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3Õ2 harmonic generation by femtosecond laser pulses in steep-gradient plasmas

A. Tarasevitch,* C. Dietrich, C. Blome, K. Sokolowski-Tinten, and D. von der Linde
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The onset of an electron parametric instability and 3/2 harmonic generation in variable-scale-length plasmas
on solid surfaces using femtosecond pulses is observed. With the intensity approaching 1018 W/cm2, the
instability threshold is already reached at plasma scale lengths of the order of the laser wavelength. A well-
collimated harmonic emission with unusually broad spectrum is obtained.
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I. INTRODUCTION

The development of high-power femtosecond lasers
made it possible to carry out experiments on laser-plas
interactions in the relativistic regime. Experiments at t
intensity level are of great interest because they can pro
useful information for a number of applications such as f
ignition of laser fusion targets@1#, particle acceleration@2#,
hard x ray @2#, and high order harmonic generation@3#.
Plasma parametric instabilities can play an important role
these applications. Important is that completely new regim
of plasma instabilities, not evident at lower intensities, c
be expected. For example, a merging of different types
instabilities and a widening of the instability regions ink
space@4,5# can occur.

The laser plasma generated by femtosecond pulse
solid surfaces is strongly inhomogeneous. The gradient s
length L can be shorter than the laser wavelengthl0 , L
&l0. Both theoretical and experimental data on the insta
ity development in such plasmas are lacking. The exist
models deal mostly with relatively long spatial and tempo
scales and with moderate intensities that are typical of n
and subnanosecond laser plasma interactions@6,7#. Also, in
the models that take relativistic effects into account, it
supposed either that the plasma is homogeneous, or
L/l0@1 @4,5#.

A serious experimental difficulty in high intensity femto
second laser solid interactions is that the plasma scale le
is very difficult to control. Most high power femtosecon
lasers suffer from ‘‘prepulses’’ of different origin. Thes
prepulses can lead to the uncontrolled formation of plasm
of relatively long scale length before the actual high intens
main pulse arrives. This problem becomes severe at rela
istic intensities. The development of plasma instability aL
;100–200l using femtosecond pulses has been reporte
Ref. @8#.

In this paper we report on the observation of the onse
a plasma parametric instability in a weakly relativistic r
gime in plasma withL'l0. The instability manifested itsel
in the emission at approximately 3/2 times the fundame
frequencyv0. The angular distribution and spectrum of th
emitted 3/2 harmonic suggest that a hybrid instability—
combination of the two-plasmon decay instability~TPD! and
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stimulated Raman scattering~SRS!—occurs. Two important
features of the present study are:~i! The plasma was pro
duced by the interaction of high-contrast-ratio femtoseco
laser pulses with a solid target;~ii ! the plasma scale lengt
was changed in a controlled way in order to explicitly inve
tigate its influence on the instability threshold.

The TPD and SRS instabilities, which are well know
from experiments with nanosecond lasers@6#, develop in the
plasma regions withne;nc/4 and ne<nc/4, respectively.
Herenc andne are the critical density for the incident radia
tion and the local electron density. In these processes a l
photon decays and produces either two plasmons~TPD! or a
plasmon and a photon~SRS! with the frequenciesv, v0
2v and wave vectorsk, k02k.

The 3/2v0 emission is a typical characteristic of the TP
instability in inhomogeneous plasmas. The role of the S
instability is usually negligible. The instability threshold
mostly determined by the plasma gradient scale lengthL and
is usually much higher for SRS@6,9–11#. The 3/2 harmonic
is generated as a result of a sum frequency mixing~SFM! of
the plasmon with a laser photon (v3/25v01v). According
to the model proposed by Gusakov@12# the TPD and SFM
regions are, generally speaking, separated in space. The
mon wave vector changes as it propagates through an i
mogeneous plasma. The harmonic generation takes place
plasma layer where the phase matching conditionk3/22k0
2k' 0 is fulfilled.

Collisional damping and Landau damping limit the pla
mon propagation length in the directions along and oppo
to the plasma gradient, respectively. A different mechan
of the phase matched 3/2 harmonic emission has been
cussed in Ref.@13#. In this case the phase matching conditi
can be fulfilled ‘‘locally’’ due to the additional coupling o
the TPD instability to ion-acoustic waves. In experimen
with nanosecond pulses the coupling to ion waves also p
an important role in nonlinear saturation of the instabil
@10,14#.

The classical relation of the frequency shiftDv[v
2v0/2 of the plasmon with respect tov0/2 and its wave
vector k can be found from energy and momentum cons
vation and the dispersion relations@14,15#

Dv5
3

8
v0r d

2~2k0•k2k0
2!, ~1!

wherer d is the Debye radius. Roughly speaking, the ‘‘blue
©2003 The American Physical Society10-1
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plasmon (Dv.0) generated by the incident wave initial
propagatesinto (k0•k.0) and the ‘‘red’’ (Dv,0) oneout
of (k0•k,0) the plasma. Normally, the length of the pla
mon wave vector significantly exceedsk0.

The spectrum and the angular distribution of the 3/2v0
emission are determined by both the spectrum of the T
and the phase matching condition. In the experiments w
nanosecond pulses the spectrum typically consists of
peaks: a component that is redshifted with respect to exa
3/2 v0 and a blueshifted peak corresponding to the ‘‘re
and ‘‘blue’’ plasmons@9,14–16#. The width of the peaks and
the distance between them are usually a few nanometers
a rule the intensity of the ‘‘blue’’ peak is lower than that
the ‘‘red’’ one ~3–5 times!. In Gusakov’s model this obser
vation is attributed to the fact that the blue plasmon initia
propagatesinto the plasma, resulting in higher overall a
sorption @14,16#. A somewhat more complicated spectr
structure has been observed in a long wavelength experim
with a CO2 laser@17#. Only the redshifted component of th
3/2 harmonic spectrum was present with a total width
150–200 nm. It consisted of a series of peaks separate
approximately 30 nm. This spectral structure was associ
with the coupling of the TPD to ion-acoustic waves@13#.

II. EXPERIMENT

In our experiments we used a titanium sapphire laser p
ducing 200-mJ pulses of 120 fs duration at a wavelength
800 nm. The ratio of the pulse peak intensity to the intens
at 1 ps~intensity contrast! was determined to be about 105.
The ASE intensity contrast was approximately 109. A sche-
matic representation of the experimental setup is shown
Fig. 1. The p-polarized incident laser beam was focused o
the target with the help of an off-axis parabolic mirror. T
targets were optically polished glass substrates, which w
raster scanned to provide a fresh surface for each laser p
The diameter of the ‘‘main’’ beam in the focal plane of th
parabolic mirror was 6mm ~full width at half maximum
FWHM!. About 40% of the pulse energy was concentra
within this circle. The peak intensity on the target surfa
was 731017 W/cm2, corresponding to normalized lase
wave amplitudea0[eA0 /mc2'0.6. The experiments wer
performed in a vacuum chamber at an ambient pressur
1023 Torr.

FIG. 1. Experimental schematic.
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The beam providing the controlled ‘‘prepulse’’ wa
formed from the ‘‘main’’ beam with the help of the sma
mirrors M1 and M2 and an optical delay as shown in Fig.
The diameter and the intensity of the ‘‘prepulse’’ beam
the target surface were 19mm ~FWHM! and 1015 W/cm2,
respectively. The time dependence of the plasma scale le
L5ne(dne /dx)21 at ne5nc/4 and the electron temperatur
were estimated using the ‘‘MEDUSA’’ hydrocode @18#. Ac-
cording to this estimate the electron temperature after
‘‘prepulse’’ was about 200 eV.

The angular distribution of the reflected light was o
served on a screen with the help of a change-coupled de
~CCD!-camera. The screen had a cylindrical shape with
axis going through the focus of the parabolic mirror~Fig. 1!.
The reflected radiation at the fundamental frequency was
tenuated with the help of suitable optical filters.

The angular profiles of the energy distribution on t
screen for the angle of incidence of 38° and different de
times are shown in Fig. 2. At short delays only the collimat
beam of the reflected fundamental and second harmonic
diation in the direction of the specular reflection is pres
@Fig. 2~a!#. However, starting from a certain delay time gre
3/2 harmonic emission can be seen@Fig. 2~b! and 2~c!#. It is
interesting that in a particular range of delay times~see be-
low! the 3/2 harmonic emission occurs in the form of tw
well-collimated beams at angles with respect to the the ta
normal of ;25° and ;75°, respectively. The two-beam
emission similar to that shown in Fig. 2~b! has been observe
for the angles of incidence in the range from 30° to 45°. F
other angles only one collimated harmonic beam~with
smaller emission angle! was present. At all possible dela
times and the angles of incidence from 20° to 70°, no h
monic radiation in the backward direction was generated

In Fig. 3 the 3/2 harmonic energy is plotted as a functi
of delay time~lower horizontal scale! and scale length~upper
horizontal scale!. The dashed vertical lines show the range
which the 3/2 harmonic was emitted as two collimat
beams. It can be seen that the instability already develop
a very steep plasma-vacuum interface. The energies of
3/2 harmonic at the angles of;25° and;75° were approxi-
mately equal. The total energy of the 3/2v0 emission is
about 10mJ at the delay time of 30 ps (L'1.2l0), resulting
in the conversion efficiency of 531024 @19#.

The spectra of the two collimated beams of the 3/2 h
monic were also measured separately. The calibration of
spectrometer~grating 600 l/mm, focal length 500 mm! was
checked with the help of the second harmonic of t
Nd:YAG ~YAG, yttrium aluminum garnet! laser ~532 nm!
which nearly coincides with a wavelengthl3/2 corresponding
to exactly 3/2v0 (53361 nm). The spectrometer calibra
tion accuracy and resolution were;0.1 nm.

The harmonic spectrum has a fluctuating substruct
~Fig. 4!, which can be attributed to the manifestation of th
mal noise from which the parametric instability starts. T
characteristic width of the single peaks (;7 nm) in the
spectrum is given by the inverse duration of the laser puls
Unlike in the case of nanosecond pumping, much sho
pulse duration makes the spectral peaks easily resolvable
single pulse spectrum.
0-2
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Figure 5 represents the spectra averaged over 200
pulses for the angle of incidence of 38°. For the delay ti
of 22 ps @Fig. 5~a!# the 3/2 harmonic was generated in t
form of two collimated beams~see Fig. 2!. Unlike the regu-
lar spectra of the 3/2 harmonic@9,16,14,15# the observed
spectra have no double-peaked structure. The spectrum
the collimated emission at the angle of 75° is cente
around 533 nm. The spectrum at 25° is strongly shifted
shorter wavelengths, which is not typical for 3/2 harmon
spectra. Somewhat narrower spectra were obtained at th
lay time of 40 ps@Fig. 5~b!#. For this delay time the har
monic radiation is spread over a wide solid angle. The sp
tra were measured at the angles of 25° and 75° with
acceptance angle smaller than 0.3 sr.

III. DISCUSSION

The important feature of femtosecond laser interact
with a steep gradient plasma is that at least at smallL the

FIG. 2. ~Color online! Angular distribution of the radiation emit
ted from the target surface for different delay timesDt: ~a! Dt
52.5 ps, L;0.3l0; ~b! Dt525 ps, L;1.1l0; ~c! Dt535 ps, L
;1.4l0. The observed structure in the profile of the specula
reflected beam (v0 ,2v0) is connected with the diffraction on mir
rors M1 and M2~see Fig. 1!. The profiles are recorded in a sing
pulse. AtDt535 ps the distribution strongly fluctuates from pul
to pulse. Below is the actual distribution on the screen atDt
525 ps,L;1.1l0 recorded with a CCD camera.
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plasma can be considered as one dimensional. Moreover
plasma instabilities are purely electronic because during
interaction the ions have not enough time to move. The c
pling of the electron plasma waves to the ion-acoustic mo
@13# can be neglected. In this case the wave vectors of
plasmons responsible for the 3/2 harmonic emission can
found from the phase matching condition as shown in Fig
Note that as a result of dispersion the experimental angl
incidence of 38° and the harmonic emission angle of 7
correspond to 45° and;90°, respectively, atn;nc/4 ~inside
the plasma!. Also, the lengths of the wave vectors atn
;nc/4 are uk0u'0.87v0 /c and uk3/2u'1.4 v0 /c. It can be
seen that the harmonic beams at 25° and 75° are prod
by plasmons propagating along the plasma gradient (k1) and
those withk'k0 (k2). According to Fig. 5 the spectra of th
plasmons are different.

The pump intensity in our experiments could exceed

FIG. 3. Dependence of the energy of the 3/2 harmonic for
angles of 25° and 75° on the delay time andL. The energy of about
20–30 nJ at small delays corresponds to noise level. The da
vertical lines show the range in which the 3/2 harmonic is emit
as two collimated beams.

FIG. 4. Spectra of the 3/2 harmonic emitted at the angle of 2
recorded in two successive laser pulses. The delay time is 34
The vertical dotted line corresponds to exactly 3/2v0.
0-3
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thresholds for both TPD and SRS instabilities atL;l0.
However, the high amplification for plasmons withk di-
rected at;45° with respect tok0 is typical of the TPD
instability @6#. The plasmon with the initial wave vector ofk18

FIG. 5. Spectra of the 3/2 harmonic averaged over 200 la
pulses for the angles of 25° and 75° atDt522 ps ~a! and atDt
540 ps~b!. The vertical dotted line corresponds to exactly 3/2v0.

FIG. 6. SFM phase matching.k0 (k0,re f l) andk3/2 are the wave
vectors of the pump~reflected pump! and 3/2 harmonic waves,k1

and k2 are the plasmon wave vectors after they have reached
proper length on their way through the plasma.k18 and k28 corre-
spond to the initial plasmons.
02641
propagating along the plasma gradient rapidly changes
momentum. The ‘‘blue’’ plasmons initially propagatinginto
the plasma decrease theirk vectors~Fig. 6! until the phase
matching condition for SFM is reached. Due to high te
perature and smallL the collisional absorption is weak. Thi
helps to meet the phase matching condition for the 3/2 h
monic generation in a wide spectral range. On the ot
hand, the ‘‘red’’ plasmon movesout of the plasma anduku
increases. This difference in plasmon behavior could exp
the blueshift in the harmonic spectrum@20#.

The normalized plasmon path during the laser pulse
l /l05vgt/cT0'0.5(kc/v0)T@keV#, wherevg is the plas-
mon group velocity,t is the pulse duration,T0 is the period
of the pump wave, andT is the electron temperature. For
rough estimate we take the plasmon wave vector length to
uku;v0 /c ~the one needed for the phase matched SFM! and
T52 keV. This givesl;l0. Due to the short plasma sca
lengthL;l0 this path is enough for sufficient change of th
wave vector length. The increase ofL may then lead to nar-
rower 3/2 harmonic spectra, which is consistent with o
experimental observations@Fig. 5~a! and 5~b!#.

The plasmon withk28'k0 could also be produced b
TPD. Propagatinginto the plasma, according to Fig. 6, it ha
to change the length and the direction of its wave vector o
slightly in order to satisfy the phase matching condition. T
harmonic emission generated at;90° with respect to the
target normal escapes from the plasma at 75° due to dis
sion. However, according to Eq.~1! the spectrum of this TPD
plasmon must be blue-shifted@21#. This does not agree with
the measured spectrum of the 3/2 harmonic~Fig. 5!. On the
contrary, the SRS plasmon withk28'k0 is consistent with the
measured spectrum. From the photon and plasmon dis
sion relations we find that the spectrum of the 3/2 harmo
corresponding touku;v0 /c is centered around 3/2v0 for
T;2 keV. This is a reasonable temperature under our
perimental conditions. Unfortunately, the equal thresho
for 3/2 harmonic generation measured for 25° and 75° em
sion do not agree with the fact that the threshold for the S
instability in an inhomogeneous plasma is normally high
than the threshold for the TPD instability@10,6,9#.

A possible explanation for this peculiarity is that a hybr
SRS-TPD@4,5,22,11# instability occurs. On the one hand
according to Ref.@10#, for the normalized laser amplitud
a0'0.6 andT;2 keV the threshold scale lengths for th
SRS and the TPD instabilities differ only by a factor of abo
2. On the other hand, it is clear that ifk'k0 the beating of
the plasmon with with the pump wave will produce an ele
tromagnetic~SRS! as well as the electrostatic~TPD! re-
sponse. In other words, atk'k0 a combination of TPD and
SRS instabilities is excited. For example, according to R
@4# ~homogeneous plasma withn;nc/4, normalized laser
amplitude a050.2), the instability growth rate assumes
maximum for two different plasma waves:~i! for k'(1.1
21.2)k0 ~hybrid plasmons! and~ii ! for a wide spectrum ofk
directed at;45° with respect tok0 ~TPD-type ones!.

The measured harmonic spectra are unusually broad. N
that the relative wavelength shiftDl/l3/2 is much bigger
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3/2 HARMONIC GENERATION BY FEMTOSECOND . . . PHYSICAL REVIEW E68, 026410 ~2003!
than the one reported in Ref.@17#. The underlying plasmon
spectrum is even broader because not all plasmons satisf
SFM phase matching conditions mentioned above. In F
5~a! the shift from the wavelength of 533 nm reaches 30
on the blue side. This exceeds the shift allowed by Eq.~1!.
Indeed, the length of the plasmonk vector is limited by
Landau damping so thatkrd&0.4 @6#. At the same time
k0r d'0.08AT(keV) at ne5nc/4. Substituting this into Eq
~1!, one getsDl3/2 (nm)'8.5AT(keV)20.84T(keV). This
function reaches its maximum of;20 nm only at about 20
keV—a much higher temperature than one would expect
der our experimental conditions.

The origin of this discrepancy is not clear. The influen
of the Doppler as well as the ionization blueshifts can
neglected. The spectra of the reflected fundamental an
the second harmonic do not show comparable shifts. Acc
ing to Fig. 4 the spectral broadening due to the short dura
of the laser pulses is only;7 nm. The saturation effects du
to the interaction with the ion waves, which are typical f
nanosecond laser plasma interactions, are not importan
the femtosecond time scale. The big spectral width of the
harmonic emission, which corresponds to a broad instab
range ink space, may indicate that the influence of the La
dau damping becomes weaker either because of an extre
short scale length or due to the distortions of the elect
velocity distribution.
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IV. CONCLUSIONS

In conclusion, we have demonstrated some features
plasma instabilities in relatively steep-gradient plasma in
weakly relativistic regime. In particular, the instability deve
ops at extremely short plasma scale lengths, and the exc
plasmons have a very broad spectrum. A highly collima
3/2 harmonic emission can be achieved. Due to o
dimensional character of the plasma, and pure electronic
ture of the instability a relatively simple explanation of th
spectral and angular distribution of the harmonic emiss
could be given.

Our results set a limit to the plasma scale length
instability-free laser solid interaction at relativistic intens
ties. The instability threshold can be used as an indication
the amount of plasma expansion during the interaction. T
measured conversion efficiency to the 3/2 harmonic reac
similar values as in the case of nanosecond laser pulses@9#.
However, in distinction to the latter case, in our experime
collimated harmonic beams are observed.
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