a small angle, the interference of the two beams drives a therm
enhanced ion grating which during its transient phase acts to seed the filamentation/forward Brillou
instability. [S0031-9007(96)02241-7]

PACS numbers: 52.40.Nk, 52.35.Mw, 52.35.Nx
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The nonlinear optics of plasmas is one of the mo
actively studied areas in plasma physics [1]. In particul
a voluminous amount of literature exists on paramet
instabilities [2] of a single intense electromagnetic wa
as it propagates through a plasma. Yet when multip
laser beams overlap in a plasma, the nature of th
instabilities can be strongly modified and indeed ne
effects can become apparent [3]. In this Letter we pres
experimental evidence for one such effect: the transi
phase of the filamentation instability [4,5] when tw
laser beams are crossed at a small angle [6] in a l
temperature plasma [7]. The cross beam geometry allo
one to see this effect unambiguously, whereas if a sin
laser beam is used, self-focusing of this beam as a wh
may mask filamentation even though the two may
occurring simultaneously.

Of the many parametric instabilities that can occur
a laser excited plasma, the filamentation [4] and forwar
stimulated Brillouin scattering (F-SBS) [8] instabilities ar
very closely related, since both involve ion gratings that a
comparable in magnitude, orientation, and growth time
The wave vector matching diagram for the two processe
shown in Fig. 1 (inset). Herek0 is the pump wave,k1 and
k2 are the scattered electromagnetic waves, andk' is the
ion wave grating. In the steady state the ion wave gratin
which filament the beam have a zero frequency, where

FIG. 1. (a) Steady-state filamentation growth rate as a fun
tion of wave numberk'. The dashed line atk'  35 cor-
responds to thek for whole beam self focusing, while the
solid line at k'  200 is the location of the detectors. In-
set shows thek-matching diagram for filamentation/forward
stimulated Brillouin scattering. (b) Solution of Eq. (4) fo
constant degenerate pump and probe beams, withnyvac  0.2.
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in F-SBS the gratings are ion acoustic waves [vac 
k'cs, cs 

p
sZTe 1 gTidyM is the ion acoustic velocity]

which frequency down-shift (Stokes) and up-shift (ant
Stokes) the scattered light by the ion acoustic frequenc
If, as in our experiment, the ion acoustic damping raten is
small compared to the ion acoustic frequencyvac, and the
pump pulse duration is only a few ion acoustic periods, w
expect to see the transient phase [9] of the filamentation
SBS instabilities. During this phase these two instabilitie
become experimentally indistinguishable from one anoth
because the ion response to the filamentation instabil
has a transient at the ion acoustic frequencyvac [3]. In
this case the scattered light also acquires an ion acous
frequency shiftvac, which is normally associated with
the F-SBS instability. The difference between the tw
instabilities becomes pronounced at largerk', where the
filamentation growth rates in steady state rapidly go
negligible values, while the F-SBS, which continues as
resonant three wave process, can have a significant grow
rate [8].

Although our work is in the transient regime, it is
instructive to begin with the predictions of the steady
state theory. The steady-state spatial growth rate f
the filamentation instability, obtained from perturbation
theory, is shown in Fig. 1(a) and given by [10]
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scm21d , (1)

with

gp  9.33 3 1023 l2
osmmdIs1014 Wycm2d
p

e s1 1 1yZdT skeVd
, (2)

gt  35.32
Is1014 Wycm2dZ2slnLb lnLcd

T 5skeVd
p

el2
osmmdk2

'

snoyncd2. (3)

Here gp is the ponderomotive contribution from the in-
terference of the incident electromagnetic wave and t
scattered waves,gt is the force due to localized heat-
ing, and kSHyk  1 1 s30k'led4y3 is the reduction to
the classical Spitzer-Harm conductivity due to nonloca
© 1997 The American Physical Society
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heat transport effects [11]. In the formula,I is the laser
intensity in units of1014 Wycm2, lo is the laser wave-
length inmm, T is the electron temperature in keV,no is
the plasma density,nc is the critical density,e is the dielec-
tric constant, lnLb is the bremsstrahlung logarithm, lnLc is
the Coulomb logarithm, andle is the electron delocaliza-
tion length [11]. For Fig. 1(a), the following experimenta
and derived parameters were used: electron density ne 
9 3 1016 cm23 or 0.9% of critical density, electron tem-
perature of 2.5 eV, peak laser intensity of5 3 108 Wycm2

at lo  10.6 mm, le  0.24 mm, and aZ . 1 nitrogen
plasma with miymp  14. Under these conditions,gt ¿

gp for k'  2ko sinsuy2d ø 200 cm21, so the instability
is driven primarily by the thermal force. In this figure the
dotted line at perpendicular wave numberk'  35 cm21

indicates our wave number for whole beam self-focusin
(WBSF). It is evident from Fig. 1(a) that if the laser beam
contains sufficient power, WBSF will always accompan
any filamentation growth.

When pump and probe beams cross in a plasm
the initial conditions can be significantly different. Th
temporal evolution of the normalized density modulatio
ñ is now given by the equation [9]√

≠2

≠t2
1 2n

≠

≠t
1 v2

ac

!
ñ
no

 2
Z
2

mc2

M
k2

'sFp
oF1 1 FoFp

2d

3 s1 1 Ad . (4)
Here Fo , F2, and F1 are the normalized amplitudes
syoscycd of the pump and the scattered electromagne
waves (k2 and k1), respectively,A  gtskSHykdygp is
the thermal enhancement factor,yoscyc  eEymvoc is
the normalized electron quiver velocity,m is the electron
mass,M is the ion mass, andvo is the laser frequency.
(The degenerate probe beam can be included in eit
the F1 or F2, depending on the direction at which i
is injected.) The solution [12], subject to boundar
conditions ñs0d  0 and ≠ñs0dy≠t  0, assuming rapid
onset of the drivers, and neglecting the evolution of th
Stokes and anti-Stokes waves, is (for smallnyvac)

ñstd ~ f1 2 e2nt cossvact 2 adg , (5)
with a  tan21  nyvac. Figure 1(b) depicts the re-
sponse of such a harmonic oscillator to a constant dr
ing force (with nyvac  0.2) due to degenerate pump
and probe waves. The oscillator takes about one-half
acoustic period to respond significantly. The transient r
sponse is larger than the steady-state response by a fa
of ,2 and takes several damping times to reach stea
state. Since the ion acoustic period in our experiment
,40 ns, the collisional damping rate [13] is,0.2vac, and
the laser pulse duration is only 150 ns, this transient
crucial in this experiment. The pump and probe beam
now scatter from this density oscillation and produc
Stokes and anti-Stokes waves in the direction of the pro
beam and its mirror image (k1 andk2). The wave num-
ber mismatch for this to occurDkyk'  csyc ø 1025 is
much less than the angular spread ink's1022d due to the
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focusing optics. These waves, in turn, reinforce the gr
ing which scatters even more frequency shifted light, th
completing the feedback loop for the forward-SBS inst
bility. Because the ion grating with a well-definedk' is
one dimensional and produces frequency shifted light, t
response, which may be thought of as transient filamen
tion/F-SBS induced by the cross beam geometry, can
discerned even though WBSF and filamentation at oth
k' modes (which scatter light in two dimensions) may b
simultaneously occurring.

The experimental setup is shown in Fig. 2(a). Th
arc discharge source [14] produces a large volume
singly ionized nitrogen plasma, whose axial and rad
dimensions are approximately 1.5 cm. Over the las
spot size, there are no significant radial density
velocity gradients. The effect of axial flow on the nearl
transverse ion wave is negligible. The plasma, whic
lasts for several microseconds, does not evolve over
time scale of the laser (,100 ns). The CO2 laser is a
TEA oscillator/amplifier system operating at 10.6mm in
a single longitudinal mode. The laser was operated
a peak intensity of,109 Wycm2 in a near diffraction
limited 875mm spot radius, with a rise time of,100 ns

FIG. 2. (a) Experimental setup. An 8% probe beam interse
the pump at 2± in the plasma. Detectors 1 and 2 are place
symmetrically on both sides of the pump to measure the pro
and signal beams. (b) Scattered power on detectors 1 an
as a function of pump laser intensity. The crosses show
signal on detector 2 when the probe beam is present. The s
line shows the signal without the probe beam, while the dash
line is the stray light level (without plasma or probe beam
The inset shows the scattered power as a function of time
detector 1, atk'  200 cm21, when a probe beam was presen
671
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and a fall time of,200 ns. The Rayleigh length (zo 
23 cm) of these beams was much greater than the plas
size of ,1 cm. A beam splitter was used to divide th
laser into the probe and pump beams with an intens
ratio IpryIo  8%. The angle between the pump an
probe beams (which were focused by the same opti
was about 1±. Two detectors (room temperature HgCdTe
were placed symmetrically about the pump beam to det
the scattered light in the direction of the probe bea
denoted byk2 (detector 1), and the signal beam, denot
by k1 (detector 2), at an equal angle on the opposite s
of the pump beam. In addition, a small fraction of th
incident CO2 beam could be used to bypass the plasm
and mix with the scattered light (homodyning) on th
detectors to detect any frequency shifts up to 0.5 GHz.

We have previously shown [14] that by adding a cou
terpropagating pump beam and measuring the proper
of the phase conjugate signal that in this plasma, atk' 
400 cm21, the thermal force contribution (which scales a
k22

' ) to the pump-probe grating is 16 times larger than t
contribution of the ponderomotive force. Furthermore, b
tuning the probe beam frequency we could resonantly
hance the phase conjugate signal when the pump and
probe beat at the ion acoustic frequency. From this
determined the value ofcs to be8 3 105 cmys [14]. The
present filamentation experiments are carried out with
similar pump-probe geometry but with intensities a fact
of 10 greater to exceed the thresholds for the self-focus
and F-SBS instabilities.

Now we discuss the experimental results. First, wi
the pump beam only, at a density of9 6 2 3 106 cm23,
we measured the scattered light as a function of pu
intensity at detectors 1 and 2. This is shown as t
solid line in Fig. 2(b). Up to an intensity of2 3

108 Wycm2, the amount of 10.6mm light at detectors 1
and 2 when the pump beam traverses the plasma
about the same as the level of stray light from th
pump beam through vacuum. Thereafter, the scatte
light level increases exponentially with pump intensit
The duration of this signal is often shorter than th
of the pump near the apparent threshold intensity
2 3 108 Wycm2. However, homodyning of this scattere
signal with an external 10.6mm signal on the detector
showed no evidence of a low frequency modulatio
on the signal which might be characteristic of any io
acoustic shift. Furthermore, by reducing the pump sign
to approximately1 3 108 Wycm2 (half the value needed
for the onset of signal at these detectors) and addin
second counterpropagating beam containing the other
of the laser power (i.e.,1 3 108 Wycm2), we could once
again detect signal on detectors 1 and 2 [15]. It has be
shown [16] that two counterpropagating beams, wh
stable individually, can become unstable in the presen
of the other. For both the single and counterpropagat
beam cases, the amount of signal on the two detect
increased exponentially with both plasma density a
672
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laser intensity. At higher powers, the scattered lig
on both detectors often showed modulations but n
necessarily at any characteristic frequency. All of the
observations are consistent with the signals on detecto
and 2 (solid line in Fig. 2) being due to whole beam se
focusing/filamentation of a whole spectrum ofk' modes
f100 , k'scm21d , 300g of the pump beam.

In order to see transient filamentation of a well-define
k', we kept the pump beam at2 3 108 Wycm2 and
injected a probe beam at 2± sk'  200 cm21d containing
approximately 8% of the pump power. The gratin
wavelength is approximately 300mm, and there are abou
six grating periods across the focal diameter. At on
we noticed that detector 1, which detected the pro
beam exiting the plasma, had a sinusoidal modulation
it [Fig. 2(b), inset]. The frequency of this modulation
was approximately the ion acoustic frequency,vacy2p 
25 6 7 MHz, using the previously measured value ofcs,
and by doubling the angle between the pump and
probe beam, this frequency was doubled. As expect
when the pump and the probe beams were cross polariz
this modulation disappeared. The modulation observed
consistent with the probe beam, at frequencyvo, mixing
at the detector with the Stokes/anti-Stokes radiation
vo 6 vac that is generated when the pump scatters fro
the transient component of the ion wave to the dens
response given by Eq. (5).

The injection of the probe beam also produced
significant enhancement in the amount of scattered lig
on detector 2 (signal beam). In Fig. 2(b) the crosses sh
the signal when both the pump and probe beam are
At 2 3 108 Wycm2, the signal increases by a factor
(above the stray level) when the probe beam is prese
If equal amounts of Stokes and anti-Stokes were pres
in this signal it would appear to be modulated at2vac.
However, the signal does not appear modulated unl
we mix it with a reference signal from the laser, upo
which a similar frequency modulation as on detector
becomes evident, indicating that one of the two sideban
is preferentially excited. At Io  1.8 3 108 Wycm2 up
to 3 3 1025 of the pump power is converted into signa
radiation in thek1 direction compared to about1022

(deduced from the depth of modulation of the probe)
thek2 direction.

As the pump intensity is increased to approximate
4.5 3 108 Wycm2, the amplitude of the signal beam
increases from3 3 1025 up to,1023 of the pump. Since
the probe to pump power ratio is kept fixed at 8%, w
might have expected a factor of 5 increase in the sig
beam if optical mixing followed by Bragg scattering
were responsible for enhancing the transient compon
of the density fluctuations [ñyno , Io , Pscat , sñynod2g.
We are, therefore, definitely seeing exponentiation of
instability with roughly threee-foldings of growth from
the initial noise level provided by optical mixing. A
spatiotemporal model of filamentation [5,9] predicts th
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whereFo  syoscycd, K  k2
'l2, G  svacy2nd s1 1 Ad

is the thermal enhancement term, andt is the time in
acoustic periods. Since the laser in the experiment
not a constant step function, it has been approxima
by using the average laser intensity and the FWHM
the pulse. This leads to a prediction of,5 e-foldings of
growth, in reasonable agreement with the experiment.
higher pump powerss5 3 108 Wycm2d we have seen on
detector 1 a modulation of the probe beam that is at2vac

in addition to the modulation atvac. This is shown in
Figs. 3(a) and 3(b). This can only be due to having bo
Stokes and anti-Stokes components that are compar
in magnitude to the probe signal on the detector, furth
confirming that we are observing a nearly resonant, fo
wave instability [9].

In conclusion, we have observed the transient phase
the filamentation/forward-stimulated Brillouin instability
This is accomplished by intersecting two degenerate
unequal amplitude laser beams at a small angle in
plasma. The interference of the two beams drives
thermally enhanced ion grating which, during its transie
phase, has a component at the ion acoustic frequen
This acts as an enhanced noise source from which
instability is seen to exponentiate. The transient respo
is clearly seen experimentally as amplitude modulati
of the probe beam at approximately the ion acous
frequency, and the generation of a signal beam that is a

FIG. 3. (a) Scattered power vs time on detector 1 with a pum
intensity of 5 3 108 Wycm2 and a 8% probe beam. (b) FFT
of this scattered power shows modulation at2vac.
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shifted in frequency byvac, at a higher power level than
what would be expected from optical mixing.
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