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Experimental study of harmonic generation from solid surfaces irradiated
by multipicosecond laser pulses
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An experimental study is presented on harmonic generation from solid surfaces using 27 ps Nd:glass laser
pulses §=1053 nm) in the intensity range of ¥8-10'> W cm 2. Second, third, and fourth harmonics
emitted in the specular reflection direction showed intensity scaling exponents of 1.5, 1.8, and 3.8 for an
obliquely incidentp-polarized laser beam, providing a conversion efficiency of1® 8, 10°° and 5
X 10712 at 10° W cm™?, respectively. Second and third harmonic radiation generated usisgpalarized
pump was about 10 and 100 times smaller, respectively, compared to that feptiarized laser radiation.
Faraday rotation observed in the reflected fundamental radiation can explain the relative harmonic yields for
the p ands polarizations of the pump beam.
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[. INTRODUCTION motive force, which counteracts the plasma expansion. Har-
monics up to fifth order were report¢@0] in Nd:glass laser
A number of theoretical and experimental studiés 16| irradiation at an intensity of~10' W cm 2 using 75 ps
have been reported during the last decade on harmonic gelaser pulses. A common feature observed in such investiga-
eration from solid surfaces using ultrashort laser pulses rangions was emission of harmonics over a broad angular range.
ing from tens of femtoseconds up to a few picosecondsHowever, this is undesirable since radiation confined to a
Laser-matter interaction in this pulse duration regime is charnarrow angular rangée.g., in the specular directipms re-
acterized by a steplike density profile where density dropsgjuired to achieve high brightness. Further, the harmonic
from the solid density to that of the vacuum over a veryshowed a rather poor dependence on the polarization of the
small distancd. <\ (the wavelength of the laser radiation incident laser beam. These effects were understood to occur
Generation of odd as well as even harmonics in such casehie to rippling of the critical density surface by Rayleigh-
has been explained as due to a strongly anharmonic motiohaylor-like instabilities as the expanding plasma is pushed
of electrons across the sharp density step, e.g., as in the mabvack by the ponderomotive for¢@3—15. Similar effects are
ing mirror model[11-13, or by considering th&xXB Lor-  also expected in ultrashort laser pulse irradiation in the pres-
entz force at relativistic electron velocities foxr? (I is the  ence of a prepulsg5,7], which may produce a long scale
laser intensity exceeding 18 Wecm 2 um? [13-16. length underdense plasma.
Some common features observed in such interactions include From the above discussion, it is clear that both the laser
a considerably larger efficiency of harmonic generation forintensity and pulse duration play an importance role in gov-
p-polarized than for as-polarized laser pump, and a smooth erning the processes involved in harmonic generation. In this
roll-off of the high order harmonic intensity. Further, while work, we extend the temporal scale of the pump source to an
these harmonics appeared in the specular reflection directiantermediate range of a few tens of picoseconds, resulting in
for IN?<10"-10"* Wem™2 um? [1,5,7,9,1Q, the emis-  plasmas with density scale length of the order of the laser
sion became more isotropic at higher valuesf [4,7]. wavelength [~\). A smaller spatial extent of the under-
The situation is quite different for nanosecond long lasefdense plasma would help to avoid or reduce the occurrence
pulses where the density scale length is much larger than thsf Raylegh-Taylor instability over the short duration of the
laser wavelength L(>\). In most experiments performed |aser pulse. At the same time the plasma has a sufficiently
with obliquely incidentp-polarized Nd:glass nanosecond la- low density (yet overdenseregion permitting enhancement
ser pulses witd <10*> W cm™?, only second harmonic ra- of the electric field amplitudgl3,16], unlike solid densities
diation was observed, e.g., as reported by Basioal. [17].  which produce strong damping due to a large value of
The second harmonic was produced due to nonlinear intetn,, /w_(ratio of local plasma frequency and laser frequency
action of the electromagnetic wave with a longitudinal Lang-High order harmonics may therefore be expected in such
muir plasma wave or of two Langmuir waves in the vicinity plasmas even at moderate laser intensities. In this paper, we
of the critical density, and thus showed a scaling with lasereport an experimental study of harmonic generation from
intensity asl 2. Very high order(up to 46th harmonics were  solid surfaces using prepulse-free Nd:glass laser pulses of 27
first observed in nanosecond pulse {Q@&ser irradiatior] 18] ps full width at half maximum(FWHM) in the intensity
at ~10'® Wem 2. These were explainefll9] as arising range of 1&°-10 W cm 2. Harmonic generation up to
from anharmonic motion of electrons across the steep derfeurth order is observed in the specular direction. Measure-
sity profile near the critical surface. The formation of a steepments of the harmonic yields fgrands-polarization pumps,
density gradient was attributed to the action of the ponderoand their scaling with laser intensity are presented. The re-
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M tion at other wavelengths from reaching the detector. Photo-
multipliers were used for harmonic detection, and signals
were displayed on Tektronix TDS-360 and LeCroy 9350A

oscilloscopes. The overall rise time of the detection system

PM was better than 3 ns. This was adequate to observe signal due
—Ja—E] to harmonics of the laser radiation distinctly separated from
NDF that due to radiation at the harmonic wavelengths emitted

from the expanding plasma plume, which appeared as a
broad peak later in time.
Measurements of harmonic intensity were performed for
p ands polarizations of the pump beam for different values
FIG. 1. A schematic of the experiment setup: FL, focusing Iens;Of the.laser intensity in the range of 010" W cm ?. The
T, target; CL, collimator lens; IF, interference filters; M, monochro- fc,’”o""'”g 'procedure .WaS adopted to, determine the conver-
mator: PM, photomultiplier. sion efficiency for d|ffe_re_nt harmonics from the measured
signals. The laser radiation at fundamental frequency was
sults are compared with those expected for the long and ufonverted before the vacuum chamber to second, third, and
trashort pulse regimes. fourth harmonics using potassium dihydrogen phosp.hate
(KDP) crystals, and their energies were measured by using a
standard energy meter. After decreasing their energy using
calibrated bandpass and interference filters, different har-
A 100 GW Nd:phosphate glass laser systerh ( Monics were made to propagate through the same detection
=1053 nm) was used for harmonic generation from the surchannels as the harmonics produced from solid surface. Thus
faces. This laser system consisted of an active-passive mod@-calibration factor between the photomultiplier signal and
locked Nd:YLF oscillator, an electro-optic pulse selector,the harmonic energy was established for the various harmon-
two double-pass amplifiers, two single-pass amplifiers, threés.
vacuum spatial filters, and a Faraday isolator to block any
backreflected laser beam. Single laser pulses of energy up to
2.5 J in 27 ps(FWHM) with a beam divergence angle of
175 prad are available from this system. The laser beam Second harmonic emission was observed in the direction
was checked for any prepulséue to leakage transmission of specular reflection for different values of laser intensity
of the rejected pulses of the mode-locked train from theranging from 16° Wcm 2 to 10> Wcem 2. No second
pulse selectorand amplified spontaneous emissiGhSE)  harmonic emission signal was observed at angles other than
from the amplifiers. The intensity contrast of the prepulseshe specular reflection direction as checked by placing the
with the main laser pulse was measured to be better than 10collimating lens to collect radiation in directions away from
Thus prepulse intensity was 10 W cm™2? at the maxi-  specular. Further, measurements of the spatial shapes of the
mum laser energy, and this is below the plasma formatiomeflected laser radiation and the second harmonic showed
threshold for picosecond laser puld€d. Further, the ASE that their divergences were nearly equal. The second har-
also did not form any plasma from the target surface asnonic signal in the specular reflection direction was fairly
checked by aborting the oscillator operation and firing all thestrong; so much so that a well-collimated second harmonic
amplifier stages. A Faraday rotator was also placed at the ertskam in the direction of specular reflection could be readily
of the laser chain to rotate the polarization of the outputobserved with the unaided eye. These observations are in
beam fromp to sand vice versa. The depolarization factor of agreement with earlier published wadi%,9] using prepulse-
the laser radiation was smaller than £0 free Nd:glass laser radiation up to the same maximum inten-
A schematic diagram of the experimental setup is showrsity of ~10'® W cm™2 as in our experiment but using much
in Fig. 1. The laser beam was focused using a 750 mm focahorter pulses of 1 and 2.2 ps.
length lens on an aluminum target placed in a chamber The occurrence of harmonic radiation predominantly in
evacuated to 510 ° mbar. The focal spot on the target specular direction or over a broad angular range is governed
was of an elliptical shapédue to non-normal incidence of by the shape of the critical density surface. Some processes,
the laser beajn For an angle of incidence of 67.5°, the e.g., the ponderomotive force, lead to a growth of Raylegh-
major and minor dimensions of the focal spot were 12t  Taylor instability resulting in distortions of the interface of
and 45 um, respectively. The target was prepared by coatthe dense plasmd3—15 and consequent broadening of the
ing 100 um thick aluminum on optically polished planar angular spectrum of the harmonic emission. For instance,
glass plates. A fresh area on the target was used for eacbhamberset al. [7] reported a change from specular har-
laser shot. A peak intensity of 2810'> W cm™ 2 was esti- monic emission to diffuse emission whex? in their experi-
mated for the maximum output energy of the laser. ment was increased from 1o 10 W em 2 um?. It was
Reflected fundamental and harmonic radiations were colsuggested that this change might have occurred due to the
limated by a quartz lens and dispersed by a monochromatqrepulse becoming sufficiently intense to produce a plasma
(CVI, model DK480Q. Appropriate broadband and interfer- ahead of the main laser pulse. A similar transition from
ence filters were used to prevent undesirable plasma radiapecular to diffuse emission on introduction of a prepulse

II. DESCRIPTION OF EXPERIMENT

IIl. RESULTS AND DISCUSSION
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FIG. 2. Second harmonic intensity as a function of laser inten-0 p-polarized pump bea

sity for p- ands-polarized fundamental radiation. . " . . .
yiorp P p-polarized fundamental radiation. The intensity scaling ex-

ponentsa observed for the two harmonics are 1.8 and 3.8,
was observed by Marjoribanles al.[5]. It may be noted that respectively. The conversion efficiency for the third and
even with low relative prepulse levels, at high intensities thefourth harmonics for the-polarized radiation relative to that
temporal wings on the pulse may have sufficient intensity tfor the p-polarized beam was much smaller in comparison to
preform a plasma at the target. The production of a longhat for the second harmonic. Specifically, the ratio of third
scale length underdense plasma region due either to larmonic conversion efficiency for theands polarizations
prepulse or sufficient intensity in the temporal wings of thewas observed to be more than 100. Further, we did not ob-
pulse as discussed above, or that encountered in plasmarve any fourth harmonic radiation signal in the case of the
formed by long pulse duration lasers, and its pushing back bg-polarized laser pump, primarily because the signal was be-
the ponderomotive force, may lead to growth of hydrody-low the detection threshold of our detection system. The con-
namic instabilities resulting in rippling of the critical density version efficiency for the third and fourth harmonics for a
surface. This effect would become increasingly important ap-polarized fundamental beam at!$0W cm 2 was mea-
laser intensity is increased, particularly for \2 sured to be~10"1%and 5x 10, respectively. The conver-
=10 Wem ? um?. The absence of any diffuse harmonic

emission in our experiments would indicate that the laser
pulse interacted with a sharp dense-plasma—vacuum inter- 10°F
face. A quantitative estimate of the density scale length can -
be obtained from a measurement of the optimum angle of E 10°
incidence for maximum absorption of gpolarized laser : .
beam. Since our experiment is performed at small intensity s 107 r
of 10-10" W cm™2, the density scale length is expected 2z .
to be comparable to or even smaller than the laser wave- § 0 r
length\ due to slower plasma expansion. = 105 |
The second harmonic intensity as a function of laser in- g
tensity forp ands polarized fundamental radiation is shown g 104 L
in Fig. 2. It is seen that harmonic conversion for the js
p-polarized pump radiation is much higher than that for the £ 102 |
s-polarized one. The data can be represented by a power law 2
of the forml,,>1¢ , where the intensity scaling exponent ot
is 1.5 and 1.7 fop and s polarizations, respectively. The
conversion efficiency for second harmonic was determined 10 ol ol 1
to be 2<10°8 at the maximum laser intensity of 10 10M 10
~10" Wcm 2 for the p-polarized pump radiation, and p polarized I, ( Wem2)

about 10 times smaller for thepolarized one. Next, Fig. 3
and Fig. 4 show the dependence of the third and fourth har- FIG. 4. Fourth harmonic intensity as a function of laser intensity
monic intensity, respectively, on laser intensity for for p-polarized pump beam.
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radiation as a function of laser intensity. It is noted that this
. ¥ fraction increases from about 3% at'30N cm™2 to about
10° r \ 10% at 16> W cm™2. This amount is significant as the ex-
N tent of depolarization of the incident laser beam was only
10° | \\ ~0.1%. Further, the fraction gf-polarized component in
\ the reflected fundamental radiati¢for the s-polarized pump
bean) showed a scaling of the forrlrf, where3~0.23. As
10710 | " discussed later, an orthogonalpolarized component may
N appear because of Faraday rotation of the fundamental
~ s-polarized beam due to self-generated magnetic fields in the
10" | AN plasma[22], and this can explain reasonably well the differ-
+ ence in the data on scaling exponent and relative yield of
second harmonic emission for thgolarized pump as com-
107 : ‘ ' pared to that for the-polarized beam, shown in Fig. 2.
In order to explain the observed behavior of harmonic
emission, viz., scaling laws with laser intensity, relative
FIG. 5. Conversion efficiency for different harmonic orders at ayields for different harmonic orders, and the ratio of har-
laser intensity of 1 W cm™2. (The dashed line shown is only to monic yields forp- and s-polarized pump beams, we con-
guide the eye. sider the two main mechanisms of harmonic generation in
plasmas produced from solid surfaces. ThesgBrperoduc-
tion of nonlinear current in the critical density region, 42y

Conversion efficiency
Ve

Harmonic order

sion efficiency for different harmonic orders is depicted in X . . .
Fig. 5. anharmonic motion of electrons across a steep density gradi-

Our measurements of relative yield of the second har€nt: A third mechanism of harmonic generation through the
monic for s and p polarized pump beams are in agreementVXB Lorentz force which becomes operative in the relativ-

H H 2 7 8 —2 2
with those reported by Losev and Sos{&Y, who observed IStic regime for Ix =10"-10° Wem 2 um? is not of
this ratio to be~0.1 for 0.8 ps Nd:glass laser pulses at>:0 much significance for the present investigation, performed
1016 W cm™ 2. However, the ratio of harmonic yields fer UP t0 @ maximum laser intensity of Fow cm™2. In refer-
andp polarized pump beam observed in our experiment wa nce to the first mechanism, second harmonics in the specu-

much higher than that of I8 reported by von der Linde ar direction can occur through nonlinear interaction of a
et al.[21] in experiments performed using 350 fs Ti_sapphiretransverse electromagnetic wave with a longitudinal plasma

laser pulses at £ W cm~2. Since harmonic emission in wave[17,21,23. In the vicinity of the critical density surface
the specular direction is linked to the fundamental beam re{®@=®p), these two modes can mix to produce second har-

flected in the same direction, we have measured the polafonic radiation through the nonlinear currgpj, at the sec-
ization characteristics of the reflected pump radiation. A2nd harmonic frequency. This current can be exprega4H

Glan prism was used to analyze the polarization compositiof? the form
of the reflected beam, and the energy of the two orthogonal

components was measured by a pair of calibrated energy , wﬁ 5 wg
Figure 6 shows the fraction gf-polarized component in @ @

the specularly reflected fundamental fepolarized pum , ) ) )
P y P pump It is clear from the above expression that a density gradient

in the plasma is necessary for harmonic generation since for
a uniform density plasma the first term)f( is «ng) is irro-
tational and the second term is zero.

A qualitative insight into the role of the pump beam po-
larization in harmonic conversion can also be realized from
expression(1). For ans-polarized pump beam, the second
term makes no contribution to the nonlinear current since the
laser electric field is perpendicular to the density gradient.
I On the other hand, for an obliquely incideptpolarized
beam, this term makes a large contribution due to its reso-
nance character at the critical dengity,. Thus second har-
monic generation is expected to be much larger for a
p-polarized pump than for thepolarized one. Further, while
much of the 2» radiation may be reflected in the specular
direction, a part would propagate up the density profile and
resonantly excite a longitudinal plasma wave at4 Non-

FIG. 6. Fraction ofp-polarized component present in specularly linear mixing of the electromagnetic and longitudinal plasma
reflected fundamental radiation for aspolarized pump beam. waves would then produce higher harmonics. The harmonic

—_
o
T

p polarization component in specularly
reflected fundamental (%)

1 | I Lol I Lol

107 101 10'®
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intensity should therefore scale ldswheren is the harmonic ~ monic, the second mechanism predicts a linear scaling. The

order. Moreover, since generation of the next higher ordelatter is so because the electron current driven by the incident
harmonic requires nonlinear interaction with the lower orderl@ser beam is proportional to the strength of the laser electric

harmonics, the conversion efficiency of higher order harfield. The intensity scaling exponenisof 1.5 for the second

monics would decrease rather sharply with increasing ordefl@rmonic and 1.8 for the third harmonic observed in our
The second mechanism of harmonic generation is based<Periment lie nearly midway between the power scaling ex-
on anharmonic motion of electrons across a steep densif§Pnents predicted by the two mechanisms. Further, we may
gradient of the surface plasma produced by an ultrashort I&0mPare these scalings with those observed in some earlier
ser pulse[1,19). In this case, the density scale lengthis studies. For instance, while a scaling relationl gfo< 12>,
much smaller than the laser wavelength<(0.1\). For high ploser to the prediction of the first mechanism, was reported
values ofI\2, the oscillation amplitude of electrons may in Ref.[21] for plasmas produced by 350 fs laser pulses at
exceed the density scale length. This introduces anharmonid0'® W cm™2, a nearly linear scaling db,, 5,1 ;> was ob-
ity in the electron motion due to the large difference in theserved in plasmas produced by 0.8 ps Nd:glass laser pulses
restoring force on the two sides of the steplike density grain the intensity range of #6-10"° W cm™2 [6], as expected
dient between the solid density and the vacuum level. Thé&om the second mechanism. Next, the power scaling expo-
anharmonic response of the interface electrons gives rise fagnt of 3.8 observed for thesdradiation in our study is close
radiation at higher harmonics of the driving fundamentalto the prediction of the first mechanism. This may be ex-
pump beam. Since anharmonicity is governed by the electroRected since high order harmonic generation will be rela-
excursion relative to the density scale length, the intensity ofively less favorable through the second mechanism for the
the various order harmonics will be governed by the steepcase of a longer density scale length plasma produced using
ness of the density gradient ahs? of the pump radiation. multipicosecond laser pulses.

For a sharp density gradient, the intensity of higher order Next, we discuss the harmonic generation efficiency. As
harmonics is expected to roll off smoothly. seen from Fig. 5, the conversion efficiency decreases by a
Several characteristics of high order harmonic emissioriactor of 4X 10% in going from the second to the fourth har-
using ultrashort laser pulses have been explained by a mowronic, which is fast in comparison to the gradual roll off
ing mirror model in which the plasma-vacuum interface actsexpected for ultrashort pulse interactions. For instance, in
like a periodically moving mirror with a phase modulation Ref. [6], second and third harmonic conversion efficiencies

[11-13. Recent computer simulations have also predictedor p-polarized Nd:glass laser pulses of 0.8 ps at®10
that there is no upper cutoff for the highest order of harmonicl0*® W cm™2 were observed to be 510 ° and 8< 106,
emission 15,16]. Further, since electron excursion across therespectively. Next, the second harmonic conversion effi-
density step is the basis of this mechanism, polarization ofiency (»,,,) in our study is similar to that reported by Ish-
the driving beam plays an important role. The process occurigawa et al. [9] in experiments using 2.2 ps Nd:glass laser
naturally for an obliquely incidenp-polarized laser beam pulses, but it is lower compared to results of some other
since the electric field vector has a component along thstudies, e.g.7,, Was observed to be-2.5x 10 ® in 350 fs
direction of the target normal. On the other hand, for anpulse irradiation at 8 W cm™? [21]. However, no earlier
s-polarized pump, since the electric field is perpendicular tostudy in the long pulse regime reported specular emission of
the density gradient, no significant electron excursion willthird and fourth harmonic radiations fbk? in the range of
occur across the density step for the nonrelativistic regima0*-10> W cm™2 um?. It is thus reasonable to infer that
(IN2<10'-10"® Wem 2 um?). Various polarization se- a rather sharp density gradient~\) is responsible for ob-
lection rules for high order harmonic conversion have alsaservation of these harmonics in the present study. The im-
been predicted from theoretical consideratif$i42,13, and  portant role of a steep density gradient was demonstrated
some measurements of harmonic polarization have been ré&om generation of third and fourth harmonics in ultrashort
ported[21,25. pulse irradiation of solid surfaces at intensities well below
We now analyze our results in terms of the above twothe threshold for plasma formatidg].
mechanisms. It may be noted that, for the laser pulse dura- Next, we discuss the relative harmonic yield for and
tion of 27 ps in our study, the ratio of density gradient scales-polarized pump radiation and their scaling with laser inten-
length and laser wavelength, i.&./A~ve Xty /N, would  sity. As predicted by both the mechanisrapolarized radia-
be about 1 to 3 for the intensity range of 9 tion should be rather ineffective for producing higher har-
10> W cm™2. This is considerably larger than the steplike monics. A significant conversion for thepolarized pump
density gradient encountered in ultrashort laser pulse interadiation may be understood, as stated earlier, from Faraday
action (L/A=<0.1) for which the second mechanism is opera-rotation of the laser radiation due to self-generated magnetic
tive, but much shorter than those encountered in the longjelds in the plasm§22]. It may be noted from Fig. 6 that, at
pulse(nanosecondirradiation L/x~10 to 100). While the maximum laser intensity of 3Wcm 2, the
all our observations can not be attributed to either one of th@-polarized component constitutes about 10% of the specu-
two mechanisms, their main features can jointly explain mostarly reflected fundamental radiation. This is not surprising
of our results. For instance, while the first mechanism preas a polarization rotation angle of 22.5° was reported by
dicts a harmonic intensity scaling with laser intensity with anStamper and Ripifi22] in plasma produced using 100 ps
intensity scaling exponent equal to the order of the har- Nd:glass laser pulses at a similar intensity of>10V cm™2
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and this rotation corresponds to the presence 5% of the  specular reflection direction with conversion efficiencies of
orthogonal polarization component. It can therefore be in2x10 8, 10 % and 5x 10" *? for second, third, and fourth
ferred that in our experiment a rotation of tgolarized harmonic, respectively, for g-polarized pump beam at
pump beam occurred during its propagation through thel0'®> W cm 2. Measurements of the scaling laws of har-
plasma, producing @-polarized component, which is then monic intensity with laser intensity for various harmonic or-
responsible for the observed harmonic conversion. The reladers and different polarizations of the pump beam are ana-
tive yields observed for the- and p-polarized pump beams lyzed by comparing with the expected behavior for two
(Fig. 2) agree well with the fraction op-polarized compo- important mechanisms of harmonic emission, viz., genera-
nent in the reflected fundamental radiation. Next, this fraction of nonlinear currents and anharmonic motion of elec-
tion increases with laser intensity, exhibiting a power scalingrons across a sharp density gradient. A larger than expected
exponentB~0.23 (Fig. 6). This, when combined with the relative conversion for the-polarized pump in comparison
intensity scaling exponent of 1.5 observed for phgolarized  to thep-polarized pump is explained as due to Faraday rota-
pump beam, gives a power scaling exponent of 1.73 for théion of the pump beam by self-generated magnetic fields in
second harmonic for the-polarized pump beam, in good the plasma. While a theoretical analysis including computer
agreement with the observed result. Ishizaatal.[9] con-  simulations may be necessary for a detailed quantitative
sidered the possible role of self-generated magnetic fields tanalysis of the characteristics of the laser-plasma interaction
explain a relatively large yield for the-polarized pump involved, the various observations are reasonably well ex-
beam in their experiment. However, our measurements of thplained from simple considerations of different physical pro-
polarization composition of the specularly reflected funda-cesses relevant to the harmonic emission.

mental radiation are able to quantitatively explain both the
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