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3/2 harmonic generation by femtosecond laser pulses in steep-gradient plasmas
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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 approacHint/c?, 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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[. INTRODUCTION stimulated Raman scatterif@RS—occurs. Two important
features of the present study afe: The plasma was pro-
The development of high-power femtosecond lasers haduced by the interaction of high-contrast-ratio femtosecond
made it possible to carry out experiments on laser-plasmbaser pulses with a solid targgfi) the plasma scale length
interactions in the relativistic regime. Experiments at thiswas changed in a controlled way in order to explicitly inves-
intensity level are of great interest because they can providegate its influence on the instability threshold.
useful information for a number of applications such as fast The TPD and SRS instabilities, which are well known
ignition of laser fusion targetgl], particle acceleratiof2],  from experiments with nanosecond lasggk develop in the
hard x ray[2], and high order harmonic generati¢8].  plasma regions witm.~n./4 and ng<n.4, respectively.
Plasma parametric instabilities can play an important role irHeren, andn, are the critical density for the incident radia-
these applications. Important is that completely new regimetion and the local electron density. In these processes a laser
of plasma instabilities, not evident at lower intensities, carphoton decays and produces either two plasni@RD) or a
be expected. For example, a merging of different types oplasmon and a photofSRS with the frequenciesw, wg
instabilities and a widening of the instability regionskn —» and wave vectork, ko—Kk.
spacd4,5] can occur. The 3/2wy emission is a typical characteristic of the TPD
The laser plasma generated by femtosecond pulses dnstability in inhomogeneous plasmas. The role of the SRS
solid surfaces is strongly inhomogeneous. The gradient scalastability is usually negligible. The instability threshold is
length L can be shorter than the laser wavelength L mostly determined by the plasma gradient scale lehgihd
=<\,. Both theoretical and experimental data on the instabilis usually much higher for SRE,9—-11. The 3/2 harmonic
ity development in such plasmas are lacking. The existinds generated as a result of a sum frequency mixBigM) of
models deal mostly with relatively long spatial and temporalthe plasmon with a laser photow§{,= wy+ w). According
scales and with moderate intensities that are typical of nanto the model proposed by Gusakpi2] the TPD and SFM
and subnanosecond laser plasma interactiérd. Also, in  regions are, generally speaking, separated in space. The plas-
the models that take relativistic effects into account, it ismon wave vector changes as it propagates through an inho-
supposed either that the plasma is homogeneous, or thatogeneous plasma. The harmonic generation takes place in a
L/No>1[4,5]. plasma layer where the phase matching conditiga—kg
A serious experimental difficulty in high intensity femto- —k=~ 0 is fulfilled.
second laser solid interactions is that the plasma scale length Collisional damping and Landau damping limit the plas-
is very difficult to control. Most high power femtosecond mon propagation length in the directions along and opposite
lasers suffer from “prepulses” of different origin. These to the plasma gradient, respectively. A different mechanism
prepulses can lead to the uncontrolled formation of plasmasf the phase matched 3/2 harmonic emission has been dis-
of relatively long scale length before the actual high intensitycussed in Ref.13]. In this case the phase matching condition
main pulse arrives. This problem becomes severe at relatican be fulfilled “locally” due to the additional coupling of
istic intensities. The development of plasma instabilitfLat the TPD instability to ion-acoustic waves. In experiments
~100-200. using femtosecond pulses has been reported iwith nanosecond pulses the coupling to ion waves also plays
Ref.[8]. an important role in nonlinear saturation of the instability
In this paper we report on the observation of the onset 0f10,14.
a plasma parametric instability in a weakly relativistic re- The classical relation of the frequency shiiw=w
gime in plasma withL~\ 4. The instability manifested itself —wy/2 of the plasmon with respect t@y/2 and its wave
in the emission at approximately 3/2 times the fundamentaVectork can be found from energy and momentum conser-
frequencyw,. The angular distribution and spectrum of the vation and the dispersion relatiofis4,15
emitted 3/2 harmonic suggest that a hybrid instability—a

ination of the two-pl instabiliPD 3
combination of the two-plasmon decay instabiliiyPD) and Ao §w0r§(2k0~ k—kg), a0
*Electronic address: tar@iep.physik.uni-essen.de wherer 4 is the Debye radius. Roughly speaking, the “blue”
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parabolic The beam providing the controlled “prepulse” was
imor formed from the “main” beam with the help of the small
delay mirrors M1 and M2 and an optical delay as shown in Fig. 1.

The diameter and the intensity of the “prepulse” beam on
the target surface were 19m (FWHM) and 16° W/cn?,
respectively. The time dependence of the plasma scale length

N = 3120 L=ng(dne/dx) ! at n,=n. /4 and the electron temperature
| were estimated using theMEDUSA” hydrocode [18]. Ac-
—> wm | ©, 20 cording to this estimate the electron temperature after the

“prepulse” was about 200 eV.

The angular distribution of the reflected light was ob-
incident served on a screen with the help of a change-coupled device
beam (CCD)-camera. The screen had a cylindrical shape with the
axis going through the focus of the parabolic mir¢Big. 1).

The reflected radiation at the fundamental frequency was at-

plasmon Aw>0) generated by the incident wave initially tenuated with the help of suitable optical filters.

32w

FIG. 1. Experimental schematic.

propagatesnto (ko-k>0) and the “red” (Aw<0) oneout The angular profiles of the energy distribution on the
of (ko-k<0) the plasma. Normally, the length of the plas- Screen for the angle of incidence of 38° and different delay
mon wave vector significantly exceekls. times are shown in Fig. 2. At short delays only the collimated

The spectrum and the angular distribution of the @~ beam of the reflected fundamental and second harmonic ra-

emission are determined by both the spectrum of the TPrgiation in the direction of the specular reflection is present
and the phase matching condition. In the experiments withFig- 2&)]. However, starting from a certain delay time green
nanosecond pulses the spectrum typically consists of twg/2 harmonic emission can be seéig. 2b) and Zc)]. It is
peaks: a component that is redshifted with respect to exactiiteresting that in a particular range of delay tinfese be-
3/2 w, and a blueshifted peak corresponding to the “red” ow) the_ 3/2 harmonic emission occurs in the form of two
and “blue” plasmong9,14—16. The width of the peaks and well-collimated beams at angles with respect to the the target
the distance between them are usually a few nanometers. A9rmal of ~25° and ~75°, respectively. The two-beam
a rule the intensity of the “blue” peak is lower than that of €mission similar to that shown in Fig(t has been observed
the “red” one (3-5 times. In Gusakov’s model this obser- for the angles of incidence in the range from 30° to 45°. For
vation is attributed to the fact that the blue plasmon initiallyOther angles only one collimated harmonic bedwith
propagatesnto the plasma, resulting in higher overall ab- Smaller emission anglevas present. At all possible delay
sorption [14,16. A somewhat more complicated spectral times and the angles of incidence from 20° to 70°, no har-
structure has been observed in a long wavelength experimeftonic radiation in the backward direction was generated.
with a CO; laser[17]. Only the redshifted component of the [N Fig. 3 the 3/2 harmonic energy is plotted as a function
3/2 harmonic spectrum was present with a total width ofof delay time(lower horizontal scaleand scale lengttupper
150—200 nm. It consisted of a series of peaks separated gipnzontal scalg The dashed vertical lines show the range in

approximately 30 nm. This spectral structure was associate§fhich the 3/2 harmonic was emitted as two collimated
with the coupling of the TPD to ion-acoustic waVds]. beams. It can be seen that the instability already develops at
a very steep plasma-vacuum interface. The energies of the

3/2 harmonic at the angles ef25° and~ 75° were approxi-
mately equal. The total energy of the 3/ emission is

In our experiments we used a titanium sapphire laser proabout 10.J at the delay time of 30 pd.&1.2\(), resulting
ducing 200-mJ pulses of 120 fs duration at a wavelength oih the conversion efficiency of 810 # [19].
800 nm. The ratio of the pulse peak intensity to the intensity The spectra of the two collimated beams of the 3/2 har-
at 1 ps(intensity contragtwas determined to be about®l0 monic were also measured separately. The calibration of the
The ASE intensity contrast was approximately’.18 sche-  spectrometefgrating 600 I/mm, focal length 500 mmvas
matic representation of the experimental setup is shown ichecked with the help of the second harmonic of the
Fig. 1. The p-polarized incident laser beam was focused ontbld:YAG (YAG, yttrium aluminum garnetlaser (532 nm)
the target with the help of an off-axis parabolic mirror. The which nearly coincides with a wavelength,, corresponding
targets were optically polished glass substrates, which wer@ exactly 3/2wy (5331 nm). The spectrometer calibra-
raster scanned to provide a fresh surface for each laser pulsin accuracy and resolution were0.1 nm.
The diameter of the “main” beam in the focal plane of the  The harmonic spectrum has a fluctuating substructure
parabolic mirror was Gum (full width at half maximum  (Fig. 4), which can be attributed to the manifestation of ther-
FWHM). About 40% of the pulse energy was concentratedmal noise from which the parametric instability starts. The
within this circle. The peak intensity on the target surfacecharacteristic width of the single peaks-7 nm) in the
was 7x10Y Wicn?, corresponding to normalized laser spectrum is given by the inverse duration of the laser pulses.
wave amplitudea,=eA,/mc*~0.6. The experiments were Unlike in the case of nanosecond pumping, much shorter
performed in a vacuum chamber at an ambient pressure @ulse duration makes the spectral peaks easily resolvable in a
102 Torr. single pulse spectrum.

Il. EXPERIMENT
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FIG. 3. Dependence of the energy of the 3/2 harmonic for the
angles of 25° and 75° on the delay time dnd’he energy of about
0.5 20-30 nJ at small delays corresponds to noise level. The dashed
vertical lines show the range in which the 3/2 harmonic is emitted
as two collimated beams.
0.0 . . . .
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Angle (deg) plasma can be considered as one dimensional. Moreover, the

plasma instabilities are purely electronic because during the
interaction the ions have not enough time to move. The cou-
pling of the electron plasma waves to the ion-acoustic modes
[13] can be neglected. In this case the wave vectors of the
a : Q plasmons responsible for the 3/2 harmonic emission can be
found from the phase matching condition as shown in Fig. 6.

Note that as a result of dispersion the experimental angle of
incidence of 38° and the harmonic emission angle of 75°

FIG. 2. (Color onling Angular distribution of the radiation emit- correspond to 45° anet90°, respectively, at~n/4 (inside
ted from the target surface for different delay tim&s: (a) At the plasma Also, the lengths of the wave vectors at
—2.5ps, L~0.3\g; (b) At=25ps, L~1.I\g; (¢) At=35ps,L  ~Nc/4 are|ko|~0.87 wo/c and |ky|~1.4 wo/c. It can be
~1.4\,. The observed structure in the profile of the specularlyS€en that the harmonic beams at 25° and 75° are produced
reflected beamd,,2w,) is connected with the diffraction on mir- Py plasmons propagating along the plasma gradiep)t &nd
rors M1 and M2(see Fig. L The profiles are recorded in a single those withk=~Kkg (k). According to Fig. 5 the spectra of the
pulse. AtAt=35 ps the distribution strongly fluctuates from pulse plasmons are different.
to pulse. Below is the actual distribution on the screenAat The pump intensity in our experiments could exceed the
=25 ps,L~1.1\, recorded with a CCD camera.

Figure 5 represents the spectra averaged over 200 laser
pulses for the angle of incidence of 38°. For the delay time
of 22 ps[Fig. 5a)] the 3/2 harmonic was generated in the
form of two collimated beamésee Fig. 2. Unlike the regu-
lar spectra of the 3/2 harmoni®,16,14,1% the observed
spectra have no double-peaked structure. The spectrum of
the collimated emission at the angle of 75° is centered
around 533 nm. The spectrum at 25° is strongly shifted to
shorter wavelengths, which is not typical for 3/2 harmonic
spectra. Somewhat narrower spectra were obtained at the de-
lay time of 40 ps[Fig. 5(b)]. For this delay time the har-
monic radiation is spread over a wide solid angle. The spec- 0.0
tra were measured at the angles of 25° and 75° with an

acceptance angle smaller than 0.3 sr. 480 510 540
Wavelength (nm)

Norm. energy
[=]
o

[ll. DISCUSSION . )
FIG. 4. Spectra of the 3/2 harmonic emitted at the angle of 25°

The important feature of femtosecond laser interactiorrecorded in two successive laser pulses. The delay time is 34 ps.
with a steep gradient plasma is that at least at sindlie  The vertical dotted line corresponds to exactly a3/
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propagating along the plasma gradient rapidly changes its
momentum. The “blue” plasmons initially propagatirigto

the plasma decrease théirvectors(Fig. 6) until the phase
matching condition for SFM is reached. Due to high tem-
perature and small the collisional absorption is weak. This
helps to meet the phase matching condition for the 3/2 har-
monic generation in a wide spectral range. On the other
hand, the “red” plasmon movesut of the plasma andk|
increases. This difference in plasmon behavior could explain
the blueshift in the harmonic spectryr20].

The normalized plasmon path during the laser pulse is
[/Ng=v47/cTy~0.5(kc/ wo) T[keV], whereuv is the plas-
mon group velocity;r is the pulse durationTl is the period
of the pump wave, and is the electron temperature. For a
rough estimate we take the plasmon wave vector length to be
|k| ~wp/c (the one needed for the phase matched S&M
T=2 keV. This gives ~\,. Due to the short plasma scale
lengthL ~ \ this path is enough for sufficient change of the
wave vector length. The increase loimay then lead to nar-
rower 3/2 harmonic spectra, which is consistent with our
experimental observationj&ig. 5a) and §b)].

The plasmon withk,~k, could also be produced by
TPD. Propagatingnto the plasma, according to Fig. 6, it has
to change the length and the direction of its wave vector only
slightly in order to satisfy the phase matching condition. The
harmonic emission generated at90° with respect to the
target normal escapes from the plasma at 75° due to disper-
sion. However, according to E€L) the spectrum of this TPD

FIG. 5. Spectra of the 3/2 harmonic aVeraged over 200 Iaseblasmon must be blue_shlftéﬂl] Th|s does not agree Wlth

pulses for the angles of 25° and 75° &t=22 ps(a) and atAt
=40 ps(b). The vertical dotted line corresponds to exactly @@

thresholds for both TPD and SRS instabilities Lat \ .
However, the high amplification for plasmons wikh di-
rected at~45° with respect tok, is typical of the TPD
instability [6]. The plasmon with the initial wave vector kf

0/ ™.
w k !
< ~> >

.\ L —

ko il “-—a >
© k24 k.

——

¥ plasma gradient

FIG. 6. SFM phase matchingg (Korer) andks, are the wave
vectors of the pumgreflected pumpand 3/2 harmonic waveg,

the measured spectrum of the 3/2 harmdifiig. 5). On the
contrary, the SRS plasmon wikj ~k, is consistent with the
measured spectrum. From the photon and plasmon disper-
sion relations we find that the spectrum of the 3/2 harmonic
corresponding tdk|~wq/c is centered around 3/@, for
T~2 keV. This is a reasonable temperature under our ex-
perimental conditions. Unfortunately, the equal thresholds
for 3/2 harmonic generation measured for 25° and 75° emis-
sion do not agree with the fact that the threshold for the SRS
instability in an inhomogeneous plasma is normally higher
than the threshold for the TPD instabilif$0,6,9.

A possible explanation for this peculiarity is that a hybrid
SRS-TPD[4,5,22,17 instability occurs. On the one hand,
according to Ref[10], for the normalized laser amplitude
ay,~0.6 andT~2 keV the threshold scale lengths for the
SRS and the TPD instabilities differ only by a factor of about
2. On the other hand, it is clear thatkf=k, the beating of
the plasmon with with the pump wave will produce an elec-
tromagnetic(SRS as well as the electrostaticTPD) re-
sponse. In other words, &t=k, a combination of TPD and
SRS instabilities is excited. For example, according to Ref.
[4] (homogeneous plasma with~n./4, normalized laser
amplitude ay=0.2), the instability growth rate assumes a
maximum for two different plasma wave§) for k~(1.1
—1.2)kq (hybrid plasmonpsandy(ii) for a wide spectrum ok

andk, are the plasmon wave vectors after they have reached thdirected at~45° with respect tk, (TPD-type onep

proper length on their way through the plasrkg.and k; corre-
spond to the initial plasmons.

The measured harmonic spectra are unusually broad. Note
that the relative wavelength shik\/\5, is much bigger
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than the one reported in RdfL7]. The underlying plasmon IV. CONCLUSIONS
spectrum is even broader because not all plasmons satisfy the

SFM phase matching conditions mentioned above. In Fig, In conclusion, we have demonstrated some features of

5(a) the shift from the wavelength of 533 nm reaches 30 nrTplasma instabilities in relatively steep-gradient plasma in a
on the blue side. This exceeds the shift allowed by @& weakly relativistic regime. In particular, the instability devel-

Indeed, the length of the plasmda vector is limited by O&S.S%toi);trﬁ;:gyascgt %ﬁ)sanéassc;ii?ulrin%hﬁi, ?]?dégﬁmeq);t;ggd
Landau damping so thdtry<0.4 [6]. At the same time b y P ' gnly

—_ o . 3/2 harmonic emission can be achieved. Due to one-
Korg=~0.08/T(keV) at ne=nc/4. Substituting this into Eq. dimensional character of the plasma, and pure electronic na-

(1), one getsAg, (Nnm)~8.5/T(keV)—0.84T(keV). This 1 re of the instability a relatively simple explanation of the

function reaches its maximum of 20 nm only at about 20 gnecira| and angular distribution of the harmonic emission

keV—a much higher temperature than one would expect Unzqid be given.

der our experimental conditions. _ Our results set a limit to the plasma scale length for
The origin of this discrepancy is not clear. The influencejngiapility-free laser solid interaction at relativistic intensi-

of the Doppler as well as the ionization blueshifts can b&jeg The instability threshold can be used as an indication of

neglected. The spectra of the reflected fundamental and @6 amount of plasma expansion during the interaction. The

the second harmonic do not show comparable shifts. Accordyeasyred conversion efficiency to the 3/2 harmonic reaches

ing to Fig. 4 the spe_:ctral broadening due to the short duratioQmijar values as in the case of nanosecond laser pl8des

of the laser pulses is only 7 nm. The saturation effects due qever, in distinction to the latter case, in our experiments

to the interaction with the ion waves, which are typical for .,jimated harmonic beams are observed.

nanosecond laser plasma interactions, are not important on

the femtosecond time scale. The big spectral width of the 3/2 ACKNOWLEDGMENTS
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