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Role of the plasma scale length in the harmonic generation from solid targets
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We have investigated the generation of high harmonics from the interaction of 150 fsec, 790 nm, and 395
nm laser pulses with solid targets. Experiments are presented that demonstrate a strong dependence of the
conversion efficiency on the temporal pulse shape and the resulting density scale length (L/l) of the pre-
formed plasma. The highest conversion efficiencies are achieved for short density scale lengths (L/l<0.4),
which result from high contrast ratio pulse interactions.@S1063-651X~98!50211-5#

PACS number~s!: 52.40.Nk, 42.65.Ky, 52.25.Qt, 52.35.Mw
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Developments in short pulse laser technology have
kindled the interest in harmonic generation from solid t
gets, first observed with nanosecond pulses of long wa
length (10.6 mm) CO2 laser light @1#. The subject has
recently received considerable attention@2–9#, not least due
to spectacular predictions@10# for the overall conversion ef
ficiency achievable at very short primary wavelengths.
deed, particle-in-cell~PIC! simulations suggest that at irrad
ance values ofIl251019 W mm2/cm2 very high harmonic
orders (.60) with conversion efficiencies.1026 are gen-
erated@10–12#. This is a very favorable wavelength scalin
as the conversion into a given order remains constant f
given value of Il2. It opens the possibility of extremel
short wavelength xuv emission being generated with pow
ful uv drive lasers@9#. Qualitatively, the harmonic emissio
from solids can be understood in terms of the fundame
light being reflected in a steep density profile off the osc
lating critical density surface@12–14#.

In experiments with solid targets using laser pulses
picoseconds duration atIl251019 W mm2/cm2, very high-
order harmonics were observed~up to 75! at conversion ef-
ficiencies, which were in good quantitative agreement w
PIC calculations for steep density gradients. The convers
efficiency was found to be independent of the prepulse le
over a large range. This strongly suggests that the pond
motive pressure, applied over the relatively long pu
length, generated the necessary steep density scale le
(L/l<0.2) during the pulse itself, as was the interpretat
for the nanosecond CO2 experiments@1#. Measurements o
the other source parameters@4,5# showed an isotropic angu
lar distribution and a relatively large fractional bandwid
(Dl/l;1022). This is quite a significant deviation from
theoretical expectations, which suggest that the harmonic
diation should be reflected in the specular direction and w
near transform-limited bandwidth. Results by Bulanovet al.
@15# suggest that high-power laser pulses can be spect
broadened by self-phase modulation in the preform
plasma. Indeed, observations by Zhanget al. @5# showed
bandwidth broadening in good agreement with Bulan
et al. @15# and also an isotropic angular distribution. Th
latter was attributed to Rayleigh-Taylor-like surface rippli
PRE 581063-651X/98/58~5!/5253~4!/$15.00
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@16# and distortions due to the ponderomotive pressure@17#,
as the density profile is locally steepened at the critical s
face. Furthermore, the strong critical surface rippling w
also invoked to explain the not measurable difference in h
monic yield betweens andp polarization of the laser beam
@4#, which is also in contradiction to the theoretical pred
tions @10,11#.

A possible remedy is to use a high-intensity femtoseco
laser pulse. This reduces the time for any critical surfa
instabilities and modulations to appear and can lead to
formation of very steep density gradients with no need
additional steepening processes@18#. In contrast to the pico-
second results cited earlier, even in the early experime
with femtosecond laser pulses@2# it became apparent that, i
this case, thecleannessof the pulse, i.e., the intensity con
trast ratio, plays a decisive role in the generation of the h
monics. This is presumably due to the short pulse dura
preventing significant ponderomotive steepening during
pulse itself. Thus, the harmonic generation process beco
far more dependent upon the plasma conditions imparted
the prepulse, since the scale length is mainly determined
the timespan between the onset of plasma formation and
peak of the pulse. However, no detailed study of the effe
of prepulse in these femtosecond experiments has yet b
reported. It is therefore timely to study the effect of th
plasma existing before the peak of the pulse and devise w
of controlling its detrimental influence.

In this Rapid Communication, we present a detailed
vestigation of the effect of the pulse shape on the harmo
conversion efficiency for femtosecond pulses. We show t
the harmonic efficiency does indeed depend strongly on
density scale lengthL/l. We find qualitative agreement with
PIC calculations when realistic density scale lengths, deri
from hydrodynamic simulations and measured pulse sha
are used.

The experiment was conducted using the Ti:sapph
ATLAS laser at the Max-Planck-Institut fu¨r Quantenoptik. It
produces 150-fs, 200-mJ pulses at a repetition rate of 10
at 790 nm. The laser intensity contrast ratio was measu
on a routine basis by a second order autocorrelator in
63 ps time window and it was found to be 1:103 at 1ps ~see
R5253 © 1998 The American Physical Society
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Fig. 2!. The prepulse from 30–2 ns before the main pu
was monitored using photodiodes with differential atten
tion. The intensity contrast in this time window was bet
than 1:107 with the exemption of a prepulse at 1026 level
5 ns before the main pulse. For parts of the experiment,
laser was frequency doubled in a 4-mm-thick KD*P cryst
This resulted in 60 mJ at 395 nm in approximately t
same pulse duration. The infrared was rejected by pas
the beam over four dielectric coated mirrors. This increa
the contrast ratio to;1:106 at 1 ps and to.1:1010 in the
30–2 ns time window. The laser was focused using anf /2.5
diamond turned, off-axis parabola producing a focal spo
4 mm full width at half maximum~FWHM! in diameter.
The peak focused intensity was 2.531018 W/cm2 for the
fundamental and 531017 W/cm2 at 395 nm.

As it is schematically shown in Fig. 1~a!, the laser was
incident onto an optically polished glass flat target at 4
which was rotated between shots. The specularly refle
radiation was collected by a 5 cm diameter, 45° spher
focusing mirror coated with gold and imaged onto the e
trance slit of an Acton vacuum spectrometer with
1200 l /mm iridium coated grating. The dispersed radiati
was then detected with double microchannel plate detecto
chevron configuration in the 160- to 40-nm spectral ran
The data were digitized using a charge-coupled-dev
~CCD! detector. The harmonic radiation generated usin
single shot from the ATLAS laser is shown in Fig. 1~b!. It is
seen that the harmonic emission is sufficiently intense to
clearly visible above the time-integrated plasma backgrou
Therefore, all the data presented here were taken on s
shots. The highest harmonics observed on a single shot b
was the 16th harmonic of the fundamental at 49.4 nm
the seventh harmonic of the frequency doubled beam
56.4 nm. This is in good agreement with previous obser
tions for similar values ofIl2 @3,4#.

Most of conclusions drawn in this Rapid Communicati
are based on the comparison of theIl2 scaling of the relative
harmonic conversion efficiency for three distinct cases. O

FIG. 1. ~a! Schematic diagram of the experimental setup.~b!
Single shot harmonic spectrum for 2.531018 W/cm2 and a pulse
contrast of 1:103 at 1ps~dashed line: integrated lineout!. The spec-
trum has not been corrected for the spectral response of the d
tion system.
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high-contrast case in which the laser was frequency doub
to l5395 nm @19#, case I, and two low-contrast case
which pertain to irradiation at the fundamental waveleng
(l5790 nm, cases II and III!. The two low-contrast case
distinguish themselves in the exact temporal profile of
laser pulse resulting from a slightly different grating setti
in the pulse compressor unit of the laser system. The tem
ral pulse shape in the time window of61.5 ps for the three
cases is given in Fig. 2. The intensity contrast ratio decrea
progressively from case I to case III. The development of
preplasma for the high- and low-contrast cases was ca
lated using the modified hydrocodeMULTI-FS @20#. A double
Gaussian fit to the temporal pulse shape was used for e
case ~see Fig. 2! and an estimate of the prevailing sca
length before the arrival of the high intensity pulse was o
tained. It was found that at 150 fs before the maximum
the laser pulse the high-contrast case I exhibits a scale le
of L/l'0.2 at maximum intensity. For the two low-contra
cases~II and III!, scale lengths ofL/l'0.4 andL/l'0.8
were obtained at a peak irradiance of 8
31017 Wmm2/cm2 and 1.631018 Wmm2/cm2, respectively.
This represents a lower bound for the scale length in
low-contrast cases, as the exact pulse shape at the pla
formation intensity threshold could not be measured with
available diagnostics. There is also an uncertainty in the
timate because two-dimensional effects are not included
the simulation.

The effect of this scale length difference was investiga
in a series of 1D PIC simulations performed using the LP
code@21#. The density scale length here is defined accord
to the relationne5ncx/L, wherenc is the critical density of
the incident wave andx is the space coordinate perpendicu
to the target surface. The incident irradiance was varied
tween 5.531016 W mm2/cm2 to 2.131018

W mm2/cm2 and the scale length of the density ramp betwe
0 and 3l. The angle of incidence (u i545°) and polarization
~p! were chosen to reflect the experimental conditions. T
dependence of the harmonic efficiencyhq5F(Il2,L/l)

ec-

FIG. 2. Temporal pulse shape for the two low-contrast case
and III, 790-nm pulses and the high-contrast case I, 395-nm pu
The 790-nm pulse shapes are inferred from autocorrelation m
surements assuming a symmetrical pulse in time. The 395-nm p
in case I was produced by frequency doubling the pulse in case
Its pulse shape is estimated fromI (395);I (790)

2 ~see Ref.@19#!. The
dashed curves are double-Gaussian fits to the corresponding
shapes used as input to the hydrodynamic calculations.
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with respect to the laser irradiance and the density s
length was thus studied. A sample of it is depicted in Fig

As seen in Fig. 3~b!, within a sufficiently small intensity
interval, the efficiency of theqth harmonic scales approx
mately ashq;(Il2)pq, wherepq is the effective nonlinear-
ity associated with theqth harmonic@10,12#. The exact value
pq for a fixed density scale length depends weakly onIl2.
Also, Fig. 3~a! shows clearly that all harmonics exhibit
maximum for an optimum value ofL/l'0.220.5 @11# and
then fall off approximately exponentially. This behavior c
be understood in terms similar to resonance absorption@22#.
For 45° angle of incidence, the optimum scale length
maximum conversion into the electrostatic mode isL/l
'0.23. The plasma waves excited at the critical density s

FIG. 3. ~a! Variation of the harmonic efficiencyhq with the
density scale lengthL/l of the preformed plasma. The reduction
the efficiency with scale length is seen to be approximately ex
nentialhq;e2L/ l q ~dashed lines!. ~b! CalculatedIl2 scaling of sev-
eral harmonics forL/l50.35. The dashed lines represent the d
pendencehq;(Il2)pq for Il2,1017 W mm2/cm2.
le
.

r

r-

face decrease exponentially with increasing scale length,
to the increased distance between the turning point of
p-polarized light and the critical density surface. This,
turn, leads to the observed exponential drop in the harmo
efficiency. Very large values ofL/l should therefore make
the harmonics unobservable. This was confirmed in our
periments by inserting a prepulse at 1022 of the peak inten-
sity '5 ps ahead of the peak of the pulse. No harmo
emission was observed in this case.

The polarization of the laser pulse was rotated by 90°
thats-polarized light was incident on target. In this case, t
only harmonic observable above background was the t
harmonic of thel5790 nm fundamental radiation. The e
ficiency of the third harmonic was measured to be three
ders of magnitude lower than forp-polarized light. This is in
agreement with PIC code predictions@11# and in sharp con-
trast to the results obtained with picosecond pulses@4#. That
the angular distribution was concentrated in the specular
rection was confirmed by placing a toroidal mirror at 3
degrees to the specular direction and directing the radia
into theActonspectrometer. Forp-polarized light, a two or-
ders of magnitude reduction in high harmonic intensity w
obtained. These measurements indicate that the experim
pulse parameters~i.e., the pulse duration, intensity, and foc
spot size! were sufficient to prevent significant ripplin
and/or curvature of the critical density surface.

A comparison of the experimental data for the hig
contrast case I and the calculated intensity scaling forL/l
50.2 is shown in Fig. 4. Clearly, there is excellent agre
ment between the simulation for a single density gradi
(L/l50.2) and the experiment over a large range of inte
sities for the harmonic orders investigated. This is to be
pected when using a pulse with such a large contrast ra
Increasing the peak intensity only has a small influence
the time of onset of plasma formation in this case and s
sequently on the density scale length.

-

-

oints are
data

t 8.0
e for a
solid
d lines.
FIG. 4. Il2 scaling of the harmonic conversion efficiency in the same relative units for all of the three cases considered. The p
the experimental results for the indicated harmonics~see insets!, and the error bars represent the shot-to-shot variation for all points. The
in case II ~taken with a different experimental setup! have been normalized so that the data point for the tenth harmonic a
31016 W mm2/cm2 is the same with that of case III. Case I: the solid lines give the slope of the scaling predicted by the LPIC cod
fixed scale length ofL/l50.2 @see Fig. 2~b!#. Cases II and III: the dotted lines are power law fits to the experimental points, and the
lines represent the scale length variation for which the LPIC code reproduces the experimentally observed scaling, i.e., the dotte
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However, the situation for the lower-contrast cases II a
III is somewhat different. The experimental data cannot
fitted by the intensity scaling for a single value ofL/l. In the
low-contrast cases, the time from the onset of plasma for
tion to the peak of the pulse depends strongly on the p
intensity. Therefore, the scale length of the plasma increa
with increasing intensity. This reduces the apparentIl2 scal-
ing of the harmonic efficiency, because the rise in convers
efficiency due to the increase in intensity is offset by the
due to the increasing scale length. Figure 4 shows sev
harmonic orders plotted against incident irradiances for
two different low-contrast experimental runs. By requirin
that the increase in harmonic intensity with increasing ir
diation reproduces the slope exhibited experimentally~here
approximated by a power law fit!, one can deduce the corre
sponding scale length using the LPIC simulation results. T
density scale length for the lowest intensity values can
calculated because the pulse shape near the plasma form
threshold is known~see Fig. 2!. The variation of the scale
length with increasing intensity for the two low-contra
cases is shown in Fig. 4. The observed increase reflects
fact that the onset of plasma formation moves earlier in ti
thus more time is available for longer density scale length
develop via hydrodynamic expansion. The density sc
lengths at peak intensity inferred from the irradiance dep
dence are by a factor of;2 larger than those obtaine
through hydrodynamic calculations. This is to be expec
since, as pointed out previously, the exact pulse shap
plasma formation threshold was not known. It is interest
to note that the cases I and III within the error bars sh
very similar conversion efficiencies for the neighboring six
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harmonic of 395 nm and the eight harmonic of 790 nm
the value ofIl2;1017 W mm2/cm2 for which the plasma
scale length is approximately the same. This is experime
evidence that the conversion efficiency does indeed s
with wavelength as suggested by theoretical results@10#.

In conclusion, we have investigated the effects
prepulse on harmonics generated from intense femtosec
laser-solid interactions. We have presented three cases w
in a striking manner show the close correspondence betw
degree of pulsecleannessand higher value of nonlinearity
associated with theIl2 scaling of the harmonic efficiency. In
doing so, we have demonstrated that the efficiency of x
harmonics from solid targets, for the case of femtoseco
pulses over the range ofIl2 investigated, depends very se
sitively on the density scale length of the plasma and sub
quently on the prepulse and pedestal level of the driv
laser. In general, the lower the contrast of the laser pulse
weaker theIl2 scaling of the harmonic conversion effi
ciency. It is therefore necessary, at least for the intensi
and pulse duration used in these experiments, to use
high-contrast ratio lasers to exploit the extremely promis
theoretical predictions for this source of xuv radiation.
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@6# I. B. Földeset al., IEEE J. Sel. Top. Quantum Electron.2, 776

~1996!.
@7# D.M. Chamberset al., J. Appl. Phys.81, 2055~1997!.
@8# P. Gibbon, IEEE J. Quantum Electron.33, 1915~1997!.
@9# D. M. Chamberset al., Opt. Commun.148, 289 ~1998!.

@10# P. Gibbon, Phys. Rev. Lett.76, 50 ~1996!.
@11# R. Lichterset al., Inst. Phys. Conf. Ser.154, 221 ~1997!.
@12# R. Lichterset al., Phys. Plasmas3, 3425~1996!.
@13# D. von der Lindeet al., Appl. Phys. B: Lasers Opt.63, 499

~1996!.
@14# S. V. Bulanovet al., Phys. Plasmas1, 745 ~1994!.
@15# S. V. Bulanovet al., Phys. Scr.T63, 258 ~1996!.
@16# S. C. Wilkset al., Phys. Rev. Lett.69, 1383~1992!.
@17# R. Fedosejevset al., Phys. Fluids24, 537 ~1981!.
@18# S. Bastianiet al., Phys. Rev. E56, 7179~1997!.
@19# D. F. Priceet al., Phys. Rev. Lett.75, 252 ~1995!.
@20# R. Ramiset al., Comput. Phys. Commun.49, 475 ~1988!.
@21# R. Lichterset al., MPQ Report No. 225, 1997~unpublished!.
@22# L. A. Gizzi et al., Phys. Rev. Lett.76, 2278~1996!.


