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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 angle of 53± from parallel, with the
average intensity in the blue beam equal to2 3 1015 Wycm2. 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
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The interaction of two intersecting laser beams is
rich topic for the study of nonlinear wave processes
plasmas. Early theoretical work [1] predicted that elect
plasma waves could be generated by two crossing l
beams with frequencies separated by the frequency o
resonant plasma wave. This was soon confirmed exp
mentally in a plasma jet illuminated with dye lase
[2]. While the excitation of electron plasma wav
with frequency-mismatched lasers has found appli
tion in particle accelerator [3–5], the same princip
have also been applied to the excitation of ion aco
tic waves in microwave experiments [6,7] and to t
creation of stationary density perturbations in las
experiments [8]. Experiments using intersecting m
crowave beams with mismatched frequencies h
demonstrated many of the fundamental properties of re
nant three-wave and four-wave interactions in plasm
and have successfully produced a phase-conjugated
tromagnetic wave [7]. Recently, interest has increase
the interaction of multiple, frequency-mismatched, la
beams and ion acoustic waves because such condi
occur in inertial confinement fusion (ICF) experimen
Marsh, Joshi, and McKinstrie [9] have demonstrated w
CO2 lasers that crossing beams of identical frequency
cause oscillations in the beam intensities on the time s
of the ion wave frequency by driving ion waves nonres
nantly. Kruer et al. [10] have shown theoretically tha
the intensity and frequency separation of the beams in
baseline proposal for the National Ignition Facility (NIF
[11] are such that ion waves will be driven resonant
causing a significant energy transfer between beams.

In this Letter we report the measurement of the am
fication of a laser beam in a plasma by interaction w
a second frequency shifted beam and a stimulated
acoustic wave. We observe a maximum amplification
the long wavelength (probe) laser beam of 2.8 when
frequency differenceDv of the two beams is in the vicin
ity of the ion acoustic resonance (Dv  csjDkj, wherecs

is the acoustic speed andDk the difference in wave vec
0031-9007y96y76(12)y2065(4)$10.00
a
in
n

ser
the
ri-

s
s
a-
s
s-
e
r

i-
ve
o-

as
lec-
in

er
ons
.

th
an
ale
-

he
)
,

li-
h
on
of
he

tors between the two beams). The amplification is stea
state in that it persists for manys,103d ion acoustic pe-
riods, and is resonant in that it is largest at a particu
frequency difference. Further, in the large, mixed spec
plasmas that are used in these experiments, we find
the amplification of the probe beam is independent of
intensity up to a maximum average scattered intensity
1.0 3 1015 Wycm2. This indicates that the ion respons
n1 remains unsaturated up ton1yn0 , 1%.

The experiments were performed in an appro
mately spherical plasma [12] produced by eightfy4.3,
l  351 nm beams of the Nova laser facility. Thes
heater beams have a 1 ns, square pulse shape with a
power of 20 TW (2.5 TW each beam) and pass throu
a 1 atm C5H12 gas contained in a 500 nm thick spheric
polyimide shell with radiusr0  1.3 mm. Each heater
beam is centered at the target center with a converg
focus. The beam spot size at the target center is appr
mately equal to the target diameter allowing spatia
uniform heating. Two-dimensional numerical simula
tions usingLASNEX [13] indicate that aftert  400 ps
a plasma is formed which is stationarysy # 0.15csd,
with a uniform density plateausDnyn # 0.1d in the
region r  250 to 900 mm. By t  1.4 ns, the outer
radius of the density plateau is reduced to approximat
r  450 mm by an incoming shock wave created by th
ablation of the polyimide shell. The plasma paramete
calculated by the simulation, and in agreement w
measurements [12], are a density ofne  1021 cm23

(0.1ncr wherencr is the critical density forl  351 nm
light) and electron temperatureTe  3.0 keV. The high
intensity pump beam and low intensity probe beam a
alsofy4.3 andl0  351 nm, and are aligned to cross a
r  400 mm near the best focus for both beams. As
result, the interaction between the two electromagne
waves and an ion acoustic wave occurs in the plate
region of the plasma as shown in Fig. 1. The interacti
beams have random phase plates (RPPs) which sm
the intensity profile and limit the spot size to177 mm
© 1996 The American Physical Society 2065
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FIG. 1. Experimental configuration showing an approximate
spherical plasma and two interaction beams crossing in
homogeneous region off the plasma center. The two be
are detuned byDl  0.0 to 0.73 nm to excite the ion
acoustic resonance. The transmitted power vs time of the l
wavelength probe beam is measured.

FWHM (345 mm between first Airy minima) and the pea
pump intensity to1 3 1016 Wycm2 (2 3 1015 Wycm2

average inside the Airy minima) in vacuum. The bea
have their polarizations aligned within 25± of parallel.
The simulations indicate that the presence of the focu
probe beam increases the temperature only slightlys,6%d
in the vicinity of best focus. The probe beam is adjust
to have a wavelength slightly longer than that of t
pump with the wavelength separation ranging between
and 0.73 nm. The probe beam has a square pulse s
lasting 2.0 ns which begins at the same time as the hea
st  0d. The pump beam has a 1.0 ns square pulse sh
that is delayed 0.4 ns so that the plasma in the interac
region is relatively homogeneous during the interacti
period. The transmitted power of the probe beam
collected by a fused silica plate 1.5 m from the targ
which is roughened to scatter the light over a broad an
[14]. This scattered light is imaged onto a fast photodio
and a gated optical imager. The photodiode is calibra
to provide a histogram of the probe beam power which
transmitted through the plasma and onto the scatter p
The imager captures a 2D image of the light on the sca
plate during the 0.6 ns period when all beams are on
provides a measure of the directionality of the transmit
power during the period of the interaction.

The interaction of the beams creates an ion wave
the plasma that scatters energy from the pump so
it propagates parallel to the probe beam. The ion wa
forms in response to the interference of the two bea
which generates a ponderomotive force that is periodic
space and proportional to the product of the amplitude
the two beams. The initial ion wave amplitude is th
proportional to the probe beam incident amplitude. As
result, the energy scattered from the pump is also prop
tional to the probe intensity, and an amplification of t
probe results. This amplification is defined to be the ra
of the transmitted power measured in an experiment w
the pump beam to that measured in an essentially id
2066
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tical experiment without the pump beam. The transm
ted power wave forms with and without a pump beam a
shown in Fig. 2, for the case ofDl  0.43 nm, and a nor-
malized probe intensity ofIprobeyIpump  0.06. The total
transmitted energy without a pump beam iss49 6 7d% of
the indicent energy which is in agreement with a calcu
tion of inverse bremsstrahlung absorption and refraction
the plasma [14]. This transmission is reproducible with
615%. The shape of the wave form in the pump-off ca
in Fig. 2 shows that the transmission first increases in ti
when the plasma temperature is increasing and then
creases in time after the heaters turn off at 1.0 ns and
plasma radiatively cools. Comparing the “pump-on” wa
form in Fig. 2 to the “pump-off” shows an increase in th
probe’s transmitted power during the time the pump be
is ons0.4 # t # 1.4 nsd. The pump-on wave form is cor
rected to account for a small variation in the energy of t
probe beam between the two shots. The transmitted pr
power is nearly the same in the two experiments bef
the arrival of the pump. Aftert  0.4 ns, the transmit-
ted probe power rises in about 150 ps to nearly 1.7 tim
the level observed without the pump indicating amplific
tion of the probe by the pump. After the pump turns o
the probe power drops rapidly to equal the value obser
without the pump. The amplification is determined fro
the ratio of the two traces and is found to vary between
and 1.8 during the 1 ns duration of the pump pulse. T
average amplificationA is determined by averaging ove
the 1 ns that the pump is on plus an additional 0.3 ns
include signal delayed by the response of the detector,
is found to be 1.7 in this case.

The amplification observed in Fig. 2 can be explain
by scattering from an ion wave produced by the beat
of the incident and pump beams. Resonant interac
requires that this ion wave have a wave vectorkia which
satisfies wave vector matchingkia  Dk  k1 2 k2,
wherek1 is the wave vector of the pump andk2 is the
wave vector of the probe. An ion wave with this wav
vector will cause energy to be scattered in the direct

FIG. 2. Measurement of the probe beam power transmit
through the plasma forDl  0.45 nm andIprobeyIpump  0.06.
In the pump-on case a2 3 1015 Wycm2 pump beam intersects
the probe between 0.4 and 1.4 ns causing the probe to
amplified by a factor of 1.7 above the pump-off case.
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of the probe beam. Experimental evidence of the wa
number matching is obtained from the 2D image of t
transmitted probe beam on the scatter plate. To elimin
the spatial structure in the transmitted beam that is d
to the inhomogeneity of the incident beam the 2D ima
is averaged over the azimuthal angle to obtain a meas
of the beam intensity as a function of the angle from t
beam axis as shown in Fig. 3. The amplified beam h
an azimuthally averaged angular profile which is larg
inside thefy4.3 cone of the incident beams66.6±d and
similar to the profile of the probe beam obtained when
is transmitted through the plasma with the pump be
off. The fact that the intensity of the amplified bea
falls rapidly outside of thefy4.3 cone (FWHM 12±)
indicates that the scattering is caused by ion waves w
wave numbers near the matched valueDk. The profile
of the unamplified beam intensity outside the cone
similar to that for the amplified case, indicating that
these experiments the observed spreading of the b
is not caused by the two beam interaction but rather
refraction and scattering from the unperturbed plasma.

Experiments to determine the average energy amp
cation as a function of the frequency mismatch were p
formed for six different wavelength separations betwe
0.0 and 0.73 nm with the normalized probe intens
IprobeyIpump between 0.06 and 0.32. The amplificatio
for these cases are shown in Fig. 4 and exhibit signific
gain only when there is a frequency separation betw
the two beams. The largest amplification is 2.8 when
wavelength separation isDl  0.58 nm. The resonant
ion wave frequency is calculated asvia  csjDkj and the
half-width of the resonance asniy2, whereni is the inten-
sity damping rate of the ion wave [10,15,16]. The pr
dicted position of the resonance isDl  0.46 nm with a
width of 60.04 nm for the plasma parameters found in th
vicinity of the focused beam. This indicates that the o
served maximum measured gain is near the ion wave re
nance, but may be Doppler shifted by weak plasma flo
produced by heater beam and target inhomogeneities

FIG. 3. The angular distribution of the transmitted power
the probe beam is shown for the experiment in Fig. 2. T
similar profiles in the two cases indicate that the amplified lig
is collimated and coincident with incident laser beam.
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are not included in the 2D simulations. The observ
tion of a maximum amplification near the ion wav
frequency combined with the observation of reduced a
plification at both larger and smaller frequencies (Dl 
0.3 and 0.73 nm) indicates that resonant excitation of
ion acoustic wave is necessary for amplification.

To compare with theory, we adopt the model of
steady state, convective instability which leads to t
amplification A of the probe by a gainG such that
G  lnsAd. This interpretation is applied in this cas
because the beam crossing angle is less then 90± (forward
scattering) so that the instability cannot be absolute, a
because the duration of the experiment (1 ns) is lo
compared to the time to reach a steady state, wh
in the strong damping limit is the ion wave dampin
time s,1.0 psd. In this limit the gain exponent in a
homogeneous plasma scales asnLIpumpyTeni [10], where
L is the length of the interaction region. The effect
the pump wave is to scatter its power in the directi
of the probe wave such that the transmitted probe wa
amplitude is proportional to the exponential ofG. The
measured amplification is also affected by small sc
inhomogeneities both in the incident beam and in t
plasma, for which accurate characterization and analys
outside the scope of this Letter and is presented elsewh
[10,17]. These inhomogeneities make a calculation
the gain of the instability based on the simple model
coherent laser beams in uniform plasmas an overestim
of the actual gain. In fact, under the conditions of th
experiment, the ideal model indicates a gain ofG ,
20 when the probe beam is perfectly tuned [10,15,1
while the maximum observed gain isG  1.0. These
values can be substantially reconciled by consider
calculations including the two types of inhomogeneiti
and recognizing that the set of discrete measurement
Fig. 4 may miss the exact resonance and underestim
the peak gain. First, because the shape of the reson
is G ~ 1yf1 1 4sDvynid2g [10], a frequency detuning of

FIG. 4. A series of experiments measured the amplificat
of the probe beam as a function of the wavelength separa
of the two beams as shown. The amplification is greatest w
the frequency separation is in the vicinity of the unshifted io
wave resonance,Dl  0.45 6 0.04 nm.
2067
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FIG. 5. The measured transmitted power is shown to be p
portional to the probe intensity over the range ofIprobeyIpump 
0.06 to 0.32 using data obtained at disparate separation
quencies by normalizing to the amplification measured w
IprobeyIpump  0.13.

as little asDv  ni (or Dv , 0.2via) can decreaseG
locally by a factor of 5. This frequency detuning ca
result from Doppler shifting by small amplitude veloci
fluctuations in the plasma or by inhomogeneous ste
flows, both of which are produced by structure in t
laser beam and target. For example, a velocity fluctua
as small asdyycs , 0.2 rms in the interaction region
reduces the gain at resonance by a factor of 3 by Dop
shifting the resonance to different frequencies in differ
regions of space as discussed in Ref. [10]. As sho
in Ref. [17], the combination of a spectrum of veloci
fluctuations and linear gradients lead to reductions inG
by a factor greater than 5. Second, the gain of t
intersecting beams with RPPs is substantially affec
by the overlap of the spatial profiles of the two beam
Similarly, interaction with other waves, such as tho
produced by stimulated Raman scattering, may furt
reduce the gain.

To investigate the dependence of the scattered po
on the incident probe power, experiments were perform
at both high and low scattered power at the frequency s
aration of maximum observed gain,Dl  0.58 nm. The
high probe intensity wasIprobeyIpump  0.32, and the low
intensity wasIprobeyIpump  0.13. The measured ampli
fication of the probe at high intensity was2.8 6 0.42
and at low intensity was2.5 6 0.37, indicating that the
gain is nearly independent of the probe intensity up
this level and that the ion wave is unsaturated. Un
these conditions a maximum ofs52 6 12d% of the pump
energy was transferred to the probe. This large an
ergy transfer should lead to a 23% reduction in the s
tially averaged amplification due to pump depletion. T
effect was not observed but it is comparable to the co
bined shot to shot variation in the transmission coe
cient s615%d and amplification in these measuremen
The amplitude of the ion wave is estimated by cons
ering the amplitude necessary to scatter1y2 the probe
energy in a volume of dimensionL, according ton1yn0 
2068
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8ps2d1y2svyvpd2sLyl0d. A lower limit to the maxi-
mum ion wave amplitude observed in this experimen
n1yn0  1%, assuming the scattering occurs uniform
over the region in which the beams intersectsL 
345 mmd. The actual wave amplitude may be higher
inhomogeneities localize the scatter to a region sma
than L. The data in Fig. 4 also indicate a linear depe
dence of transmitted power on the incident probe pow
To show this the transmitted power measured with v
ues of IprobeyIpump different than 0.13 is normalized t
the transmitted power measured at the sameDl but with
IprobeyIpump  0.13. These normalized values are plotte
in Fig. 5 and show that the transmitted power is prop
tional to the incident probe power over a range of 5:1,
good agreement with Ref. [10].

In conclusion, we have reported the first observat
of energy transfer between frequency-mismatched la
beams and a stimulated ion acoustic wave.
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