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Abstract. We demonstrate the generation of tunable high-
order harmonics from the interaction of the signal output of
a near-infrared (NIR) traveling-wave optical parametric am-
plifier (OPA) with the xenon atoms of a pulsed gas jet. By
tuning the OPA between 1200 and1550 nm, we generate
widely tunable pulses of ultraviolet radiation up to the ninth
harmonic order, around150 nm. The possibility to cover the
VUV region thanks to the full overlap of the tunability ranges
of different harmonic orders below220 nmis also proved.

PACS: 42.65Ky

High-order harmonic generation (HHG) is a well-studied
phenomenon and, even if some of its aspects are still to
be completely clarified, it seems mature enough to become
a powerful tool for applications in the short-wavelength re-
gion [1]. The peculiar characteristic of the spectrum of har-
monics generated from the interaction of short and intense
laser pulses with the atoms of a gas jet, is the presence of a so-
called plateau, a region where several successive orders of
harmonics share an almost constant intensity despite the pre-
dictions of perturbative models. This region is terminated by
an abruptcutoff, where the intensities of harmonics start to
drop exponentially. The extension of the plateau depends on
the intensity of the pump pulses, on their wavelength, and on
the ionization potential of the atom; by choosing the appro-
priate parameters, the entire region of the extreme ultraviolet
(XUV) can be covered.

The use of extremely short pump laser pulses (less than
30 fs long) has recently extended the available range of ac-
cessible wavelengths to the soft X-rays, reaching the so-called
water windowwith spectrally unresolved harmonics up to the
300th order [2]. On the other hand, simpler commercial laser
systems operating at high repetition rates (generally1 kHz),
are now widely available in many laboratories around the
world and, with their typical millijoule-level energy in100-fs
pulses, are already capable of efficiently generating high-
order harmonics in the XUV [3]. Spectroscopic [4] and inter-
ferometric [5] applications of these new sources have already
appeared and some schemes have been proposed to perform

high-resolution spectroscopy in the XUV, overcoming the in-
trinsic broad bandwidth connected with the extremely short
duration of the harmonic pulses [6].

The generation process has already been studied under
very different experimental conditions and the dependence
of the harmonic yield as a function of the many parameters
involved has been investigated in several laboratories. High-
order harmonic pulses maintain many of the characteristics
of the driving laser pulses: they keep their usually short du-
ration, the same high directionality, and a similar degree of
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
readily feasible in practice and limits the applicability of these
new sources to the few cases where a desired resonance falls
close to an odd harmonic of the pump laser frequency. Even if
a limited tunability has been observed thanks to a proper ad-
justment of the laser-jet interaction parameters [9], the avail-
ability of a tunable pump source remains the most desirable
option to achieve a good spectral coverage with the emitted
harmonics.

Of the high-peak-power laser systems generally used for
HHG, only those based onTi:sapphire allow a relatively
broad tunability around800 nm, but changing the emis-
sion wavelength often requires a complete realignment of
the oscillator-stretcher-amplifier-compressor system. To over-
come this problem some schemes have been proposed and
realized [10, 11] which consist of mixing the radiation from
a high-power but fixed-frequency laser with that of lower
power but tunable source, usually an optical parametric gen-
erator (OPG). Due to the much lower energies of the tunable
source, only onetunablephoton of frequencyωt usually takes
part to the process, so that the final harmonic frequency is
nωp+ωt, whereωp is the frequency of the strong laser and
n is an even integer. The pump beam for the parametric
generator is usually a frequency-doubled part of the same
high-power laser, meaning that one has to start from high-
energy pulses (several tens or hundreds ofmJ), and only
low-repetition-rate (10 Hz) systems have been used so far.
Moreover, the mixing process requires a perfect spatial and
temporal superposition of two beams of different wavelength
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in the gas jet and one has to pay particular care in the devel-
opment of nontrivial optical schemes. Finally, if some special
spectroscopic technique (such as the one proposed in [6], re-
lying on a Michelson interferometer for the production of
pairs of time-delayed XUV pulses to achieve a better spectral
resolution) is to be adopted, then a single-color, tunable pump
pulse would be definitely preferred.

In this paper we report the production of tunable ultravi-
olet radiation from the direct high-order harmonic conversion
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 1100 to1600 nm. The OPA
is pumped by0.7-mJ, 100-fs pulses from aTi:sapphire laser
system operating at800 nmand at a repetition rate of1 kHz.
The usable energy of the signal pulses in the region of interac-
tion with the gas jet is only about40µJ but it is nevertheless
sufficient for harmonic generation down to about150 nm.

Other schemes have already accessed the spectral region
considered in the present paper. These techniques include cas-
caded second-order frequency mixing in solid-state nonlinear
optical materials [12] (however, limited to about170 nmdue
to absorption and phase-matching constraints), resonant and
near-resonant four-wave difference-frequency mixing in rare
gases [13, 14], or frequency tripling in hollow fibers [15].
Such schemes may achieve higher conversion rates than those
reported here, but it is important to note that the main motiva-
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, with
the potential to be extended down to the XUV spectral region
without major conceptual changes and relying on a relatively
simple experimental setup.

As far as we know, this is the first report of HHG in a gas
jet to such an order from a relatively low intensity, tunable,
and high-repetition-rate source. The third and fifth harmonics
of the signal output of an OPA had been observed in [10] but,
in that case, about one order of magnitude higher pump pulse
energies were necessary and the repetition rate of the system
was only10 Hz.

1 Experimental

Our pump source is an amplifiedTi:sapphire laser sys-
tem (BMI Alpha 1000) presenting a smooth doughnut-like
mode in the far-field profile. The NIR parametric generator-
amplifier (TOPAS) is based on three passes in a4-mm-thick
BBO type-II crystal and it has already been described in detail
elsewhere [16]. The signal plus idler pulse energy at the exit
of the OPA is approximately150µJ but the available energy
in the signal pulse after some filtering and after the steer-
ing optics used to deliver a focused beam into the gas jet is
only about30–40µJ. The duration of the NIR pulses has been
measured to range between 100 and150 fsacross the tuning
limits.

A telescope has been used to expand the original beam
diameter of about2 mm to diameters ranging from 5 to
10 mm, in order to obtain the smallest spot in the focal region.
A 150-mm lens has been used for focusing the NIR pulses
under the nozzle of a pulsed valve, injecting xenon atoms
at a backing pressure of1.5 bar into the interaction cham-
ber. The interaction region is placed at the entrance slit pos-
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Fig. 1. Experimental setup. F is a filter to select the signal wavelengths only;
T is a telescope to expand the IR beam; G is a600 lines/mm concave grat-
ing and P is a phosphor screen that converts the VUV photons into visible
photons detected by the photomultiplier PMT

ition of a vacuum1-m (ARC) monochromator equipped with
a600 lines/mmconcave grating; the spectrally dispersed har-
monics are detected after the exit slit by a phosphor screen–
photomultiplier combination as shown in Fig. 1.

2 Results and discussion

A calibration of the number of photons per pulse reaching
the exit slit has been carried out by comparing the PMT sig-
nal corresponding to the third-harmonic pulses (generated by
focusing the800-nm pump beam in air) with the reading
of a power-meter measuring their absolute mean power. The
UV-visible conversion efficiency of the phosphor screen at the
different wavelengths has also been taken into account.

The maximum parametric conversion efficiency is be-
tween 1300 and1400 nmand the tuning curve rapidly drops
for wavelengths approaching1100 nm, whereas it decreases
more gently towards the degeneracy point at1600 nm(see
Fig. 2). Accordingly, the peak harmonic yield has been ob-
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Fig. 2. Parametric conversion efficiency for different wavelengths of the sig-
nal pulse. The scale on the right indicates the energy of the pulses in the
interaction region. The normalized spectra recorded at three representative
wavelengths are also shown
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served for pump wavelengths around1350 nmand in these
cases, up to the ninth order at about150 nmhas been effi-
ciently produced with approximately106 photons per pulse.
A similar efficiency has been measured for the seventh har-
monic in the full 1200–1550 nmrange. The fifth and third
orders present one and two orders of magnitude more pho-
tons, respectively, reaching a maximum of about109 photons
per pulse for the third harmonic of1350 nm. The harmonic
emission at three different and representative pump wave-
lengths is plotted in Fig. 3.

The conversion efficiency drops exponentially as the order
increases and the 10:1 ratio of the intensities for harmonic
pulses of the same order but different wavelengths (corres-
ponding to slightly different intensities of the pump pulses
from the OPA) is the evidence of the high nonlinearity of the
process.

The measured spectral widths of the UV and VUV pulses
range from about14 nm for the third-harmonic pulses to
about4 nmfor the ninth harmonic at150 nm. We estimate the
pulse durations to scale approximately as the inverse of the
square root of the corresponding harmonic order and to range
from about 50 to100 fs, at least for the relatively low orders
considered here.

Xenon has been chosen for harmonic generation from the
OPA in order to maximize the UV photon yield. Lighter rare
gases such asNe or He are generally used to increase the ex-
tension of the plateau towards shorter wavelengths thanks to
their higher ionization potential, but their lower polarizability
also dramatically reduces the conversion efficiency. Though
a static cell could have been used for harmonic generation at
the wavelengths attained in the present experiment, we chose
to use a gas jet in order to directly compare to the conditions
normally met in HHG experiments. In view of the extension
to shorter wavelengths such a choice is the only one avail-
able. As already mentioned before, it was not the purpose of
these experiments to achieve the highest efficiency of gener-
ation in the UV-VUV regions, but rather to demonstrate that
HHG, a technique that has already proved a very promising
one to generate radiation of extremely short wavelength, can
be made even more attractive thanks to the full spectral tun-
ability provided by a tunable pump.
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Fig. 3. Spectra of the harmonic orders generated with the OPA signal pulses
at three representative wavelengths (the same shown in Fig. 2). Thesolid
curve is generated with the signal at1380 nm, the dashed curveis at
1240 nm, and thedottedone at1496 nm

The exponential decay of the photon yield as a function
of the harmonic order indicates that, with the pulse intensi-
ties available with our experimental setup, we are not able
to reach the plateau region, characteristic of the high-order
harmonic-generation process. Apart from the low energy at
the output of the OPA, which might be substantially increased
only increasing the energy of the800-nm laser pulses, we
believe that the main limitation is connected with the poor
spatial quality of the beam. The non-Gaussian shape of the
far-field profile of theTi:sapphire laser is responsible for
an inhomogeneous distribution at the output of the paramet-
ric amplifier. The signal–idler beams are thus far from the
diffraction limit and we estimate that the waist radius is close
to 100µm, with corresponding peak intensities in the focus of
less than1012 W/cm2. Note that a perfect diffraction-limited
beam of the same wavelength and with a diameter of about
5 mm would focus to a waist radius of about27µm and to
peak intensities of the order of1013 W/cm2 after a150-mm-
focal-length lens. Changing the telescope setup to different
beam diameters has not improved the situation, indicating
that the poor beam quality is the intrinsic limit to higher ef-
ficiencies. According to the well-established cutoff law [17],
affirming that the maximum energy of the harmonic photons
at the end of the plateau is approximately given byIp+3Up,
whereIp is the ionization potential of the atomic species and
Up is the so-called ponderomotive energy (proportional to the
laser intensity and to the square of its wavelength), we should
not expect much higher harmonic orders unless we can sub-
stantially increase the energy of the pulses or focus the same
pulse energy into a diffraction-limited focal spot.

Also note that, even if we could reach the same peak in-
tensities (of the order of1015 W/cm2) as those attainable with
the800-nm laser pulses, we should still expect a lower con-
version efficiency (but in a substantially extended plateau) in
this case, due to the longer wavelength of the pump [18]. An
intuitive explanation for this can be attained by considering
the semi-classical model for harmonic generation [17]. Here
one electron of the rare-gas atom is first tunnel-ionized by
the field of the laser pulse, it is then accelerated in the con-
tinuum by the same laser field and finally driven back to the
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
decreases and the harmonic yield becomes lower. One natural
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 sub-20-fs durations [19–21]. Even in the case of equiva-
lent peak intensity, such sources should greatly improve the
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-
ably not enough for practical applications of this tunable
source, it is nevertheless very interesting to note that, even
with the limited1200–1550 nmrange, a complete tunability
in the VUV can be obtained already from the seventh har-
monic, that is for all the wavelengths below220 nm. If the
range is extended to the nominal1100–1600 nmregion, the
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Fig. 4. Tunability ranges of the generated harmonics for different pump
options. The tunability of the amplifiedTi:sapphire pulses only permits
a sparse coverage of the VUV range. Using the signal pulse from the OPA
gives a complete tunability already below320 nm if harmonics are gen-
erated in the full1100–1600 nm interval. If one succeeds in generating
harmonics from the idler pulse, the full spectrum, from the visible to the
VUV, may be continuously covered

overlap of different orders takes place already from the fifth
harmonic, or below320 nm; for longer wavelengths, a contin-
uous tuning may then be obtained with a more conventional
fourth-harmonic generation in crystals. In Fig. 4 we show the
tunability ranges of the harmonic pulses for different options
of the pump source. For comparison purposes, we also indi-
cate the wavelengths accessible by simply tuning the pump
Ti:sapphire laser system over the780–820 nmrange.

The above considerations only refer to the signal pulse
coming out of the OPA; if one succeeds in increasing the
peak intensities, also the idler pulse (with approximately the
same number of photons, but lower intensity) may start to
produce harmonics. In such a case, considering its nominal
1600–2900 nmtuning range, the full tunability of the har-
monics is obtained already from the third order, that is below
970 nm.

3 Conclusion

We have experimentally shown for the first time that high-
order harmonic generation can be directly achieved with an
intrinsically tunable pump source, such as a NIR optical para-
metric generator pumped at high repetition rate. We have

also demonstrated the possibility of a complete coverage of
the VUV region thanks to the full overlap of the tunability
ranges of different harmonic orders already below220 nm.
Though the efficiencies are at the moment rather low and only
medium-order harmonics have been generated, we believe
that further improvements in the energy and in the spatial
quality of the pump pulses may lead to the extension of the
spectral coverage to the XUV and to the realization of a useful
tunable source for spectroscopy in this region.

Acknowledgements.I gratefully thank P. Foggi, S. Cavalieri and M. Inguscio
for useful discussions and the referees for their constructive criticism. This
work was supported by MURST and by the European Community Contract
ERB FMGE CT 950017.

References

1. See contributions in:Applications of High Field and Short Wavelength
Sources VII, Vol. 7, OSA Technical Digest Series (Optical Society of
America, Washington, DC 1997)

2. Z. Chang, A. Rundquist, H. Wang, M. Murnane, H.G. Kapteyn: Phys.
Rev. Lett.79, 2967 (1997)

3. C. de Lisio, C. Altucci, A. Bruzzese, F. De Filippo, S. Solimeno,
M. Bellini, P. Foggi: Appl. Phys. B64, 323 (1997)

4. See for example: M. Gisselbrecht, D. Descamps, C. Lyng
◦
a, A. L’Huil-

lier, C.-G. Wahlström, M. Meyer: Phys. Rev. Lett.82, 4607 (1999)
5. D. Descamps, J.-F. Hergott, H. Merdji, P. Salieres, C. Lyng

◦
a, J. Norin,

M. Bellini, T.W. Hänsch, A. L’Huillier, C.-G. Wahlström: Opt. Lett.25,
135 (2000)

6. M. Bellini, A. Bartoli, T.W. Hänsch: Opt. Lett.22, 540 (1997)
7. M. Bellini, C. Lyng

◦
a, A. Tozzi, M.B. Gaarde, T.W. Hänsch, A. L’Huil-

lier, C.-G. Wahlström: Phys. Rev. Lett.81 297, 9 (1998)
8. T. Ditmire, E.T. Gumbrell, R.A. Smith, J.W.G. Tisch, D.D. Meyerhofer,

M.H.R. Hutchinson: Phys. Rev. Lett.77, 4756 (1996)
9. J. Zhou. J. Peatross, M.M. Murnane, H.C. Kapteyn, I.P. Christov: Phys.

Rev. Lett.76, 752 (1996)
10. M.B. Gaarde, P. Antoine, A. Persson, B. Carre’, A. L’Huillier,

C.-G. Wahlström: J. Phys. B29, L163 (1996)
11. H. Eichmann, S. Meyer, K. Riepl, C. Momma, B. Wellegehausen:

Phys. Rev. A60, R2835 (1994)
12. F. Seifert, J. Ringling, F. Noack, V. Petrov, O. Kittelmann: Opt. Lett.

19, 1538 (1994)
13. K. Mossavi, L. Fricke, P. Liu, B. Wellegehausen: Opt. Lett.20, 1403

(1995)
14. A. Nazarkin, G. Korn, O. Kittelmann, J. Ringling, I.V. Hertel: Phys.

Rev. A 56, 671 (1997)
15. C.G. Durfee III, S. Backus, H.C. Kapteyn, M.M. Murnane: Opt. Lett.

24, 697 (1999)
16. R. Danielius, A. Piskarskas, P. DiTrapani, A. Andreoni, C. Solcia,

P. Foggi: Appl. Opt.36, 5336 (1996)
17. P.B. Corkum: Phys. Rev. Lett.71, 1994 (1993)
18. T. Ditmire, J.K. Crane, H. Nguyen, L.B. DaSilva, M.D. Perry: Phys.

Rev. A 51, R902 (1995)
19. T. Wilhelm, J. Piel, E. Riedle: Opt. Lett.22, 1494 (1997)
20. A. Shirakawa, I. Sakane, T. Kobayashi: Opt. Lett.23, 1292 (1998)
21. G. Cerullo, M. Nisoli, S. Stagira, S. De Silvestri: Opt. Lett.23, 1283

(1998)


