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Abstract

The high-order harmonic generation process was studied using laser pump pulses of different duration, downto 7 fs. The
time profile of this kind of pulse corresponds to a few optical cycles at the fundamental frequency, and therefore a
cycle-to-cycle variation of the maximum amplitude occurs. These facts violate the adiabatic approximation of the
generation process, giving rise to new aspects of the physical process. The comparison of results with pulses in the two
regimes are reported and discussed. The modeling of the complete generation and propagation process in three
dimensions is also presented.

1. INTRODUCTION 2. EXPERIMENTAL SETUP: LASER SOURCE,
INTERACTION CHAMBER,

The generation of high-order laser harmonics using gas tar- AND SPECTROMETER

gets provides a unique source of high brightness, coherent

extreme ultraviolet radiation, due to its table-top size andAS 2 bump source we used a Ti:sapphire laser svstem with
very short pulse duratiofCorkum, 1993; L'Huillier & Bal- pump -Sapp y

cou, 1993: Changt al, 1997; Protopapzat al, 1997. The chlrp_eq-pulse ampllflcayon, based on a nine-pass confocal
) ; d . amplifier stage and a prism compressor. This system gener-
introduction of high-peak power few-optical-cycle laser

L -~ ates a 25 fs laser pulse, with up to 0.8 mJ total energy.
pulses(Nisoli et al, 1996, 1997 has extended the scenario Self-phase modulation in argon-filled hollow-core fiber

ofthe harmon_lc generation process, giving rise to a ”“T"be Nisoli et al,, 1996, 1997 is exploited to broaden the pulse
of open questions to be addressed both from an experimen-

. . ; N . _spectrum, resulting in an output beam of about 780 nm
tal and a theoretical point of vietschndreret al, 1998 central wavelength and 400 nm bandwidth. The hollow fiber
Brabec & Krausz, 2000

In this work, we report on the generation of harmonic > 60 cm long and has an inner diameter of §00. Then,

S . . tpe beam undergoes six bounces onto the chirped mirrors,
radiation in noble gases by using laser pulses of a duration 0

35fsdownto 7 fs. The target of the work is the investigationWhICh compensate for the chirp introduced by the hollow

of the influence of pulse duration on the spectral propertie%clber and precompensate the dispersion originating from the

: A i material between the compressor and the gas jet. After the
of harmonic radiatiorviz. the shape of the harmonic spec- compression, the linearly polarized pulse has a duration of
tra and the linewidths of the harmonic peaksthe multi- P ’ yp P

- . PR . 7 fsand an energy up to 3500.
optical c_y(_:le and in the few-optical-cycle temporal regime The laser pulse is focused into the interaction chamber by
of the driving pulse.

We also present a three-dimensional numerical mode¢l concave mirrof f = 250 mm) through an 0.5-mm-thick

which takes into account nonadiabatic effects, typical of theused silica window. For a target we u_sed agas jet, pglsed
i . into the chamber by an electromagnetic valve, producing a
few-optical-cycle regime.

jet whose diameter was 0.8 mm and operating with a valve
. _ opening time of 40Qus. As target elements, several gases
Address correspondence and reprint requests to: Dr. Paolo V|IIore3|a th bl d. Th in th
Dipartimento di Elettronica e Informatica, via Gradenigo 6a, 35131 Pa- mong the noble gases were used. € gas pressure In the

dova, Italy. E-mail: paolo.villoresi@dei.unipd.it interaction region was estimated to be 50 mbar. The esti-
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mated laser peak intensity in the interaction region waslesigned for broadband efficiency in the 50—-5 nm spectral
about 8x 10 W/cm? range. Again, a toroidal mirrgiincidence angle 83°5and

Harmonic radiation was measured by means of differentadii of 2.8 m in the tangential plane and 60 mm in the
systems: the first for the investigation on the harmonicssagittal plangfocuses the harmonic beam onto the mono-
beam properties and for the single-shot studies, and thehromator entrance slit in the tangential plane. It also pro-
second for the high-resolution study of the harmonics specvides focusing in the sagittal plane in a position at the center
tral peaks. of the diffracted spectrum to maximize the collected flux. In

The first is a grazing-incidence spectrometer using a varfact, by correcting the mounting astigmatism, the two-
ied line spacing grating in order to produce an erected focatomponent optical instrument achieves high sensitivity and
image, thatis, acquired by a bidimensional dete®mletto  high spectral resolutio600—-1500. Finally, the detector is
et al, 2001a, 200Db). The optical setup adopts a toroidal a channel electron multiplier with bare glass photocathode,
mirror as first optics, to provide at the tangential focusing onwith variable gain up to the photon counting regime.
the entrance slit of the spectrometer. On the sagittal plane,
this mirror is designed to project the far-field distribution of 3. SPECTRAL AND SPATIAL OBSERVATIONS
the harmonics beam onto the focal plane. The parameter
chosen for these mirrors are: incidence angfee®®@l radiiof ~ The acquired spectra shown resolved harmonic peaks at
6500 mm in the tangential plane and 14.7 mm in the sagittabhoton energies up to about 130 eV and 160 eV using
plane. The grating is mounted at“8af incidence, has an 30 fs and 7 fs, respectively. The partial overlapping of
average groove density of 1200/grm and a radius of the harmonic tails gives rise to a broad pedestal for short
5649 mm. Areproduction of the optical setup in the tangenwavelengths.
tial as well as in the sagittal plane is presented in Figure 1. Afocal-plane intensity profile taken by the flat-field spec-

The second setup is a grazing-incideri86’), Rowland  trometer and corresponding to harmonics generated in he-
mounting monochromator, based on a platinum-coated, 300ium starting from order 29 is shown in Figure 2. The laser
groovegmm, spherical grating2 m radius of curvatuge  pulse duration in this case was of 7 fs. The major evidence is

the broadening of the spatial profile as harmonic order
increases.
In the cutoff region, the divergence of the harmonics was
CCD camera gate valve and MCE observed to decrease, as does the integral of the line. More-
Y, _ dli fFerential puraping over, the spatial profiles are bell shaped for all the acquired
grating spectra, as a result of the present conditions of generation.
Laser-gas Taking advantage of the well-resolved harmonic spectra
irteraction even the in case of sub-10-fs driving pulses, we have ana-
lyzed the wavelength dependence of the harmonic line-
widths in the case of different duration of the excitation
pulses.

All the parameters of the harmonics’ spectral profiles,
such as central, integral, width, and asymmetry, depend on
the geometry of the laser-gas interaction as well as on the
pump intensity and spectrum. The evidence of this can be
found in many studies of the spectral shift due to ionization
(Miyazaki & Takada, 1995; Zhoet al., 1996; Altucciet al.,
2000; Nisoliet al., 2000, or the predictions on the harmonic
intensity taking into account the propagation in the medium
(Saliéreset al,, 1998. To enlighten the role of the pump
duration, we observed the spectrum of the harmonics emis-
sion generated by a laser pulse of various durations, from 7
to 35 fs.

A remarkable broadening of the spectral linewidths was
observed when decreasing the pump duration. This is shown
in Figure 3, where the comparison of the total width &t,1
v, versus the harmonics wavelength of representative spec-
tra for pump duration of 7, 20, and 35 fs is reported. The
spectra are selected for the highest intensity by varying the
interaction parameters. The estimate of the linewidth has

Fig. 1. Scheme of the experimental set(pped. The representation of D€€n carried out by fitting the spectral distribution of a
the rays in the spectral and sagittal or spatial pldrton). single harmonic with an analytical profile. The contribution

and rotator
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Fig. 2. Harmonics spectrum in helium, using 7 fs pulse. The spatial scaled is converted in beam divergence by using a ray-tracing
model of the spectrograph.

of the instrumental function was then quadratically sub-imation can be still considered reasonable, to the 7 fs case,
tracted. This latter was estimated by means of the ray tracingzhich is nonadiabatic. Another factor which comes into
of the optical setup in the operative conditions. play is the chirp of the pump pulse, which was found to be
The experimental discrete spectrum for various pump+elevant for the harmonics specti@hanget al,, 1998. In
pulse durations was fitted by using a power law for ¢fte ~ the present experiment, we are prosecuting the investiga-
harmonic linewidth versus the harmonic wavelength@s  tions in order to complete the understanding of this aspect.
CA% . This choice has been made because the limitation in The linewidth curves for different durations in the plot are
the linewidth is posed by the time-bandwidth inequality remarkably distinctand converge toward a value smaller than
(Akhmanovet al, 1992. By considering the fundamental the instrumental function. This limit also expresses a lower
harmonic with duratiorr; and bandwidthy,, the width of  bound for the time duration of the harmonics in the cutoff.
the harmonics of orderthat givesy, =y, has acorrespond- Indeed, the minimal duration of a Gaussian profile can be
ing value of the exponent, = 2. For a scaling with smaller obtained from its spectral linewidth, and it corresponds to
a, the harmonics’ profiles tend to merge for highOn the  the transform-limited caseRulliere, 1998. For the 7- and
other hand, foe, > 2, the profiles of lower harmonics have 35-fs pumps, the estimated values in the cutoff are 1.8 and
a larger value of the ratio of width on their separation than5.4 fs, respectively, while the duration of the pump-laser op-
the higher ones. tical cycle is of 2.6 fs. The observed line profile results from
The fit of the exponent for three different durations wasthe integration of emission along the interaction medium,
obtained by using the least squares method and is reportedhere its spectrum can be modified. Nevertheless, the value
in Figure 3, together with the experimental points. The re-measured for 7 fs is in agreement with the prediction of Le-
sulting values for, are 1.8, 2.5, and 3.3 for pump pulses of wenstein et al. for the single-atom emissidrewenstein
duration ofr = 35, 20 and 7 fs, respectively. The value of etal, 1994. According to these authors, in the cutoff region,
asors and ai7s, being greater than 2, are representing thethe generation involves a single electron trajectory, driven
discreteness of the cutoff. For the 35-fs spectrum, the widtlby the laser field for a fraction of 4.08# of the optical
of the low order harmonics is relatively small, and then thecycle. In the present condition, this value is 1.68 fs, almost
spectrum does not eventually merge. The different result&lentical to our limit. On the other hand, the 7-fs result was
found here are related to the generation process, which is inbtained with a pump pulse which does not have a transform-
distinct regimes for the 35-fs case, where adiabatic approximited spectral distribution that can be reflected on some
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Fig. 3. Spectral linewidth in the case of different pulse durations. The curves are the fit for the three durations( dfsshezhtinuous
(20 f9), dotted(35 fs).

modulation present in the harmoni@hanget al., 1998. harmonic spectrum in neon with 7 fs between experiment
Moreover, the linewidth that may be associated to the singleand model is presented in Figure 4. The cutoff position was
atom emission is modified by the propagation as it happenwell reproduced as well as the line profile of the harmonic
for other characteristics as the beam divergence and total yielgeaks. The physical result which appears from this analysis
(Lewensteiret al,, 1995; Salierest al,, 1995. is that in the present geometry, the sub-10-fs harmonics are
emitted with a discrete spectrum. This resultis likely due to
the relatively long interaction length of the laser with the
4. 3D MODELING OF THE pulsed gas jet. A detailed comparison of the spectral width
GENERATION PROCESS was also performed for other pulse duration, finding a good
The experimental results have been modeled, combining thegreementPriori et al., 2000.
different processes involvé@orkum, 1993: the interaction
ofthe laserwith the target atom, the atomionization, the evo-
lution of the electron in the laser field in a Volkov state and - T T . T T T T
the generation ofthe harmonigs radiation; this Igtter has been Experiment 7 fs
propagated as athree-dimensional scalar solution ofthe Max-
well equations. The model takes into account the nonadia-_-g
batic effects originating from the cycle-to-cycle field g
amplitude variatiofiPriorietal., 2000; Villoresietal., 2000. S
We find that the emitted spectrum from single-atom, 3=
pumped by a few-cycles pulse, appears with no recogniz-~—~
able harmonics peaks. On the other hand, by considering the&
harmonics field after the propagation, the spectrum shows €
a discrete structure, as derived from a selection of the rele--3
vant frequencies. This remarkable change is attributed to—
phase mismatch due to longitudinal and radial variations
of both intensity and phase of the driving pulses; we found . . .
that these effects are correctly described only in a three- 75~ o5 110 130 150
dimensional geometry of the model.
The numerical model has been used to reproduce the Photon energy (eV)
spectra for the different experimental conditions as well asig. 4. comparison between experiménpped and modellower) in the
target gases used in the experiment. The comparison of theectra generated in neon by a 7-fs pulse.

Theory
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