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We have investigated the effect of free electrons on the spectral properties of high-order harmonics gener-
ated by 30-fs Ti:sapphire laser pulses in a neon gas jet. Our observations clearly indicate the possibility of
continuously tuning the harmonic wavelength in the region below 20 nm, by taking advantage of the blue shift
of the harmonic wavelength induced by the presence of free electrons in the gas. We have experimentally
demonstrated that this allows one to cover the entire spectral region between two consecutive harmonics of the
unshifted spectrum. Different amounts of blue shift are imparted by simply changing the gas jet position
relative to the laser beam waist, namely, by varying the effective laser intensity experienced by the gas jet
when it is moved across the focal region. We have also interpreted the experimental results in terms of a simple
model of the generation process based on the tunnel ionization of an atom exposed to an ultraintense laser field.

PACS numbeps): 42.65.Ky, 32.80.Rm

High-order harmoni¢HOH) radiation of very intense in- be considerably less than the laser-pulse duration. In prin-
frared lasers represents an interesting source of high brightiple, the blue shift suffered by the harmonics, if properly
ness vacuum ultraviolgivuv) and extreme ultravioletxuv) controlled, can be used for a fine tuning of the coherent
radiation[1]. Since harmonics generated in a gas are profadiation generated in the vuv and xuv regions.
duced in a coherent process the coherence properties of the The above considerations have led us to study the process
primary laser source can be transferred to some extent to thef harmonic generation in a neon gas jet by using a 30-fs
harmonic radiatio2,3], provided that particular experimen- Ti:sapphire laser source operating at high repetition rate. In
tal conditions are met. Moreover, the HOH pulses last lesparticular, we have carefully investigated the spectral prop-
than the laser puldet]. All the mentioned properties make it erties of the harmonics extending below the 20 nm region
possible to employ HOH radiation as a xuv source with un{corresponding to harmonic orders between 40 and).100
precedented properties in terms of coherence, brightness agpecial attention has been paid to the analysis of the depen-
peak intensity. dence of the blue shift of the harmonic spectral peaks on the

A well known effect caused by the use of very high in- relative position of the gas jet and laser beam waist. The
tensity laser fields in HOH generation is the ionization of theextent of such a shift of the harmonic wavelength can be as
gas medium, which reduces the harmonic conversion effilarge as 3—4 A in the deep plateau region, thus allowing a
ciency, as a consequence of neutral atom population depleontinuous, fine, and reliable tuning of the output harmonic
tion. This has led to the use of very short pumping lasewavelength in the interval between two consecutive harmon-
pulses(<100 fg, since in general the gas saturation intensityics of a reference spectrum. Finally, we have also checked
for tunneling ionization increases by decreasing pulse durasur experimental results with a simple theoretical model,
tion [5]. based on tunneling ionization of noble atoms exposed to ul-

Thus, for laser pulses lasting less than 100 fs, submillitrashort and ultraintense laser fields. This has allowed a bet-
joule pulse energies can efficiently generate high-order hatter characterization of the complex dynamics of the building
monics in the tunneling regimps], provided the focusing up of the harmonic pulse in an ionizing gas medium.
geometry leads to intensities on target of the order of We have used a Ti:sapphire laser system with chirped-
10*-10" W/cn? and not exceeding the barrier suppressionpulse amplification based on a nine-pass confocal amplifier
intensity of the used noble g@8,8]. In the same time, laser stage and a prism compressor. This system generates 30 fs,
systems operating in the above-mentioned pulse energy ang to 0.8 mJ laser pulsegentered at 796 nmat 1-kHz
pulse duration regime can easily operate at a relatively highepetition rate. Owing to a precise high-order dispersion con-
repetition rate(1 kHz), thus considerably reducing data ac- trol up to the fourth order, the system provides high-quality
quisition time. Another important consequence of the ionizapulses with a symmetric intensity envelope over a range of
tion of the gas medium where the harmonics are produced ithree orders of magnitude. The steep leading edge over a
the blue shift of the harmonics, which is originated by thehigh dynamic range is essential to prevent an uncontrolled
temporal change in the free electron densi#N{/dt). The formation of plasma in the gas jet before the peak of the
last quantity strongly depends on laser intensity and on thpulse. The laser beam, having a diameter of about 0.7 cm is
time needed to ionize a considerable fraction of neutral atfocused with a lens f(=23 cm through an 0.5-mm-thick
oms, and it has been recently shoj@that such a time can fused-silica window into the laser-gas interaction chamber.
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6 The main features of these spectra @rehe larger exten-
sion of the plateau for the spectrum corresponding to a po-
" H51 H73 sition of the gas jet closer to the laser beam waist(1.6
mm, corresponding tb~4x 10 W/cn?); (i) a blue shift
of the whole spectrum at; with respect to the spectrum
Hos obtained atz,=2.1 mm (~3.2x10"* W/cn?). The first
characteristic agrees with the existence of an optimum gas jet
position(in general different fronz=0) that maximizes the
harmonic yield, as shown by theoretical calculatifi@] and
similar experiments with longer laser pulse durafia,12.
Moreover, we have also found good agreement with the
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Harmonic intensity (arb. units)

0 W maximum expected order of about 97 and 8% atand z,,
16 14 12 10 8 respectively, according to the cut-off law giving the highest
A (nm) photon energy emitted in a HOH generation process when

using ultrashor{<30-fs) laser pulse$13].

On the other hand, the blue shift of harmonics observed
when the generating medium is closer to the laser beam fo-
We have measured a confocal paraméted mm. Accord-  cus can be explained by the higher intensity experienced by
ingly, an estimate of the beam radius at the waistvijs  the gas sample. As previously mentioned, it is originated by
=(\b/2m)Y2=22.5 mm, which exceeds the diffraction lim- the temporal change in the free electron densitjd/dt)
ited value by 25%. during harmonic propagation in the ionized gas medium.

The gas samplé\e) is injected into the interaction cham- ~ We have, thus, investigated the possibility to continuously
ber by an electromagnetic valve, operating at about 100 Hzune the harmonic wavelength in the spectral interval be-
which presently represents the limiting factor of the repeti-tween two consecutive harmonics of a reference spectrum by
tion rate of the whole apparatus. The valve opening time isimply changing the position of the gas jet relative to the
set to 400us, and the injected gas jet has a diameter ataser beam waist. As a clear example, we report in Fig. 2 the
nozzle of ~0.8 mm. By varying the gas backing pressuredetail of the spectral region around the 73rd harmonig; (
(typically 2-5 bay, the gas pressure in the interaction region=10.9 nm. The curves are normalized at the peak value.
has been estimated to vary between 20 and 50 mbar. Suéitom Fig. 2, we measure a total shift of the 73rd harmonic of
values, as well as the synchronization with the laser pulsenore than 3 A, which is approximately the wavelength sepa-
have been set so as to maximize the harmonic signal. Haration between the 71st harmon(also visible on thered
monic radiation has been analyzed with a grazing incidencside of the upper curvgsnd the 73rd harmonic. In the range
(86°), Rowland mounting monochromator based on a plati-of z values from 0.4 to 2.2 mm, the laser intensity in the
num coated, 300 grooves/mm, spherical gratidgn radius  interaction region varies between2.4x 10" W/cn? and
of curvaturg, designed for broadband efficiency in the 80—54.9x 10 W/cn? .
nm spectral range. A toroidal mirr@gincidence angle 83.5°, The effect of a rapidly ionizing atomic population on the
and radii of 2.8 m in the tangential plane and 60 mm in thespectral characteristics of high-order harmonics is also evi-
sagittal plangis used to focus the harmonic beam onto thedent when the laser intensity is kept constant while varying
monochromator entrance slit in the tangential plane, matchthe gas density. This has been verified by changing the value
ing the instrument aperture. It also provides focusing in theof the valve backing pressui@amely, the local gas pres-
sagittal plane in a position at the center of the diffractedsure. Also in this case we have observed a shift of the har-
spectrum. By correcting the mounting astigmatism, our two-monic wavelength towards the blue region of the spectrum as
component optical instrument achieves high sensitivity andong as the gas pressure is increased, although the effect is
high resolving poweltypically 1500, thus allowing a de- less pronounced in the investigated pressure range.
tailed analysis of the spectral structure of the harmonics. Fi- As a final remark, let us observe that the blue shift intro-
nally, the detector is a channel electron multiplier with bareduced by changing the gas-jet-to-laser-focus relative position
glass photocathode, with variable gain up to the photons only weakly dependent on the harmonic order for the har-
counting regime. monics in the deep plateau regiog> 39, in our casg and

We report in Fig. 1 two typical harmonic spectra obtainedthat it is much larger than the observed blue shift of the laser
in Ne with a laser pulse enerdy,=300 wJ in correspon- wavelength divided by. In fact, we have also measured the
dence of two different positiong, of the gas jet with respect fundamental blue shift in several experimental conditions, by
to the laser beam focuseferenced at=0). We use positive means of a shutter which is triggered by the electromagnetic
values forz to indicate that the valve is positioned down- valve driver. In such a way we have been able to select only
stream the laser beam waist. Fs# 1.6 mm, one can clearly those laser pulses interacting with the gas medium. As an
observe up to the 95th harmonia=8.38 nn, although example, the blue shift measured for the 73rd harmonic at
smaller peaks up to the 103rd harmonic can be also identiy=~4.9x 10** W/cn? is about 0.3 nm. This would lead to a
fied. The absence of background radiation and the high speshift for the fundamental of the order of X8.3 nm=21.9
tral resolution of the monochromator allow a clear detectiornm, while the measured fundamental blue shift at the above
of neat harmonic peaks, even in the region below 10 nm. pumping intensity amounts to only 5 nm.
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FIG. 1. Harmonic spectra in Ne with pulse enefgy=300 uJ
atz=2.1 mm(solid line) andz=1.6 mm(dotted ling.
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of the single-atom response can be treated separately, the
time-dependent intensity of thggh harmonic field) (t,qw),
reduces to

I(t,qw)=|d(qw,t)|PN?()WA(t,E) [Fq(AK,D[?V(1),
(2

whered(gqw,t) is the dipole moment at the frequency of the
gth harmonic\/(t) the laser-gas interaction volume at tite
|Fq(Ak,t)|2 the phase-matching factor describing propaga-
tion effects in the ionizing mediumAKk=k,—qk;), and
N(t) the density of neutral atoms at tinhe

It is worth stressing that, although our laser pulse duration
is almost ten times shorter than the one used by Miyazaki
and Takadd9], and only about 11 optical cycles, we still
assume in our analysis that the slowly varying envelope ap-
proximation holds essentially true, and that the atomic dipole
spectral response can be decomposed in discrete spectral
components corresponding to odd harmonics of the funda-
1.9 mm mental frequency, as discussed by several autHdis

Next, by following Ref[9] we have replaceB (Ak,t) in
Eq. (2) by the coherence length = mL/(A¢g+Ade),
z=22mm whereL is the medium length. The phase-mismatch term due

P T T T to the focusing geometry 8 ¢4~2(q—1)L/b (b>L), and
11.0 10.8 10.6 10.4 10.2 the one due to free electrons B¢.=qwl(ng—n,)/c,
A (nm) wherec is the speed of light, and; andn, the refractive
indexes at the laser argth harmonic wavelengths, respec-
FIG. 2. Detail of the spectral region around the 73rd harmonictively, both depending on the time-varying electron density.
(the bluer peak The experimental conditions are the same as inTherefore, we only consider the harmonics emitted within a
Fig. 1. Different curves have been obtained at differzpositions single time-dependent coherence length.
(from bottom to top:z=2.2, 1.9, 1.6, 1.3, 1.0, 0.7, and 0.4 mm We have also assumed a constant value for the atomic
The arrows indicate the central wavelength of the 73rd harmoni(aip0|e d, independent of time and harmonic order. Such an
power spectrum. approximation is justified, since the atomic dipole varies
very slowly both with the laser intensity in the strong field

In order to understand our results in terms of a simpl&egime and with the harmonic order for harmonics belonging
theoretical model, we have followed the approach ofi;ihe plateau regiof7].

Miyazaki and Takad49], which is based on the tunneling Finally, we have replaced in Eq2) the time-dependent
ionization of the medium as originally treated by Keldyshnteraction volume in the gas mediuM(t), with a constant,
[14] and Ammosoet al.[15]. Within the framework of this  early cylindrical volumeV of gaseous medium, having
theory, the tunneling ionization rat#/(t,E), for ansstate  |gngth equal to gas jet diameter and base areas given by the
(ground state of Neis calculated agin atomic unit$ laser cross section at the beam waist, multiplied by a func-

2 Y on1 . tion corresponding to the temporal profile of the laser inten-
E ) c |2(£) | exp<—2E ) sity, f(t). In particular, we have assumei{t)=1(t)/l,

n p )

Harmonic intensity (arb. units)

W(t,E)=

E 3E =sech(1.7@/7), whereris the full-width at half-maximum
(1) laser-pulse duration.
With these assumptions, E) can be recast as

E*

whereE(t) is the field amplitude at timg E* = (21,)%2 1,
the ionization energyC,, a numeric constar(of the order of 1(t,qe) o N2(H)WA(, E(1))[ L[ (1), 3
2), andn=2(21,)~*2 whereZ is the residual ion charge.

According to the semiclassical pictuf&,6], which has  which allows us to calculate the approximate time profile of
been confirmed in a large number of experiments, harmonicg given harmonic.
are emitted in the interaction between a single active electron Let us now observe that, due to the tunneling ionization
and its parental ion in a short temporal inter(@few optical ~ factor, N°W?, of Eq. (2), harmonics are emitted well before
cycleg after electron tunneling. In this regard, tunnel ioniza-the laser intensity(t) reaches its maximum value, given the
tion is viewed as the first necessary step for the harmonistrong depletion of the gas medium. Let us also define with
generation process to occur. Therefore, the harmonic fielt,(E) the time at which thegth harmonic intensity profile
generated at time is proportional to the instantaneous reaches its maximum value. According to Yablonovitt8],
electron-ion pair densityN(t)W(t,E), present at timet.  the time-dependent spectral shifl, of the laser fundamen-
Next, by assuming that the problems of phase matching anthl wavelength\ is given by
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eA\3L N, function of the laser intensity for a pulse duration of 30 fs
MNt)=——— —. (4)  and a gas pressure of 50 Torr. Different laser intensities cor-
2mmec® Ot respond to different values. In spite of the simplicity of our
) . model, which also neglects any 3D spatial effects on har-
Therefore, the effective laser wavelength at titvety,  monic spectra, the main experimental features, namely, the

when most of theyth harmonic is generated, ls+ 6\ (t;).  strong dependence on laser intensity and the weak depen-
Such a shift of the fundamental wavelength essentially indence on harmonic order of the induced blue shift, are rea-
duces a harmonic spectral shii ;= X (tq)/q, which domi-  sonably well recovered. The quantitative agreement between
nates over the shifﬁ)\(tq)/q3, due to the refractive index numerical and experimental values is also rather good. This
change at, caused by the presence of free electrons. Wesimple model, thus, confirms the dynamical interplay be-
point out thaté\(t,) is much larger than the overall laser tween the temporal evolution of the ionization degree in the
blue shift measured with an optical multichannel analyzer. I)medium and the blue shift undergone by the propagating
fact, the laser spectra obtained after the laser-gas interactidrarmonic radiation even in the regime of ultrashort pumping
region are time integrated. This means that the large blutaser pulses.
shift occurring in a very short time interval aroutd(when In conclusion, we have demonstrated the possibility of
the laser field is ionizing the medium and the slope of theusing HOH generation to produce continuously tunable, co-
free-electron densityN./dt, is very large is partially can-  herent radiation in the xu¢=~20 to ~8 nm). Reliable tun-
celled out by the time integration over the entire laser-pulsebility of the harmonic radiation, based on the blue shift
envelope. undergone by harmonics while propagating in an ionizing
By relying on this approach, we have, as an examplegas medium, is obtained by simply adjusting the gas-jet po-
calculated the blue shift of the 51st and 73rd harmonics, as sition relative to the laser beam waist.
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