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Measurements of three-halves harmonic radiation(3) produced by femtosecond, Ti:sapphire
laser pulses €£2x10Y W/cn?) in long density scale length plasmas generated from solid
aluminum targets are presented. They® emission yield shows excellent agreement with theories
of the two-plasmon decay instability in the predominantly linear regime20©2 American
Institute of Physics.[DOI: 10.1063/1.1493794

High intensity femtosecond laser produced plasmas formaser-plasma interaction experiments at< B0 W/cn?
the basis of important research topics such as x-ray lasergwith 2 ns pulse lengthrevealed that for times up to 25 ps,
laser driven particle accelerators schemes, laser initiateWPD growth is within a linear regime; whereas after 50 ps,
nuclear reactions, and relativistic effects in Iaser-plas}nassaturation occur® However, the saturation timescale de-
The interaction of intense ultrashort laser pulses with solidpends on the laser and plasma conditions and therefore will
leads to the generation of solid density plasiaih elec-  be different in other experiments. Typical TPD saturation
tron temperatures of several keV. Such plasmas are sourcgssels of the enhanced electron plasma fluctuations for nano-
of strong x-ray and particle emission with energies of up tosecond laser-pulse experiments are a factor 8ftaQL0* (7
several 10 MeV. In addition to resonance absorptfgrara-  to 9 e-foldings) above thermal noise levels.
metric plasma instabilities contribute to the generation of In the femtosecond regime, however, the product of
suprathermal electrons and also lead to the generation @frowth rate and pulse duration is much smaller, so that one
large amplitude plasma waves which couple to the incidentvould expect analogous measurements to fall within the lin-
electromagnetic wave and result in new, frequency-shiftecar regime. In addition, almost no hydrodynamic motion oc-
electromagnetic emission. An example of such a process isurs during the interaction time. Although several groups
the generation of light with a frequency of 3/2 times thehave reported SRS-backscatter measurements in underdense
fundamental frequency. In the interaction of intense Ti:sapplasmas 6,<0.01n.),* to the best of our knowledge no
phire femtosecond laser pulses with solids, this manifestivestigations of 3/2 generation by femtosecond lasers
itself as a strong green emissidand is a signature of para- have been performed to date.
metric instabilities operating close to quarter critical density  This article reports first experimental studies of high in-
(1/4n.). tensity fs-laser generatedv»d/2 radiation in inhomogeneous

Plasma instabilities are an important topic for laser fu-plasmas. We show that measurements of the 3/2-harmonic
sion and considerable attention has been directed to the quegeld as a function of the incident pulse duration are in ex-
tion of energy coupling into the plasma and its potential forcellent agreement with linear theories. A 2-TW Ti:sapphire
generating high-energy electrons which preheat the fuelaser beani{center wavelengti =790 nm, Fig. 1 deliver-
Plasma instabilities have been extensively studied for maning 100-fs, 200-mJ laser pulses with a repetition rate of 10
years in laser-plasma experiments with pulse durations bedz was used for the experiment. The beam propagated from
tween about 100 ps and 20 ns. In particular, stimulated Rathe last compressor grating a distande4am in air before
man scatteringSRS, where the incident photon decays into entering a target chamber filled with air with a low ambient
a scattered photon and a plasmon, and the two-plasmon dpressure of 5 mbar. This was chosen to reduce the debris
cay instability (TPD) which is the parametric decay of an from the target which tends to degrade the focusing optics
incident laser photon into two plasmons, are relevanespecially when operating at 10 Hz. Nonlinear effects in air
processe8 10 and in the 10 mm thick fused silica entrance window caused

In long pulse laser-plasma interaction, the dominant proa pulse prolongation which resulted in an effective pulse du-
duction process for 3/2-harmonic radiation was found to beation of about 135 fs on target. The p-polarized laser was
TPD, which occurs resonantly at 4 ° With nanosecond focused to a spot size of (206) um with an off-axis para-
and sub-nanosecond pulses, the instability reaches a nonlibelic mirror onto a polished aluminum target with 45° angle
ear saturation caused by the decay of an electron plasn@ incidence and with an aperture angle of 28f2.5 focus-
wave into an ion-acoustic wave and a scattered electroimg). Nonlinear phase front distortions did not affect the mea-
plasma wave(Langmuir wave decay instability—LDI  sured spot size. For each laser shot a fresh surface was pro-
Time-resolved Thompson scattering measurements in COvided by shifting the target. Including reflection losses at the
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FIG. 1. Measured 3,/2 spectrum averaged over 15 laser shots and theth.'tchk Clt”vet reptresefntstﬁ th;/c;ritlcal f't.W'th satluratlon, while the thin curve is
spectrum of the fundamental. without saturation for the 3/2-harmonic signal.

window and at a pellicle shield in front of the parabolic plasma wave propagation is not significds¢e below. As-
mirror we obtained an intensity of (2+31.1)x 10*" W/cn? suming a direct coupling of plasmons and laser photons, the
in vacuum, which is not reduced by ionization defocusing inspectral broadening is due () the large bandwidth of the
air at a pressure of 5 mbar in our chambethe plasma is  Ti:sapphire laser £12 nm), (2) the plasma electron tem-
produced by a prepulse appearing 12.5 ns before the majerature which leads to an electron density range where the
pulse with an intensity of about 10 W/cn?. This  3w/2 is generated, an@) might be influenced by saturation
prepulse was generated by allowing some leakage of the prerhich leads to an increased spectral broadening.
vious oscillator pulse through the Pockels cell of the regen-  Figure 2 shows the measured signal of the fundamental
erative amplifier. In addition, we measured a prepulse at 4 p&pen squargsthe second harmonicrosses and the 3/2-
before the intense main pulse with about the same intensitjarmonic radiatior(filled circleg as a function of the inci-
as the 12.5 ns prepulse by means of a third order autocorrelent Ti:Sa laser pulse duratidn) for a constant fluence. The
lation. pulse duration was varied in the range of 135 fs—900 fs by
The generated @y/2 radiation was collimated in 45° choosing different positions of the compressor gratings. The
observation angle with a second off-axis parabolic mirrormeasurement shows both directions from the optimal com-
and sent through a BK7 window to the diagnostics. The enpressor position and therefore includes positive and negative
ergy of the 3vy/2 signal was measured carefully with a cali- chirp. The resulting signals were identical, consequently the
brated photodiode provided with an appropriate filtering andyeneration process of the harmonics and the reflectivity do
yielded approximately 100 nJ per puls@verage of not depend on the sign of the chirp of the incoming laser
~50 pulses into a solid angle oAQ~2x 102 sr. Strong  pulse. Since the energy and the size of the focus were kept
shot to shot energy fluctuations were observed. The conveconstant, the intensity is inversely proportional to the pulse
sion efficiency of the incident energy into 3/2-harmonic en-length. The measurement shows that éhesignal remained
ergy which was measured in specular direction j$19 . almost constant, indicating that the reflectivity did not
We measured also the second-harmonic emission from thehange in the applied intensity range. The second harmonic
plasma with a pulse energy of about 50 nJ. signal increases with shorter pulses, as found previously by
Figure 1 shows an averaged spectrum which was obethers® By contrast, the yield of the @,/2 radiation has a
tained by integrating over 15 shots and the incident lasemaximum at (356 50) fs.
spectrum. The spectral details varied from shot to shot but The key point in understanding the peculiar behavior of
the spectral width and the center wavelength were essentialthe 3/2-yield is that due to the prepulses, the linearly polar-
invariant. The spectrum with a full width at half maximum of ized intense laser pulses interacted with an extended inhomo-
(19=1) nm is centered at a wavelength of (518) nm  geneous plasma with long density scale-length to generate
with about 8 nm blue shift and confirms that the observedhe 3wy/2. The mechanism for the «®/2 generation
radiation is due to 3/2-harmonic emission. In contrast toincludes two steps. First, a plasmon is generated w2
nanosecond laser experiments where typically well separatddequency by SRS and TPD just below the quarter-critical
red and a blue shifted wings are obserfédye measure density’ Second, the &,/2 light is produced via a coupling
only a broad spectral distribution. For nanosecond laser exaf the plasmons and the laser photons. The effect of plasmon
periments the 3/2-harmonic spectrum is explained by simupropagation in the inhomogeneous plasma is generally
lations including nonlinear TPD saturation and LBIObvi-  important because in most cases the plasmons of signifi-
ously, the 3/2-harmonic spectrum shown in Fig. 1 indicatecant growth generated by TPD do not satisfy the matching
that with femtosecond lasers a completely different couplingconditions (momentum and energy conservation, disper-
regime has to be applied. LDI generated plasmons are esxsion relations of the 3/2-harmonic generation procéSs.
cluded for our experiment since this process develops on thBirect  coupling is not possible if g=1.41
time scale of ion acoustic wavesa. 10 ps and electron X 10%T2(keV)/[I (W/cmP)A?(um)]>1, which is typically
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the case for nanosecond laser-plasma interatfian,, |, Tirp

and \ are the electron temperature, the laser intensity, and Dt

wavelength, respectively/3 is approximately the normal-

ized thermal velocity squardad/c3=T./(m.c3), m, is the

electron mass and, is the light speed in vacuuhdivided

by the normalized quiver velocity v(s/Co P ;

=\IN%(1.38x10 Wem 2 um?). In our case B~2 0 Tt

X103-2x10 2 is estimated fon=0.8um, To=1keV, kG 3. The electron plasma wave amplitude{s) and the laser intensity

|~ 10— 10" W/cn?, which indicates that direct coupling is (1) as a function of time. The timi marks the point where saturation.)

possible in our experimen{é_ We performed a detailed is reached from the initial thermal noise,) andr is the pulse duration.

k-space analyst8 for our experimental condition@5° angle

of incidence, 45° angle of observatiowhich shows that

plasmon propagation does not play an important role inexponential growth(,o =790 nm, 1=2x 10" W/en®, T

3wo/2 generation due to the short pulse duration and the long_ 1, .\, | 120 um 02:4 =135 f9 shows that for tﬁe

Qensity scalg length. In the following, plasmon prOp""gationexperim,ent describéd heré, 41 e-foldings are obtained and

is neglected in the. analygs of our d.atg. : hence saturation has to be taken into account. In order to
The tlr;resho!d intensity for SRS is n ge.neral.hlg.her t.hanmclude saturation effects, we assume a saturation value for

for Tpr?’ _butklnbour: case the Ellpphed (;qtenrs]ny 'Sf hlsgg e plasma wave amplitude{,) which is reached at a time

enough to invoke both processes. It is readily shown for : : : -

that i?] the vicinity of 15)4% the momentum 0):‘ the incident > (Fig. 3. For timest<t;, the instability grows exponen-

liaht wave is almost completely transferred to the plasm tially; for t=tg, the amplitude is treated as constant. The
9 pietely : PlasSM3 ieraction time is assumed to be equal to the laser pulse
wave. However, these plasmons do not fulfill the matchin

- . . gduration(a-). The measured @,/2 pulse energy for various
conditions for 3vy/2. We conclude that SRS is not the domi- pulse length is given by

nant production process for the 3/2-harmonic radiation ob-
served under our experimental conditions.

By contrast, TPD generates two plasmons with a fre- Egiz~ f
guency of aboutwy/2 which take up the momentum of the ) ) ) _
incident photon. TPD provides a wide range of plasmonVith | =1o70/7 wherel, is the intensity at a pulse duration
wave vectors, which allows the generation of 3/2-harmonic7o- Combining Eqs(1) and(2), we readily obtain the fol-
radiation in a large solid angle and also in our geometry. ThdOWing expressions foEs,:
observed 3/2-emission is therefore assumed to be due to the (& Without saturation

InZpg(t)dlt @
0

coupling of plasmons ofvy/2-frequency, which are gener- exp[b\/;—cﬂ
ated by TPD in the vicinity of 1. and incoming laser Ezo(r)=a——F——; 3
photons. The 3/2-intensity is proportional to the intensity of byr—cr
the laser beam at I} and to the square of the electron (b) with saturation
plasma wave amplitude.
In the linear regime, the plasma wave amplitude grows _ 1-21In(Nga Nep) |
from thermal noise level () exponentially in time Bad(7)=d 1+ by7— ’ @)
th T—CT
Nntpp(t) =Ny, exp(yt). To calculate the instantaneous ampli—Where

tude, we take the maximum TPD growth raten an inho-

mogeneous plasma, given in Refs. 3 and 18 extended with a,b=6.94x 10101 o(W/cn?) r(fs)fs~ 2,
damping terms

c={4.98x 10" 2\ Te(keV)/ (L g um) N o wm) )

kov 0.6% ZwjInA ~
y= =\ T e 106X 1072y +1.8X 107 Z/(T*(keV)Ag(um))}fs,
ele

(1) andd are fitting parameters. Henceforth, we will treg,
Z~4, L, and\g as given and, andT, as free parameters.

whereky~ (V3/2)wg/cy is the light wave vector at 1/ ; Z Fromb the intensity at 1/d. (1) is determined for a pulse
is the ionization charge statej, is the local plasma fre- duration of7,. (This may differ from the nominal focused
quency, and IM~7 is the Coulomb-logarithm.L laser intensity in vacuum due to nonlinear propagation ef-
=n/|dn/dx| is the electron density scale length atriJ4 fects) L.z is an effective scale length that takes the oblique
The first term on the right hand side is the maximum growthincidence of the laser beam into accott.
rate in homogeneous plasmds={c) without damping. The Interferometric measurements were performed with the
second term is due to a smaller interaction range in the insecond harmonic of the fs laser and a Mach—Zehnder inter-
homogeneous plasma, the third is the collisional dampinderometer in order to characterize the preformed plasma. The
and the fourth is the Landau damping, which is negligible ifintensity of the preplasma generating laser pulse was varied
the plasmon wave vector satisfies:4k,. The second and from 5x 10* W/cn? up to 137 W/cn?. From the measure-
third terms introduce an intensity threshold. A preliminaryments a density scale-length in the range of 166-200
estimate of the amplification using E¢l) assuming pure um is inferred for the 12.5 ns time delay.
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The thin and thick curves shown in Fig. 2 are the resultproduction process for the 3/2-harmonic radiation is the two
of respective fits using Eq$3) and (4) to the experimental plasmon decay. The good agreement of the theoretical mod-
data. A good agreement between measurement and theoryets with the experimental data—in particular the occurrence
obtained in both cases. However, from these curves alone, @ a maximum in the 3/2-yield as a function ef(Fig. 2—
cannot be concluded whether saturation is reached or ngprovides a clear experimental verification of the TPD growth
The first part in Eq(1) is responsible for an increasing 3/2- rate in an inhomogeneous plasma in the linear regime—Egq.
signal with the pulse duration for incident pulses shorter tharil).

350 fs, while for longer pulses the inhomogeneous and col-
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