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Abstract

We have enhanced extreme ultraviolet (XUV) harmonics around 90 eV in
He using a combination of vacuum ultraviolet harmonics, generated in a Xe
capillary, and the strong infrared (IR) laser pulse. With no changes in the
IR input energy or the configuration of the He target, the collinearly focused
combination of the two fields changed the spectral properties and increased
the yield of the XUV harmonics compared to those generated with the IR field
alone.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

High harmonic generation (HHG) [1-4] has become an important and widely used method
for generating laser-like radiation from the vacuum ultraviolet down to the extreme ultraviolet
wavelength regime, the water window around 3 nm [5] and with the highest photon energies
reaching 1.3 keV [6]. The generated radiation forms a plateau of similar-intensity harmonics
separated by twice the frequency of the driving field followed by a cut-off of rapidly decreasing
intensity [7]. The underlying physics of IR-driven HHG can be explained in a semi-classical
three-step model [8—10] where a bound electron in an atom is first tunnel ionized, then
accelerated in the driving field and finally recombined to the ground state emitting a high-
energy photon.

Almost since its discovery, there has been an extensive effort to improve the efficiency of
HHG. Most of these studies have focused on improving the macroscopic phase matching of
the generated radiation and it was demonstrated that better phase matching in a noble gas jet
can be achieved with different focusing geometries and by varying the position of the gas jet
relative to the laser focus [11-14]. In particular, conversion efficiencies of about 1073 in the
30 nm [15] and 107 in the 13 nm [16, 17] region were obtained using high-power IR laser
pulses and a loose focusing geometry. Improved phase matching in hollow-core fibres [18]
and filaments [19] has been demonstrated, but it is ultimately limited by reabsorption [20, 21].
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Figure 1. Experimental configuration. The IR laser generates VUV harmonics up to the 19th order
in a Xe-filled capillary, which co-propagate and are used to manipulate XUV HHG in a pulsed He
jet. The resulting VUV and XUV harmonics spectra are recorded using an XUV spectrometer. An
aperture (Ap) is used to control the IR intensity in the interaction region.

The techniques of adaptive laser pulse shaping in the frequency [22-24] and spatial [25, 26]
domain have also been used to spectrally control and increase the yield of HHG. In addition,
quasi-phase matching has been extended from the visible and near infrared into the soft-x-ray
regime [27]. In contrast to these methods, which rely on improved phase matching, Kim
et al [28] have recently enhanced the single-atom HHG response by using an orthogonally
polarized two-colour (fundamental and second harmonic) driving laser.

We report on the observation of HHG enhancement obtained by a superposition of a VUV
pulse and a high-intensity IR pulse. The initial tunnel ionization step in the HHG process is
assisted with a single VUV-photon ionization, which results in a large volume effect. Since
the dependence of tunnel ionization on the IR intensity is highly nonlinear, IR-driven HHG is
confined to a small volume around the peak of the IR beam. In contrast, VUV photoionization
is a linear process and is therefore also effective in the low-intensity wings of the IR beam,
which leads to HHG in a much larger volume. As a result, we predict enhanced HHG at
moderate IR intensities [29].

Our prior publication [30] on VU V-assisted enhancement of HHG, consistent with our
previous theoretical prediction, indicated the presence of phase-locked low-order harmonics,
thereby indirectly suggesting the presence of an attosecond pulse train (APT). We support our
initial experimental finding through a theoretical estimation of the influence of different low
harmonic orders, from which an APT is synthesized, on the ionization step for HHG.

2. Experimental details

We present a first experimental demonstration of enhanced HHG in the XUV through a
combination of strong low-order VUV harmonics and an IR laser field. A schematic of the
experimental set-up is shown in figure 1.

The collinear configuration makes it easy to align and is particularly suitable for further
applications. VUV harmonics are generated by loosely focusing a 29 fs (FWHM) IR pulse
with a central wavelength of 785 nm and an energy of 0.7 mJ into the Xe-filled capillary with
a spherical silver mirror (ROC = —1.5 m). The capillary has an inner diameter of 800 um, a
length of 50 mm and the focus is placed at the end of the capillary for maximum signal. Since
the focus of the IR laser is five times smaller than the diameter of the capillary, we observe no
guiding of the IR beam [31]. Xe is filled into the capillary from one end, at the laser entrance,
at pressures between 0 and 25 mbar and is differentially pumped through the other end to
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Figure 2. Enhancement of VUV-assisted HHG. The harmonic spectra of the VUV harmonics
(left) and the XUV harmonics (right) are shown as a function of the Xe pressure, for a He jet
backing pressure of 3 bar. The VUV harmonics strength diminishes for high pressures due to

reabsorption. The harmonic plateau was experimentally not accessible due to the configuration of
the measurement set-up.

ambient pressures below 103 mbar. The advantage of this configuration is that the capillary
acts as a differential pumping stage, reducing the gas flow into the chamber compared to a
pinhole of the same size. The drawback is that the resulting pressure gradient makes it difficult
to know the precise gas distribution in the interaction region. We generate harmonics up to
the 19th order, which translates to an IR peak intensity of 1 x 10'* W cm~2 in the interaction
region. The generated VUV and IR co-propagate through an adjustable aperture to a focusing
mirror (silver, ROC = -300 mm, reflectivity ~5% at harmonic 15), before reaching the He
target after 103 cm. The set-up is differentially pumped between the capillary exit and the He
target in order to minimize VUV absorption during propagation. The adjustable aperture is
placed at a distance of 62 cm after the capillary exit in order to adjust/reduce the IR energy
and, after initial optimization, kept constant for each experimental run. The aperture only
affects the IR beam due to its much larger divergence compared to the VUV beam. Simulating
the focusing geometry, we have chosen a condition such that the focal sizes of the VUV
and IR beams are similar. The focus is placed before the gas jet for maximum signal. We
generate harmonics with the IR alone with a cut-off around order 69 in He, from which we
estimate the IR peak intensity to 5 x 10" W cm~? in the interaction region, corresponding
to a focus size of 50 um diameter. This cut-off does not change significantly with the Xe
gas present (see figure 2). The He gas target consists of a pulsed, T-shaped tubular jet with
an inner diameter of 260 um and a length of 2 mm, where the laser passes along the tube
length. A piezoelectric plunger synchronized with the laser fills the target from a gas reservoir
with a backing pressure of up to 3 bar. The additional gas load increases the backing pressure
in the vacuum chamber to almost 1072 mbar. The generated VUV-assisted high harmonics

propagate 1.7 m through differential pumping sections to an XUV spectrometer (McPherson)
fibre-coupled to a CCD camera.

3. Results and discussion

Results of our measurements are shown in figure 2, where the spectral intensities measured for
the input VUV (left) and generated XUV harmonics (right) are shown as a function of the Xe
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Figure 3. (a) XUV harmonic spectrum for a He jet backing pressure of 3 bar, with and without
VUV assistance in the XUV HHG. (b) The spectral widths as a function of harmonic order.
(c) Blue shift of the IR pulse after focusing in a gas cell filled with Xe at various pressures.

pressure within the capillary keeping all other parameters constant. The VUV harmonics were
completely absorbed by He in the presence of the strong IR field and were measured using
identical configuration, but with the He jet shortly switched off. To investigate whether He
absorbs VUV harmonics, before entering the interaction region, we reduced the IR intensity by
closing the aperture. We found that VUV harmonics with photon energy below the ionization
threshold of He are no longer completely absorbed by the He gas.

The strengths of the VUV harmonics are observed to increase up to a Xe pressure of
15 mbar, followed by a decrease at higher pressures due to reabsorption in the Xe. The high
harmonics generated within the He jet are observed to follow the VUV harmonic strength,
illustrating that the VUV harmonics do increase the XUV yield. The simulations indeed
predict a moderate enhancement of the cut-off harmonics, with the most dramatic (orders of
magnitude) enhancement for the plateau harmonics. Our present set-up, unfortunately, did
not allow us to observe the low-plateau harmonics, and therefore only the enhancement effect
in the higher harmonics could be observed.

The generated XUV harmonics in figure 3(a) show a variation of the spectral width and
a blue shift with increasing Xe pressure keeping all other parameters constant [32]. The
spectral widths of individual harmonics within each HHG spectrum show a markedly different
trend with and without VU V-assisted ionization, as shown in figure 3(b). Without the VUV
harmonics, the higher orders exhibit a larger spectral bandwidth, whereas the VU V-assisted
harmonics show a decreasing bandwidth with increasing order. The decrease in the harmonic
bandwidth might be caused by a change in the IR chirp after propagation through Xe [22], but
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warrants a theoretical investigation. Since we are reporting on novel observations, we find it
convenient to include such a finding in order to stimulate further experimental and theoretical
investigations on this aspect. We also expect the coherence properties of the XUV harmonics
to be different compared to tunnel-ionization-based HHG. Blue shifting of XUV harmonics
can be due to ionization by the VUV harmonics as well as blue shifting of the IR field. Due
to the fact that the XUV harmonics blue shift and the spacing between consecutive harmonics
continuously increase with increasing Xe pressure, but the VUV yield decreases again beyond
15 mbar of Xe, we can attribute the blue shift to the IR field propagating through increasingly
ionized Xe.

We have measured an IR pulse with SPIDER after propagation through a gas cell filled with
Xe. The pulse envelope, the energy and the divergence of the IR pulse were not significantly
affected, but the centre of the spectrum was shifted by 7 nm after propagation through 25 mbar
of Xe compared to the Xe-free case in close agreement with the observed blue shift of the
XUV harmonics (figure 3(c)).

Our experimental demonstration that VUV harmonics can be used to enhance HHG leaves
open the exact mechanism by which this comes about. Our previous theoretical studies have
shown that phase-locked VUV harmonics (the 11th to 19th) which form an APT can be used
to enhance HHG [33]. The large enhancement results from the change in the IR-intensity
dependence of the harmonics caused by the APT’s presence and timing relative to the IR
field. First the different IR-intensity dependence of the generated harmonics results in a larger
generation volume, which is very sensitive to the overlap of the VUV harmonics and the IR.
A change in the beam sizes when the Xe pressure is varied cannot be ruled out and can have
an effect on the generation efficiency of He. Second an APT would allow us to select the
timing of the ionization of the electron into the continuum such that its ionization coincides
with the release time to contribute to HHG. The enhancement is expected to be greatest under
conditions that would otherwise yield low photon numbers, and enhancements of up to 2—4
orders of magnitude are predicted. At favourable delays, an APT-assisted HHG should result
in a comb of clearly resolved harmonics of increasing width for increasing order. Significant
enhancement is predicted in all cases, even at unfavourable delays where the ionization time
fixed by the APT does not allow the returning electron wave packet to efficiently recombine
with the parent ion.

Using all VUV light from the Xe capillary, and not just orders above 11, raises the question
of how efficient the various harmonics are at generating harmonics in He. At alow IR intensity,
harmonics below the 13th order cannot contribute to HHG, since they cannot ionize He directly
or via a possibly resonantly enhanced single photon transition, which is commensurate with
the 15th harmonic. However, at higher IR intensities this picture is strongly modified due to
the distortion of the Coulomb potential by the strong field. To investigate this effect, we have
calculated the relative efficiency of ionization with each of the harmonics from the 5th to the
13th order separately in the presence of a strong IR field of different intensities. To separate
the VUV-driven ionization from tunnel ionization caused by the IR field we have solved an
approximate time-dependent Schrodinger equation in the single active electron approximation
[34, 35] for two fields (IR + VUV) that restricts the ionization to be driven just by the VUV
field, but propagates the electron thereafter in the full atomic potential modified by the strong
IR field. The harmonic fields are assumed to have a 5 fs FWHM Gaussian pulse shape. The
ionization yield from each harmonic is normalized to the ionization yield of the 9th harmonic.
Figure 4 shows that at a relatively low intensity the 13th harmonic ionizes about 10'° times
more strongly than the 5th harmonic. However, by the time the peak intensity reaches 4 x
10'* W cm~2, which is near the intensity used in this experiment, the distribution flattens out
considerably, and the 13th harmonic ionizes only about 100 times as much as the 5th. The
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Figure 4. Relative He ionization probability as a function of harmonic order for different IR
intensities, where the ionization yield of the 9th harmonic is normalized in each curve.

process of initiating HHG via ionization by low-order harmonics is complex, since ionization
radially and temporally depends on the intensity of the IR pulse and therefore varies with
low harmonic order. We conclude that filtering of the low-order harmonics and a direct
measurement of an APT via, e.g. a RABITT measurement, are necessary to unequivocally
prove the time dependence of VU V-assisted HHG in He.

We therefore expect that a future experiment will greatly benefit from an independent
relative time control between the two colours (VUV + IR) in order to enhance the single-atom
response together with favourable phase-matching conditions as predicted by our theory.

4. Conclusions

We have presented first the results of enhancement in harmonic yield due to VUV-assisted
HHG in He. The initial tunnel ionization step in the HHG process is replaced with single
VUV-photon ionization, which results in a large volume effect. It is predicted that ionization
with APTs in the VUV regime could result in even higher enhancements by several orders of
magnitude if the timing between the VUV and IR fields is chosen such that the single-atom
and phase-matching effects both positively add to HHG.
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