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Abstract. We demonstrate the generation of tunable highhigh-resolution spectroscopy in the XUV, overcoming the in-
order harmonics from the interaction of the signal output ofrinsic broad bandwidth connected with the extremely short
a near-infrared (NIR) traveling-wave optical parametric am-duration of the harmonic pulses [6].

plifier (OPA) with the xenon atoms of a pulsed gas jet. By The generation process has already been studied under
tuning the OPA between 1200 aridb50 nm we generate very different experimental conditions and the dependence
widely tunable pulses of ultraviolet radiation up to the ninthof the harmonic yield as a function of the many parameters
harmonic order, arount’50 nm The possibility to cover the involved has been investigated in several laboratories. High-
VUV region thanks to the full overlap of the tunability rangesorder harmonic pulses maintain many of the characteristics

of different harmonic orders belo220 nmis also proved. of the driving laser pulses: they keep their usually short du-
ration, the same high directionality, and a similar degree of
PACS: 42.65Ky temporal [7] and spatial [8] coherence. Moreover, if the pump

laser is tunable, also the emitted harmonics are tunable in the
XUV. Though this is certainly true in principle, it is not so
High-order harmonic generation (HHG) is a well-studiedreadily feasible in practice and limits the applicability of these
phenomenon and, even if some of its aspects are still tnew sources to the few cases where a desired resonance falls
be completely clarified, it seems mature enough to becomeose to an odd harmonic of the pump laser frequency. Even if
a powerful tool for applications in the short-wavelength re-a limited tunability has been observed thanks to a proper ad-
gion [1]. The peculiar characteristic of the spectrum of harjustment of the laser-jet interaction parameters [9], the avail-
monics generated from the interaction of short and intensability of a tunable pump source remains the most desirable
laser pulses with the atoms of a gas jet, is the presence of a soption to achieve a good spectral coverage with the emitted
called plateay a region where several successive orders oharmonics.
harmonics share an almost constant intensity despite the pre- Of the high-peak-power laser systems generally used for
dictions of perturbative models. This region is terminated byHHG, only those based oii:sapphire allow a relatively
an abruptcutoff, where the intensities of harmonics start tobroad tunability around00 nm but changing the emis-
drop exponentially. The extension of the plateau depends ion wavelength often requires a complete realignment of
the intensity of the pump pulses, on their wavelength, and othe oscillator-stretcher-amplifier-compressor system. To over-
the ionization potential of the atom; by choosing the approeome this problem some schemes have been proposed and
priate parameters, the entire region of the extreme ultravioletalized [10, 11] which consist of mixing the radiation from
(XUV) can be covered. a high-power but fixed-frequency laser with that of lower
The use of extremely short pump laser pulses (less thgoower but tunable source, usually an optical parametric gen-
30fslong) has recently extended the available range of acerator (OPG). Due to the much lower energies of the tunable
cessible wavelengths to the soft X-rays, reaching the so-callesburce, only on&unablephoton of frequency usually takes
water windowwith spectrally unresolved harmonics up to thepart to the process, so that the final harmonic frequency is
300th order [2]. On the other hand, simpler commercial lasenw, + wt, Wherewy is the frequency of the strong laser and
systems operating at high repetition rates (genefkilz), n is an even integer. The pump beam for the parametric
are now widely available in many laboratories around thegenerator is usually a frequency-doubled part of the same
world and, with their typical millijoule-level energy itO0fs  high-power laser, meaning that one has to start from high-
pulses, are already capable of efficiently generating highenergy pulses (several tens or hundredsndf, and only
order harmonics in the XUV [3]. Spectroscopic [4] and inter-low-repetition-rate 10 H2) systems have been used so far.
ferometric [5] applications of these new sources have alreadyloreover, the mixing process requires a perfect spatial and
appeared and some schemes have been proposed to perfaéemporal superposition of two beams of different wavelength
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in the gas jet and one has to pay patrticular care in the devel 5 : to diagnostics

opment of nontrivial optical schemes. Finally, if some special ~ 11-Sapphire BBO I ‘

spectroscopic technique (such as the one proposed in [6], r 0.7mJ @ H

lying on a Michelson interferometer for the production of <100 fs

pairs of time-delayed XUV pulses to achieve a better spectra | ;

resolution) is to be adopted, then a single-color, tunable pump T YE |

pulse would be definitely preferred. vacuum monochromator Nl
In this paper we report the production of tunable ultravi- gas jet

olet radiation from the direct high-order harmonic conversion 7

of the pulses from an optical parametric amplifier. We gener-

ate up to the ninth harmonic of the signal output of a three-

pass OPA, tunable from about 11001600 nm The OPA

D
]

1 kHz 1.1-1.64m F

is pumped by0.7-mJ, 100fs pulses from ali:sapphire laser

system operating &00 nmand at a repetition rate dfkHz.

The usable energy of the signal pulses in the region of interac-

tion with the gas jet is only abodiOuJ but it is nevertheless

sufficient for harmonic generation down to ab&60 nm Fig. 1. Experimental setup. F is a filter to select the signal wavelengths only;

Other schemes have already accessed the spectral regipB a telescope to expand the IR beam; G &0a linegymm concave grat-
considered in the present paper. These techniques include cég-and P is a phosphor screen that converts the VUV photons into visible
caded second-order frequency mixing in solid-state nonlinedfotons detected by the photomultiplier PMT
optical materials [12] (however, limited to abadlitO nmdue
to absorption and phase-matching constraints), resonant and
near-resonant four-wave difference-frequency mixing in raréion of a vacuunl-m (ARC) monochromator equipped with
gases [13,14], or frequency tripling in hollow fibers [15]. a600 linegmm concave grating; the spectrally dispersed har-
Such schemes may achieve higher conversion rates than thasenics are detected after the exit slit by a phosphor screen—
reported here, but it is important to note that the main motivaphotomultiplier combination as shown in Fig. 1.
tion for our measurements was not the development of a new,
competitive source in the UV-VUV, but rather the demonstra-
tion that HHG can become a completely tunable source, witR Results and discussion
the potential to be extended down to the XUV spectral region
without major conceptual changes and relying on a relativelA calibration of the number of photons per pulse reaching
simple experimental setup. the exit slit has been carried out by comparing the PMT sig-

As far as we know, this is the first report of HHG in a gasnal corresponding to the third-harmonic pulses (generated by
jet to such an order from a relatively low intensity, tunable focusing the800-nm pump beam in air) with the reading
and high-repetition-rate source. The third and fifth harmonicef a power-meter measuring their absolute mean power. The
of the signal output of an OPA had been observed in [10] butlJV-visible conversion efficiency of the phosphor screen at the
in that case, about one order of magnitude higher pump pulgdifferent wavelengths has also been taken into account.
energies were necessary and the repetition rate of the system The maximum parametric conversion efficiency is be-
was onlyl0 Hz tween 1300 and400 nmand the tuning curve rapidly drops

for wavelengths approachirigl00 nm whereas it decreases
more gently towards the degeneracy pointl&00 nm(see
1 Experimental Fig. 2). Accordingly, the peak harmonic yield has been ob-

Our pump source is an amplifiedii:sapphire laser sys-

tem (BMI Alpha 1000) presenting a smooth doughnut-like
mode in the far-field profile. The NIR parametric generator- 1.0 |-
amplifier (TOPAS) is based on three passes #Anam-thick -
BBO type-Il crystal and it has already been described in detai%’ 0.8 -
elsewhere [16]. The signal plus idler pulse energy at the exit; I
of the OPA is approximately50y.J but the available energy £ ¢

in the signal pulse after some filtering and after the steerw I
ing optics used to deliver a focused beam into the gas jet i
only about30-40.J. The duration of the NIR pulses has been ©
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measured to range between 100 456 fsacross the tuning % 02

limits. S ook - oo
A telescope has been used to expand the original beam A T T T

diameter of abou2 mm to diameters ranging from 5 to 1100 1200 1300 1400 1500 1600

10 mm in order to obtain the smallest spot in the focal region. signal wavelength (nm)

A 150-mm lens has been used for focusing the NIR pulses

under the nozzle of a pulsed valve, injecting xenon atomgal pulse. The scale on the right indicates the energy of the pulses in the

at a backing pressure df5 barinto the interaction cham- interaction region. The normalized spectra recorded at three representative
ber. The interaction region is placed at the entrance slit posvavelengths are also shown

ig. 2. Parametric conversion efficiency for different wavelengths of the sig-
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served for pump wavelengths arouh850 nmand in these The exponential decay of the photon yield as a function
cases, up to the ninth order at abd®0 nmhas been effi- of the harmonic order indicates that, with the pulse intensi-
ciently produced with approximatel,0° photons per pulse. ties available with our experimental setup, we are not able
A similar efficiency has been measured for the seventh hate reach the plateau region, characteristic of the high-order
monic in the full 1200-1550 nmrange. The fifth and third harmonic-generation process. Apart from the low energy at
orders present one and two orders of magnitude more phthe output of the OPA, which might be substantially increased
tons, respectively, reaching a maximum of abb@tphotons  only increasing the energy of tH&00-nm laser pulses, we
per pulse for the third harmonic df350 nm The harmonic believe that the main limitation is connected with the poor
emission at three different and representative pump wavespatial quality of the beam. The non-Gaussian shape of the
lengths is plotted in Fig. 3. far-field profile of theTi:sapphire laser is responsible for
The conversion efficiency drops exponentially as the ordean inhomogeneous distribution at the output of the paramet-
increases and the 10:1 ratio of the intensities for harmonidc amplifier. The signal—idler beams are thus far from the
pulses of the same order but different wavelengths (corregliffraction limit and we estimate that the waist radius is close
ponding to slightly different intensities of the pump pulsesto 100um, with corresponding peak intensities in the focus of
from the OPA) is the evidence of the high nonlinearity of theless tharl0*?> W/cn?. Note that a perfect diffraction-limited
process. beam of the same wavelength and with a diameter of about
The measured spectral widths of the UV and VUV pulses mm would focus to a waist radius of aboR? um and to
range from aboutl4 nm for the third-harmonic pulses to peak intensities of the order @D W /cn? after a150-mm-
about4 nmfor the ninth harmonic @50 nm We estimate the focal-length lens. Changing the telescope setup to different
pulse durations to scale approximately as the inverse of theeam diameters has not improved the situation, indicating
square root of the corresponding harmonic order and to rangbat the poor beam quality is the intrinsic limit to higher ef-
from about 50 tdl00 fs at least for the relatively low orders ficiencies. According to the well-established cutoff law [17],
considered here. affirming that the maximum energy of the harmonic photons
Xenon has been chosen for harmonic generation from that the end of the plateau is approximately given py 3Up,
OPA in order to maximize the UV photon yield. Lighter rare wherel,, is the ionization potential of the atomic species and
gases such dse or He are generally used to increase the ex-U,, is the so-called ponderomotive energy (proportional to the
tension of the plateau towards shorter wavelengths thanks taser intensity and to the square of its wavelength), we should
their higher ionization potential, but their lower polarizability not expect much higher harmonic orders unless we can sub-
also dramatically reduces the conversion efficiency. Thoughtantially increase the energy of the pulses or focus the same
a static cell could have been used for harmonic generation gulse energy into a diffraction-limited focal spot.
the wavelengths attained in the present experiment, we chose Also note that, even if we could reach the same peak in-
to use a gas jet in order to directly compare to the conditiontensities (of the order df0'® W/cm?) as those attainable with
normally met in HHG experiments. In view of the extensionthe 800-nm laser pulses, we should still expect a lower con-
to shorter wavelengths such a choice is the only one availrersion efficiency (but in a substantially extended plateau) in
able. As already mentioned before, it was not the purpose dhis case, due to the longer wavelength of the pump [18]. An
these experiments to achieve the highest efficiency of geneintuitive explanation for this can be attained by considering
ation in the UV-VUV regions, but rather to demonstrate thathe semi-classical model for harmonic generation [17]. Here
HHG, a technique that has already proved a very promisingne electron of the rare-gas atom is first tunnel-ionized by
one to generate radiation of extremely short wavelength, cathe field of the laser pulse, it is then accelerated in the con-
be made even more attractive thanks to the full spectral turtinuum by the same laser field and finally driven back to the
ability provided by a tunable pump. ion core where it recombines to emit harmonic photons. The
time the electron spends in the continuum is proportional to
the wavelength and, as the electron is accelerated, its wave-
function spreads transversely. This means that for long wave-
lengths the wavefunction will be more spread out when it
passes the core. Consequently, the recombination probability

2.5¢107 = decreases and the harmonic yield becomes lower. One natural
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improvement to the present setup could then be the use of the
: recently demonstrated blue-pumped, non-collinearly phase-

matched OPAs that are able to produce tunable visible pulses

with sub20-fs durations [19—21]. Even in the case of equiva-
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conversion efficiency thanks to the shorter wavelength used
to generate harmonics and to the lower order of conversion
needed to reach the same wavelength in the VUV.
Though at the moment the reported efficiencies are prob-

300 400 500 ably not enough for practical applications of this tunable

A (nm) source, it is nevertheless very interesting to note that, even
Fig. 3. Spectra of the harmonic orders generated with the OPA signal puIseWIth the limited 1200—155-0 nmrange, a Complete tunablhty
at three representative wavelengths (the same shown in Fig. 2)sdlide in th.e vuv .Can be obtained already from the seventh har-
curve is generated with the signal d380nm the dashed curveis at ~ Monic, that is for all the wavelengths bel®20 nm If the
1240 nm and thedottedone at1496 nm range is extended to the nomiriel00-1600 nmregion, the

5.0x106

0.0




776

T 1 I L B also demonstrated the possibility of a complete coverage of
3 : : : : the VUV region thanks to the full overlap of the tunability
1 5 _3 ranges of different harmonic orders already be20 nm
R ; 1 : p o ider Though the efficiencies are at the moment rather low and only
119 7 5 3 }600'290(}’ medium-order harmonics have been generated, we believe
: : " signal that further improvements in the energy and in the spatial
—— : 1100 - 1600 quality of the pump pulses may lead to the extension of the
‘119 7 5 3 S spectral coverage to the XUV and to the realization of a useful
: L . signal tunable source for spectroscopy in this region.
“_—_ . ;1.200 - lSSQ
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