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ABSTRACT A high-intensity 10'* W/cm? optical parametric
amplifier (OPA) was developed to generate tunable infrared
pulses for high harmonic generation (HHG). The HHG ex-
periments with xenon and argon gases using the OPA out-
put were performed with a kHz gas valve. The tunable na-
ture of the OPA led to tunable HHG, resulting in a source
of fully tunable coherent XUV radiation from 0.22 pm to
the HHG cutoff. Compared with the conventional 800 nm
(Ti:sapphire) driving field, increasing the driving wavelength by
an OPA also significantly extended the cutoff photon energy of
the HHG.

PACS 32.80.Rm; 42.65.Ky

1 Introduction

High harmonic generation (HHG) can produce co-
herent XUV /X-ray radiation that has many important poten-
tial applications, such as ultrafast femtosecond spectroscopy
and microscopy [1,2]. HHG is a non-perturbative process
that occurs only when the incident excitation field is com-
parable to the Coulomb field within an atom [3,4]. There-
fore, production of XUV/X-rays by HHG in noble gases
requires laser intensities above 10'> W/cm?. The most com-
monly used lasers to provide such intensities are Ti:sapphire
and Nd: YAG/glass lasers, with carrier wavelengths of 0.8 and
1.06 pwm, respectively.

Since HHG produces only odd harmonics of the driving
laser, there are inherent limitations on the XUV radiation pro-
duced by fixed-wavelength pump lasers. The XUV radiation
spectrum produced is discrete. This limits the potential appli-
cations of a HHG X-ray source. The output spectrum of the
HHG experiment can be tuned to cover the gap between ad-
jacent orders by using a tunable excitation field. Harmonic
generation in the 1.2 to 1.55 um range was achieved using
an OPA operating at 10'> W/cm? [5]. But at this low in-
tensity the highest harmonic observed was the 9th harmonic
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(~8 eV photon). For the first time, we demonstrated HHG in
the XUV /soft X-ray regime using a high-intensity OPA.

The high-intensity OPA also allowed us to study HHG in
a pump wavelength regime comparably longer than 1.06 um
(Nd:YAG). The semi-classical model [6, 7] of HHG predicts
that the cutoff photon energy is hveyorr = Ip +3.17 U, where
I,, is the ionization energy and U, is the ponderomotive en-
ergy. Since the ponderomotive energy is proportional to the
square of the wavelength of the incident field, we expect sig-
nificantly higher cutoff photon energies for pump lasers of
longer wavelength.

2 Experiment setup

2.1 System layout

Figure 1 shows the experimental setup. A Ti:sap-
phire laser system that produced 1.2 mJ, 21 fs pulses at sub-
kHz repetition rate [8] is used to pump the OPA. The OPA
generates tunable 1.1 to 1.6 um IR laser pulses, and was fo-
cused by an 88.3 mm lens onto the pulsed gas jet formed
by a gas valve synchronized with the laser signal. The fo-
cal spot size is ~20 wum FWHM. The gas density from the
pulsed jet is ~1x10'® atoms/cm? in a 200 um interaction re-
gion. The high harmonic signal, after passing a pinhole and
a slit, was imaged by a focusing mirror at grazing incidence
onto a chevron MCP imaging detector that has good sensitiv-
ity to wavelengths below 140 nm. A 2000 1/mm transmission
grating is employed to disperse the spectrum. Finally, the X-
ray spectrum on the phosphor screen was recorded by a 16 bit
cooled CCD camera.

In the system, the MCP detector required a high vac-
uum (better than 107°) to apply high voltages across the
electrodes. However, HHG needs a rather high gas dens-
ity in the laser—gas interaction region. Therefore, the spec-
trometer and the gas nozzle were installed in two separate
vacuum chambers. The two chambers were separated by
a 0.5 mm pinhole that allowed the HHG signal to pass through
to the detector chamber with relatively little gas leakage.
We also employed a kHz gas valve that produced a smaller
gas load on the vacuum system. This differential pumping
scheme allowed both a good vacuum in the detector cham-
ber and a high enough transient local density in the interaction
region.
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FIGURE 1 Experimental setup
2.2 kHz gas valve gas pulse. As shown in the figure, the duration of the gas pulse

The working medium in HHG is usually provided
by a static gas cell [9], a hollow fiber [10], or a high repetition
gas valve [11]. The pulsed gas valve yielded a simple and ef-
ficient way to produce a high-density gas in the focal volume.
The pulsed gas valve we used is a solenoid valve that can op-
erate at high repetition rate (up to 1.2 kHz). It is commercially
available and is much cheaper than a piezoelectric valve [12].

The performance of the valve was measured by observing
the ionization fluorescence [13] when a laser was focused into
the gas produced by the valve with a suitable intensity. Fig-
ure 2 shows the measured temporal and spatial profiles of the
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FIGURE 2 Characteristics of the kHz gas valve. a Temporal profile of the
gas pulse from the valve. The signal was measured at three different back-
ing pressures with argon gas. b Measured spatial distribution. The position is
the horizontal offset from the nozzle center. The Gaussian fitting (line) gives
a distribution width of ~180 pm

is ~200 ps, and the time at which peak density occurs changes
slightly with the backing pressure. The gas density is propor-
tional to the backing pressure. The spatial profile at the time of
peak density is nearly Gaussian with a FWHM of ~180 um.

3 High-intensity OPA

We modified a commercially available OPA to
accept shorter and more intense input pulses from our
Ti:sapphire laser system. The output signal of the OPA was
tunable from 1.1 to 1.6 wm. The pulse energy at the output of
the OPA (signal+idler) was 400 jJ at a signal wavelength of
1.51 pm. After the signal propagated a relatively long distance
to the HHG system, the pulse energy of the signal dropped
to 150 pJ due to the divergence of higher-order spatial modes
and absorption/scattering in the path.

To characterize the 1.51 um output from the OPA we
measured the spectrum, near field profile and far field pattern
of the beam. The spectrum was measured with a monochro-
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FIGURE 3 Output characteristics of the OPA with 1.51 pum output. a Spec-
trum. b Near field profile. The output pulse energy is ~400 wJ. ¢ Far field
pattern focused by an 88.3 mm lens. The intensity at the focal point is
~3x10'* W/cm?
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mator and an InGaAs photodiode that has a flat response up to
1660 nm. The FWHM of the distribution is ~50 nm, as shown
in Fig. 3a. The near field profile is shown in Fig. 3b. To ob-
serve the far field we focused the beam with an 88.3 mm lens
and measured the focal point profile with a commercial Si
CCD and a 10x objective lens. Figure 3c is the recorded pro-
file. The FWHM of the measured image is 12 um. At high
intensity, the Si CCD responded to the 1.51 pum signal through
two-photon absorption, therefore the actual focal spot size
should be larger by a factor of +/2. The pulse duration was
measured by autocorrelation to be less than 30 fs. With these
attributes the laser intensity at the focal point is on the order of
10'* W /cm?, which is high enough to perform HHG in heavy
noble gases.

4 Harmonic generation with OPA

We have performed HHG experiments with argon
and xenon gases. Figure 4 shows the harmonic spectrum gen-
erated in xenon gas at different driving wavelengths but con-
stant pulse energy of 50 pJ. This figure clearly illustrates the
tunability of the HHG signal. As shown in the figure, the fre-
quency of the 37th harmonic of the 1.51 um fundamental is
less than the frequency of the 35th harmonic of the 1.22 um
fundamental.

Assume the OPA output can be tuned between A and A,. If
the gth harmonic of A; can be tuned to the adjacent harmonic
of A, 1.e. A1 /q = A2/(q +2), the HHG spectrum above 1| /g
will be fully tunable. Our OPA can be tuned between 1.1 to
1.6 wm. Therefore, we have demonstrated a completely tun-
able XUYV radiation source from the 5th harmonic (0.22 jum)
to the cutoff frequency. This is the first demonstration of full
tunability in such a wide spectrum range with an OPA. Com-
pared to the previously proposed tuning schemes, the wave-
mixing method requires precise temporal and spatial overlap
of the strong fixed-wavelength pulses and the tunable weak
OPA pulses [14,15]. The tuning scheme by non-adiabatic
blueshift effect with intense short pulses (~30 fs) can provide
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FIGURE 4 Harmonic spectrum using different driving field wavelengths,
constant pulse energy (50 uJ) and focal spot size

fully tunable HHG above 0.02 pm [16, 17]. Our method here
is more versatile and simple.

The results in Fig. 4 also demonstrated the cutoff depen-
dence on the wavelength of the driving field. As shown in the
figure, with the spectrums measured with 0.8, 1.22, 1.37 and
1.51 pm driving field, the longer driving wavelength always
results in a higher cutoff photon energy. We also measured
the harmonic spectrum generated in argon gas by 0.8 wm and
1.51 pm driving laser pulses. The pulse energy in both cases
was 100 pJ. The cutoff photon energy with 0.8 wm driving
field was 64 eV, while the cutoff using the 1.51 wm pump field
was 160 eV. Therefore, at constant driving intensity, the cutoff
photon energy using a long-wavelength pump field is much
higher than that found using 0.8 wm from a Ti:sapphire laser.

For a given atom, the highest useful intensity is set by the
saturation of ionization of the atom. The saturation ionization
intensity is wavelength-independent in the tunneling ioniza-
tion regime, therefore, for a given atom, the highest cutoff
energy is strongly depend upon the driving field wavelength.
This is shown explicitly in the following formula [10]:
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where 1, is the ionization potential and At and A are the du-
ration and the wavelength of the laser pulse, respectively. /
and m are the orbital and magnetic quantum number. n* is the
effective principal quantum number, I* =1 —n*. p =98% is
the ionization probability at the peak of the pulse. a = 0.5 is
a correction of the analytical approximation.

According to this equation, ~2 keV HHG can be obtained
by using a 1.6 pum, 25 fs driving field with helium gas, which is
much higher than the highest harmonics (0.5 keV) generated
so far by a 0.8 pum laser. Work is in progress to increase the
OPA intensity so that the expected keV HHG emission can be
generated by driving helium gas with an OPA at 10'> W/cm?.

5 Conclusions

We have reported high harmonic generation using
the output of an OPA. This is the first demonstration of a fully
widely tunable XUV /soft X-ray HHG signal. The experimen-
tal system was constructed with a kHz gas valve and differen-
tial pumping vacuum chambers. This allowed a high vacuum
in the detector chamber and a more efficient HHG experiment.
Driven by the output of the OPA, the HHG experiments were
performed with xenon and argon gases. The results show that
the HHG photon energy was fully tunable from 0.22 jum to the
cutoff energy. We also confirmed that the HHG cutoff energy
is significantly increased by increasing the driving field wave-
length, as predicted by the cutoff law. For argon gas, the cutoff
energy was increased from 64 eV to ~160 eV whena 1.51 um
driving field was used instead of a 0.8 pm driving field from
a Ti:sapphire laser. We expect that with a higher-power OPA,
we will be able to produce keV coherent radiation through
HHG in helium gas.
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