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Observation of Energy Transfer between Frequency-Mismatched Laser Beams
in a Large-Scale Plasma
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The observation of energy transfer between two frequency-mismatched laser beams crossing in a
low-density, large-scale plasma is described. The beams cross at an angidrofibBarallel, with the
average intensity in the blue beam equa2tx 10> W/cm?. A redshifted probe beam is amplified by
interaction with the blue beam and a stimulated ion acoustic wave. Significant energy is transferred to
the probe when the difference in the frequencies of the two beams is comparable to the frequency of
the acoustic wave. As much as 52% of the pump energy is transferred to the probe.

PACS numbers: 52.40.Nk, 42.65.Ky, 52.35.Nx

The interaction of two intersecting laser beams is aors between the two beams). The amplification is steady
rich topic for the study of nonlinear wave processes instate in that it persists for mary-10°) ion acoustic pe-
plasmas. Early theoretical work [1] predicted that electrorriods, and is resonant in that it is largest at a particular
plasma waves could be generated by two crossing lasérequency difference. Further, in the large, mixed species
beams with frequencies separated by the frequency of thdasmas that are used in these experiments, we find that
resonant plasma wave. This was soon confirmed experthe amplification of the probe beam is independent of its
mentally in a plasma jet illuminated with dye lasersintensity up to a maximum average scattered intensity of
[2]. While the excitation of electron plasma waves 1.0 X 10'>W/cn?. This indicates that the ion response
with frequency-mismatched lasers has found applican; remains unsaturated up t/ng ~ 1%.
tion in particle accelerator [3-5], the same principles The experiments were performed in an approxi-
have also been applied to the excitation of ion acousmately spherical plasma [12] produced by eighi4.3,
tic waves in microwave experiments [6,7] and to theA = 351 nm beams of the Nova laser facility. These
creation of stationary density perturbations in lasetheater beams have a 1 ns, square pulse shape with a total
experiments [8]. Experiments using intersecting mi-power of 20 TW (2.5 TW each beam) and pass through
crowave beams with mismatched frequencies havea 1 atm GH,, gas contained in a 500 nm thick spherical
demonstrated many of the fundamental properties of resgolyimide shell with radiusry = 1.3mm. Each heater
nant three-wave and four-wave interactions in plasmabeam is centered at the target center with a converging
and have successfully produced a phase-conjugated eldocus. The beam spot size at the target center is approxi-
tromagnetic wave [7]. Recently, interest has increased imately equal to the target diameter allowing spatially
the interaction of multiple, frequency-mismatched, laseuniform heating. Two-dimensional numerical simula-
beams and ion acoustic waves because such conditiotisns usingLASNEX [13] indicate that afterr = 400 ps
occur in inertial confinement fusion (ICF) experiments.a plasma is formed which is stationaty = 0.15¢y),
Marsh, Joshi, and McKinstrie [9] have demonstrated withwith a uniform density platealAn/n < 0.1) in the
CO, lasers that crossing beams of identical frequency caregion r = 250 to 900 um. By ¢ = 1.4 ns, the outer
cause oscillations in the beam intensities on the time scal@dius of the density plateau is reduced to approximately
of the ion wave frequency by driving ion waves nonreso-r = 450 um by an incoming shock wave created by the
nantly. Krueret al.[10] have shown theoretically that ablation of the polyimide shell. The plasma parameters
the intensity and frequency separation of the beams in thealculated by the simulation, and in agreement with
baseline proposal for the National Ignition Facility (NIF) measurements [12], are a density of = 10°! cm™3
[11] are such that ion waves will be driven resonantly,(0.1n., wheren,, is the critical density forA = 351 nm
causing a significant energy transfer between beams. light) and electron temperatu® = 3.0 keV. The high

In this Letter we report the measurement of the ampliintensity pump beam and low intensity probe beam are
fication of a laser beam in a plasma by interaction withalso f /4.3 and A, = 351 nm, and are aligned to cross at
a second frequency shifted beam and a stimulated ion = 400 uwm near the best focus for both beams. As a
acoustic wave. We observe a maximum amplification ofesult, the interaction between the two electromagnetic
the long wavelength (probe) laser beam of 2.8 when thevaves and an ion acoustic wave occurs in the plateau
frequency differencé w of the two beams is in the vicin- region of the plasma as shown in Fig. 1. The interaction
ity of the ion acoustic resonancAf = c,|AKk|, wherec; beams have random phase plates (RPPs) which smooth
is the acoustic speed ark the difference in wave vec- the intensity profile and limit the spot size 17 um
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+——15m——» tical experiment without the pump beam. The transmit-
:’zl%s::; dia ted power wave forms with and without a pump beam are

shown in Fig. 2, for the case d&fA = 0.43 nm, and a nor-
malized probe intensity dfobe /Ipump = 0.06. The total
transmitted energy without a pump beant48 + 7)% of

the indicent energy which is in agreement with a calcula-
tion of inverse bremsstrahlung absorption and refraction by
the plasma [14]. This transmission is reproducible within
+15%. The shape of the wave form in the pump-off case
interaction region in Fig. 2 shows that the transmission first increases in time
(0.35 mm dia. when the plasma temperature is increasing and then de-
04 mm off axis) creases in time after the heaters turn off at 1.0 ns and the
FIG. 1. Experimental configuration showing an approximatelyplasma radiatively cools. Comparing the “pump-on” wave
spherical plasma and two interaction beams crossing in §orm in Fig. 2 to the “pump-off” shows an increase in the

homogeneous region off the plasma center. The two bea ) ; ; ;
are detuned byAi =00 to 0.73nm to excite the ion nf}_:?robestransmltted power during the time the pump beam

acoustic resonance. The transmitted power vs time of the lonf§ ON(0.4 = 7 = 1.4ns). The pump-on wave form is cor-
wavelength probe beam is measured. rected to account for a small variation in the energy of the

probe beam between the two shots. The transmitted probe

power is nearly the same in the two experiments before
FWHM (345 wm between first Airy minima) and the peak the arrival of the pump. After = 0.4 ns, the transmit-
pump intensity tol X 10'® W/cnm? (2 X 105 W/cn?  ted probe power rises in about 150 ps to nearly 1.7 times
average inside the Airy minima) in vacuum. The beamsghe level observed without the pump indicating amplifica-
have their polarizations aligned within 2®f parallel.  tion of the probe by the pump. After the pump turns off
The simulations indicate that the presence of the focusetthe probe power drops rapidly to equal the value observed
probe beam increases the temperature only slightty%)  without the pump. The amplification is determined from
in the vicinity of best focus. The probe beam is adjustedhe ratio of the two traces and is found to vary between 1.6
to have a wavelength slightly longer than that of theand 1.8 during the 1 ns duration of the pump pulse. The
pump with the wavelength separation ranging between 0.8verage amplificatior is determined by averaging over
and 0.73 nm. The probe beam has a square pulse shatie 1 ns that the pump is on plus an additional 0.3 ns to
lasting 2.0 ns which begins at the same time as the heateirgclude signal delayed by the response of the detector, and
(r = 0). The pump beam has a 1.0 ns square pulse shapefound to be 1.7 in this case.
that is delayed 0.4 ns so that the plasma in the interaction The amplification observed in Fig. 2 can be explained
region is relatively homogeneous during the interactiorby scattering from an ion wave produced by the beating
period. The transmitted power of the probe beam iof the incident and pump beams. Resonant interaction
collected by a fused silica plate 1.5 m from the targetrequires that this ion wave have a wave vedtgr which
which is roughened to scatter the light over a broad anglsatisfies wave vector matchink,, = Ak = k; — ko,
[14]. This scattered light is imaged onto a fast photodiodevherek; is the wave vector of the pump ang is the
and a gated optical imager. The photodiode is calibratedave vector of the probe. An ion wave with this wave
to provide a histogram of the probe beam power which isrector will cause energy to be scattered in the direction
transmitted through the plasma and onto the scatter plate.

Probe Beam

Scatter Plate

Pump Beam
(short 1)

The imager captures a 2D image of the light on the scatter s N —
plate during the 0.6 ns period when all beams are on and k£ 45 | Pump On
provides a measure of the directionality of the transmitted = — —-Pump Off
power during the period of the interaction. 2
The interaction of the beams creates an ion wave in S 0.2
the plasma that scatters energy from the pump so that
it propagates parallel to the probe beam. The ion wave E 0.1
forms in response to the interference of the two beams, =
which generates a ponderomotive force that is periodic in g 0 |
space and proportional to the product of the amplitude of § Heater | I
the two beams. The initial ion wave amplitude is then - P

proportional to the probe beam incident amplitude. As a - time1 (ns)
result, the energy scattered from the pump is also propor-

. : . e FIG. 2. Measurement of the probe beam power transmitted
tional to the probe intensity, and an amplification of thethrough the plasma fakA = 0.45 nm andZyrope/Tyumy = 0.06.

probe results. This amplification is defined to be the ratiq,, o pump-on case 2 X 10'> W/cr pump beam intersects
of the transmitted power measured in an experiment Withhe probe between 0.4 and 1.4 ns causing the probe to be

the pump beam to that measured in an essentially ideramplified by a factor of 1.7 above the pump-off case.
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of the probe beam. Experimental evidence of the wavare not included in the 2D simulations. The observa-
number matching is obtained from the 2D image of thetion of a maximum amplification near the ion wave
transmitted probe beam on the scatter plate. To eliminatEequency combined with the observation of reduced am-
the spatial structure in the transmitted beam that is dugplification at both larger and smaller frequencids\(=
to the inhomogeneity of the incident beam the 2D image).3 and 0.73 nm) indicates that resonant excitation of an
is averaged over the azimuthal angle to obtain a measufien acoustic wave is necessary for amplification.
of the beam intensity as a function of the angle from the To compare with theory, we adopt the model of a
beam axis as shown in Fig. 3. The amplified beam hasteady state, convective instability which leads to the
an azimuthally averaged angular profile which is largesamplification A of the probe by a gainG such that
inside thef /4.3 cone of the incident bearfi=6.6°) and G = In(A). This interpretation is applied in this case
similar to the profile of the probe beam obtained when itbecause the beam crossing angle is less thériféfward
is transmitted through the plasma with the pump beanscattering) so that the instability cannot be absolute, and
off. The fact that the intensity of the amplified beam because the duration of the experiment (1 ns) is long
falls rapidly outside of thef/4.3 cone (FWHM= 12°)  compared to the time to reach a steady state, which
indicates that the scattering is caused by ion waves witin the strong damping limit is the ion wave damping
wave numbers near the matched valhk. The profile time (~1.0pg). In this limit the gain exponent in a
of the unamplified beam intensity outside the cone ishomogeneous plasma scalesi&g,,m, /T, v; [10], where
similar to that for the amplified case, indicating that inL is the length of the interaction region. The effect of
these experiments the observed spreading of the beathhe pump wave is to scatter its power in the direction
is not caused by the two beam interaction but rather byf the probe wave such that the transmitted probe wave
refraction and scattering from the unperturbed plasma. amplitude is proportional to the exponential Gf The
Experiments to determine the average energy amplifimeasured amplification is also affected by small scale
cation as a function of the frequency mismatch were perinhomogeneities both in the incident beam and in the
formed for six different wavelength separations betweerplasma, for which accurate characterization and analysis is
0.0 and 0.73 nm with the normalized probe intensityoutside the scope of this Letter and is presented elsewhere
Inrobe /Ipump between 0.06 and 0.32. The amplifications[10,17]. These inhomogeneities make a calculation of
for these cases are shown in Fig. 4 and exhibit significarthe gain of the instability based on the simple model of
gain only when there is a frequency separation betweeooherent laser beams in uniform plasmas an overestimate
the two beams. The largest amplification is 2.8 when thef the actual gain. In fact, under the conditions of this
wavelength separation i&A = 0.58 nm. The resonant experiment, the ideal model indicates a gain @f~
ion wave frequency is calculated ag, = c;|Ak| and the 20 when the probe beam is perfectly tuned [10,15,16],
half-width of the resonance as/2, wherevr; is the inten-  while the maximum observed gain & = 1.0. These
sity damping rate of the ion wave [10,15,16]. The pre-values can be substantially reconciled by considering
dicted position of the resonanceAs\ = 0.46 nm with a  calculations including the two types of inhomogeneities
width of =0.04 nm for the plasma parameters found in theand recognizing that the set of discrete measurements in
vicinity of the focused beam. This indicates that the ob-Fig. 4 may miss the exact resonance and underestimate
served maximum measured gain is near the ion wave resthe peak gain. First, because the shape of the resonance
nance, but may be Doppler shifted by weak plasma flowss G « 1/[1 + 4(Aw/v;)*] [10], a frequency detuning of
produced by heater beam and target inhomogeneities that
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FIG. 4. A series of experiments measured the amplification

FIG. 3. The angular distribution of the transmitted power of of the probe beam as a function of the wavelength separation
the probe beam is shown for the experiment in Fig. 2. Theof the two beams as shown. The amplification is greatest when
similar profiles in the two cases indicate that the amplified lightthe frequency separation is in the vicinity of the unshifted ion
is collimated and coincident with incident laser beam. wave resonancéd A = 0.45 = 0.04 nm.
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S 4 I N ) 87(2)/2(w/wp)X(L/Xo). A lower limit to the maxi- -
@ ! ] mum ion wave amplitude observed in this experiment is
E25F ] n1/ny = 1%, assuming the scattering occurs uniformly
a i over the region in which the beams intersedt =

s 2¢ E 345 um). The actual wave amplitude may be higher if
= 1.5 _ 3 inhomogeneities localize the scatter to a region smaller
o : thanL. The data in Fig. 4 also indicate a linear depen-
&’ 1r E dence of transmitted power on the incident probe power.
® .5 F 3 To show this the transmitted power measured with val-
E ; ] ues of Iprone /Ipump different than 0.13 is normalized to
P 00 '0 ***** bt L . the transmitted power measured at the samebut with

0.3 Iyrove /Tpump = 0.13. These normalized values are plotted
in Fig. 5 and show that the transmitted power is propor-
FIG. 5. The measured transmitted power is shown to be protional to the incident probe power over a range of 5:1, in

portional to the probe intensity over the rangel Qfve /Ipump = good agreement with Ref. [10].

0.06 to 0.32 using data obtained at disparate separation fre- ; - :
quencies by normalizing to the amplification measured with In conclusion, we have reported the f'.rSt observation
Lvobe/Tpump = 0.13. of energy transfer between frequency-mismatched laser

beams and a stimulated ion acoustic wave.
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