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Three-halves harmonic emission from femtosecond laser produced
plasmas
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Measurements of three-halves harmonic radiation (3v0/2) produced by femtosecond, Ti:sapphire
laser pulses (<231017 W/cm2) in long density scale length plasmas generated from solid
aluminum targets are presented. The 3v0/2 emission yield shows excellent agreement with theories
of the two-plasmon decay instability in the predominantly linear regime. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1493794#
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High intensity femtosecond laser produced plasmas fo
the basis of important research topics such as x-ray las
laser driven particle accelerators schemes, laser initia
nuclear reactions, and relativistic effects in laser-plasm1

The interaction of intense ultrashort laser pulses with so
leads to the generation of solid density plasmas2 with elec-
tron temperatures of several keV. Such plasmas are sou
of strong x-ray and particle emission with energies of up
several 10 MeV. In addition to resonance absorption3,4 para-
metric plasma instabilities contribute to the generation
suprathermal electrons and also lead to the generatio
large amplitude plasma waves which couple to the incid
electromagnetic wave and result in new, frequency-shif
electromagnetic emission. An example of such a proces
the generation of light with a frequency of 3/2 times t
fundamental frequency. In the interaction of intense Ti:s
phire femtosecond laser pulses with solids, this manife
itself as a strong green emission,5 and is a signature of para
metric instabilities operating close to quarter critical dens
(1/4nc).

Plasma instabilities are an important topic for laser
sion and considerable attention has been directed to the q
tion of energy coupling into the plasma and its potential
generating high-energy electrons which preheat the f
Plasma instabilities have been extensively studied for m
years in laser-plasma experiments with pulse durations
tween about 100 ps and 20 ns. In particular, stimulated
man scattering~SRS!, where the incident photon decays in
a scattered photon and a plasmon, and the two-plasmon
cay instability ~TPD! which is the parametric decay of a
incident laser photon into two plasmons, are relev
processes.6–10

In long pulse laser-plasma interaction, the dominant p
duction process for 3/2-harmonic radiation was found to
TPD, which occurs resonantly at 1/4nc .10 With nanosecond
and sub-nanosecond pulses, the instability reaches a no
ear saturation caused by the decay of an electron pla
wave into an ion-acoustic wave and a scattered elec
plasma wave~Langmuir wave decay instability–LDI!.11

Time-resolved Thompson scattering measurements in C2
3191070-664X/2002/9(8)/3197/4/$19.00
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laser-plasma interaction experiments at 331013 W/cm2

~with 2 ns pulse length! revealed that for times up to 25 ps
TPD growth is within a linear regime; whereas after 50 p
saturation occurs.10 However, the saturation timescale d
pends on the laser and plasma conditions and therefore
be different in other experiments. Typical TPD saturati
levels of the enhanced electron plasma fluctuations for na
second laser-pulse experiments are a factor of 103 to 104 ~7
to 9 e-foldings! above thermal noise levels.12

In the femtosecond regime, however, the product
growth rate and pulse duration is much smaller, so that
would expect analogous measurements to fall within the
ear regime. In addition, almost no hydrodynamic motion o
curs during the interaction time. Although several grou
have reported SRS-backscatter measurements in underd
plasmas (ne,0.01nc),

13 to the best of our knowledge n
investigations of 3v0/2 generation by femtosecond lase
have been performed to date.

This article reports first experimental studies of high
tensity fs-laser generated 3v0/2 radiation in inhomogeneou
plasmas. We show that measurements of the 3/2-harm
yield as a function of the incident pulse duration are in e
cellent agreement with linear theories. A 2-TW Ti:sapph
laser beam~center wavelengthl05790 nm, Fig. 1! deliver-
ing 100-fs, 200-mJ laser pulses with a repetition rate of
Hz was used for the experiment. The beam propagated f
the last compressor grating a distance of 4 m in air before
entering a target chamber filled with air with a low ambie
pressure of 5 mbar. This was chosen to reduce the de
from the target which tends to degrade the focusing op
especially when operating at 10 Hz. Nonlinear effects in
and in the 10 mm thick fused silica entrance window cau
a pulse prolongation which resulted in an effective pulse
ration of about 135 fs on target. The p-polarized laser w
focused to a spot size of (2065) mm with an off-axis para-
bolic mirror onto a polished aluminum target with 45° ang
of incidence and with an aperture angle of 23°~f /2.5 focus-
ing!. Nonlinear phase front distortions did not affect the me
sured spot size. For each laser shot a fresh surface was
vided by shifting the target. Including reflection losses at
7 © 2002 American Institute of Physics
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3198 Phys. Plasmas, Vol. 9, No. 8, August 2002 Veisz et al.
window and at a pellicle shield in front of the parabo
mirror we obtained an intensity of (2.361.1)31017 W/cm2

in vacuum, which is not reduced by ionization defocusing
air at a pressure of 5 mbar in our chamber.14 The plasma is
produced by a prepulse appearing 12.5 ns before the m
pulse with an intensity of about 431014 W/cm2. This
prepulse was generated by allowing some leakage of the
vious oscillator pulse through the Pockels cell of the reg
erative amplifier. In addition, we measured a prepulse at 4
before the intense main pulse with about the same inten
as the 12.5 ns prepulse by means of a third order autoco
lation.

The generated 3v0/2 radiation was collimated in 45°
observation angle with a second off-axis parabolic mir
and sent through a BK7 window to the diagnostics. The
ergy of the 3v0/2 signal was measured carefully with a ca
brated photodiode provided with an appropriate filtering a
yielded approximately 100 nJ per pulse~average of
;50 pulses! into a solid angle ofDV'231023 sr. Strong
shot to shot energy fluctuations were observed. The con
sion efficiency of the incident energy into 3/2-harmonic e
ergy which was measured in specular direction is 531027.
We measured also the second-harmonic emission from
plasma with a pulse energy of about 50 nJ.

Figure 1 shows an averaged spectrum which was
tained by integrating over 15 shots and the incident la
spectrum. The spectral details varied from shot to shot
the spectral width and the center wavelength were essent
invariant. The spectrum with a full width at half maximum
(1961) nm is centered at a wavelength of (51961) nm
with about 8 nm blue shift and confirms that the observ
radiation is due to 3/2-harmonic emission. In contrast
nanosecond laser experiments where typically well separ
red and a blue shifted wings are observed,8,9 we measure
only a broad spectral distribution. For nanosecond laser
periments the 3/2-harmonic spectrum is explained by sim
lations including nonlinear TPD saturation and LDI.11 Obvi-
ously, the 3/2-harmonic spectrum shown in Fig. 1 indica
that with femtosecond lasers a completely different coupl
regime has to be applied. LDI generated plasmons are
cluded for our experiment since this process develops on
time scale of ion acoustic waves~ca. 10 ps! and electron

FIG. 1. Measured 3v0/2 spectrum averaged over 15 laser shots and
spectrum of the fundamental.
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plasma wave propagation is not significant~see below!. As-
suming a direct coupling of plasmons and laser photons,
spectral broadening is due to~1! the large bandwidth of the
Ti:sapphire laser (;12 nm), ~2! the plasma electron tem
perature which leads to an electron density range where
3v0/2 is generated, and~3! might be influenced by saturatio
which leads to an increased spectral broadening.

Figure 2 shows the measured signal of the fundame
~open squares!, the second harmonic~crosses!, and the 3/2-
harmonic radiation~filled circles! as a function of the inci-
dent Ti:Sa laser pulse duration~t! for a constant fluence. The
pulse duration was varied in the range of 135 fs–900 fs
choosing different positions of the compressor gratings. T
measurement shows both directions from the optimal co
pressor position and therefore includes positive and nega
chirp. The resulting signals were identical, consequently
generation process of the harmonics and the reflectivity
not depend on the sign of the chirp of the incoming la
pulse. Since the energy and the size of the focus were
constant, the intensity is inversely proportional to the pu
length. The measurement shows that thev0-signal remained
almost constant, indicating that the reflectivity did n
change in the applied intensity range. The second harm
signal increases with shorter pulses, as found previously
others.15 By contrast, the yield of the 3v0/2 radiation has a
maximum at (350650) fs.

The key point in understanding the peculiar behavior
the 3/2-yield is that due to the prepulses, the linearly po
ized intense laser pulses interacted with an extended inho
geneous plasma with long density scale-length to gene
the 3v0/2. The mechanism for the 3v0/2 generation
includes two steps. First, a plasmon is generated withv0/2
frequency by SRS and TPD just below the quarter-criti
density.3 Second, the 3v0/2 light is produced via a coupling
of the plasmons and the laser photons. The effect of plasm
propagation in the inhomogeneous plasma is gener
important because in most cases the plasmons of sig
cant growth generated by TPD do not satisfy the match
conditions ~momentum and energy conservation, disp
sion relations! of the 3/2-harmonic generation process16

Direct coupling is not possible if b51.41
31014Te

2(keV)/@ I (W/cm2)l2(mm)#.1, which is typically

e

FIG. 2. Yield of 3v0/2, the 2v0 , and the reflectedv0 signal as a function
of the pulse duration of the incident Ti:Sa laser forconstant fluence. The
thick curve represents a theoretical fit with saturation, while the thin curv
without saturation for the 3/2-harmonic signal.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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3199Phys. Plasmas, Vol. 9, No. 8, August 2002 Three-halves harmonic emission from femtosecond laser . . .
the case for nanosecond laser-plasma interaction.17 Te , I ,
and l are the electron temperature, the laser intensity,
wavelength, respectively.Ab is approximately the normal
ized thermal velocity squared@ve

2/c0
25Te /(mec0

2), me is the
electron mass andc0 is the light speed in vacuum# divided
by the normalized quiver velocity (vosc/c0

5AIl2/(1.3831018 W cm22 mm2)). In our case b'2
31023– 231022 is estimated forl50.8mm, Te51 keV,
I;1016– 1017 W/cm2, which indicates that direct coupling i
possible in our experiments.17 We performed a detailed
k-space analysis10 for our experimental conditions~45° angle
of incidence, 45° angle of observation! which shows that
plasmon propagation does not play an important role
3v0/2 generation due to the short pulse duration and the l
density scale length. In the following, plasmon propagat
is neglected in the analysis of our data.

The threshold intensity for SRS is in general higher th
for TPD,12 but in our case the applied intensity is hig
enough to invoke both processes. It is readily shown for S
that in the vicinity of 1/4nc the momentum of the inciden
light wave is almost completely transferred to the plas
wave. However, these plasmons do not fulfill the match
conditions for 3v0/2. We conclude that SRS is not the dom
nant production process for the 3/2-harmonic radiation
served under our experimental conditions.

By contrast, TPD generates two plasmons with a f
quency of aboutv0/2 which take up the momentum of th
incident photon. TPD provides a wide range of plasm
wave vectors, which allows the generation of 3/2-harmo
radiation in a large solid angle and also in our geometry. T
observed 3/2-emission is therefore assumed to be due to
coupling of plasmons ofv0/2-frequency, which are gene
ated by TPD in the vicinity of 1/4nc and incoming laser
photons. The 3/2-intensity is proportional to the intensity
the laser beam at 1/4nc and to the square of the electro
plasma wave amplitude.

In the linear regime, the plasma wave amplitude gro
from thermal noise level (nth) exponentially in time
nTPD(t)5nth exp(gt). To calculate the instantaneous amp
tude, we take the maximum TPD growth rateg in an inho-
mogeneous plasma, given in Refs. 3 and 18 extended
damping terms

g5
k0vosc

4
2A0.65k0

L
ve21.0631022

Zvp
4 ln L

neve
3 2gL ,

~1!

wherek0'()/2)v0 /c0 is the light wave vector at 1/4nc ; Z
is the ionization charge state;vp is the local plasma fre-
quency, and lnL'7 is the Coulomb-logarithm. L
5n/udn/dxu is the electron density scale length at 1/4nc .
The first term on the right hand side is the maximum grow
rate in homogeneous plasmas (L5`) without damping. The
second term is due to a smaller interaction range in the
homogeneous plasma, the third is the collisional damp
and the fourth is the Landau damping, which is negligible
the plasmon wave vector satisfiesk,4k0 . The second and
third terms introduce an intensity threshold. A prelimina
estimate of the amplification using Eq.~1! assuming pure
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
d

n
g

n

n

S

a
g

-

-

n
c
e
the

f

s

ith

h

-
g
f

exponential growth~l05790 nm, I 5231017 W/cm2, Te

51 keV, L5120mm, Z54, t5135 fs! shows that for the
experiment described here, 41 e-foldings are obtained
hence saturation has to be taken into account. In orde
include saturation effects, we assume a saturation value
the plasma wave amplitude (nsat) which is reached at a time
ts ~Fig. 3!. For timest,ts , the instability grows exponen
tially; for t>ts , the amplitude is treated as constant. T
interaction time is assumed to be equal to the laser p
duration ~t!. The measured 3v0/2 pulse energy for various
pulse length is given by

E3/2;E
0

t

InTPD
2 ~ t !dt ~2!

with I 5I 0t0 /t whereI 0 is the intensity at a pulse duratio
t0 . Combining Eqs.~1! and ~2!, we readily obtain the fol-
lowing expressions forE3/2:

~a! without saturation

E3/2~t!5a
exp@bAt2ct#

bAt2ct
; ~3!

~b! with saturation

E3/2~t!5dF11
122 ln~nsat/nth!

bAt2ct
G ; ~4!

where

a,b56.94310210AI 0~W/cm2!t0~ fs!fs21/2,

c5$4.9831022ATe~keV!/~Leff~mm!l0~mm!!

11.831024Z/~Te
3/2~keV!l0

2~mm!!%fs,

and d are fitting parameters. Henceforth, we will treatt0 ,
Z'4, Leff , andl0 as given andI 0 andTe as free parameters
From b the intensity at 1/4nc (I 0) is determined for a pulse
duration oft0 . ~This may differ from the nominal focuse
laser intensity in vacuum due to nonlinear propagation
fects.! Leff is an effective scale length that takes the obliq
incidence of the laser beam into account.19

Interferometric measurements were performed with
second harmonic of the fs laser and a Mach–Zehnder in
ferometer in order to characterize the preformed plasma.
intensity of the preplasma generating laser pulse was va
from 531014 W/cm2 up to 1017 W/cm2. From the measure
ments a density scale-length in the range of 100mm–200
mm is inferred for the 12.5 ns time delay.

FIG. 3. The electron plasma wave amplitude (nTPD) and the laser intensity
(I ) as a function of time. The timets marks the point where saturation (nsat)
is reached from the initial thermal noise (nth) andt is the pulse duration.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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The thin and thick curves shown in Fig. 2 are the res
of respective fits using Eqs.~3! and ~4! to the experimenta
data. A good agreement between measurement and theo
obtained in both cases. However, from these curves alon
cannot be concluded whether saturation is reached or
The first part in Eq.~1! is responsible for an increasing 3/2
signal with the pulse duration for incident pulses shorter th
350 fs, while for longer pulses the inhomogeneous and
lisional parts lead to a decreasing signal. Since it is expe
that LDI plays a minor role on femtosecond timescales,
ear theory should apply to even highere-foldings than for
long laser pulses until the instability saturates through,
example, wavebreaking. The deduced intensities usingt0

5135 fs are without saturation: (3.960.5)31015 W/cm2

with saturation assuming 10e-foldings saturation leve
@(2 ln(nsat/nth)510#: (2.460.1)31016 W/cm2 and 20
e-foldings: (1.0560.04)31017 W/cm2. There are more defi
nite but much more complicated theories of TPD17,19 with
slightly different maximum growth rates which essentia
show the same behavior as the model of Ref. 18 and
experimental data.

We calculated the collisional absorption of the incide
laser pulse for propagation up to the 1/4nc and found that it
is negligible, but ionization defocusing in the preplasma
significant for the fundamental. Refraction of the thre
halves harmonic in 45° by the laser generated density pro
is negligible due to the perpendicular propagation to the la
direction. Estimates show that the intensity at 1/4nc is re-
duced by about one to two orders of magnitude due to i
ization defocusing and therefore an intensity
1015– 1016 W/cm2 is expected inside the plasma in agre
ment with our measurement. The spectral shift of the 3v0/2
radiation may be attributed to the ionization blue shift of t
fundamental. The electron temperature obtained from th
parameterc using Eq.~3! is on the order of;230 eV. It
should be stressed that even with saturation the duratio
the exponential growth is in our experiment at least 80%
the laser pulse length~see Fig. 3!, in contrast to ns-lase
experiments where it is approximately 1%.12 Since most of
the interaction time is within an exponential growth the fi
with and without saturation are similar.

In summary, we have performed the first experimen
investigation of intense femtosecond laser generated 3v0/2
radiation in dense long scale length plasmas. The domin
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
lt

is
, it
ot.

n
l-

ed
-

r

e

t

s
-
le
er

-
f
-

fit

of
f

l

nt

production process for the 3/2-harmonic radiation is the t
plasmon decay. The good agreement of the theoretical m
els with the experimental data—in particular the occurren
of a maximum in the 3/2-yield as a function oft ~Fig. 2!—
provides a clear experimental verification of the TPD grow
rate in an inhomogeneous plasma in the linear regime—
~1!.
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