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Atomic line emission and high-order harmonic generation in argon driven
by 4-MHz sub-pJ laser pulses
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We report on the coexistence of atomic line emission (ALE) and high-order harmonic generation (HHG) from
argon with experimental conditions bridging the multiphoton and tunnel ionization regimes. Driven by sub-uJ
femtosecond laser pulses in tight-focusing geometry, characteristic spectra of ALE from highly excited neutral
argon as well as from singly ionized argon are detected in the presence of the harmonics. The results are discussed
with respect to the electronic structure of argon and the phase-matching condition of the HHG process.
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I. INTRODUCTION

High-order harmonic generation (HHG) is a process in
which strong laser pulses with low photon energy, down to
the midinfrared region, are converted into bursts of high-
energy radiation ranging from the extreme ultraviolet up to
hard x ray [1,2]. The celebrated combination of HHG-based
light sources with varieties of spectroscopy and microscopy
methods allows ultimate time resolution in experiments and
real-time observation of ultrafast electron dynamics in gen-
eral [3]. In the simplified picture of the HHG process, a
strong electric field, more than several V/A, from a driving
laser is required to trigger tunnel ionization [4]. This marks
a HHG threshold at incident laser peak intensity around
10> W/cm?. The demand to build a HHG source of the
highest possible repetition rate requires therefore detailed
knowledge of the onset of the tunnel ionization regime. It
has been reported that the threshold intensity for HHG could
be greatly reduced by several orders of magnitude using field
enhancement in plasmonic nanostructures [5,6]. However, the
first exciting results demonstrated by Kim et al. [5] could not
be reproduced by other groups and the observed emission of
vacuum-ultraviolet light was later identified as atomic line
emission (ALE) [7,8].

The ALE is usually dominated by the HHG signals when
the process is driven by mJ laser pulses from amplified laser
systems at low repetition rate [2]. The recent observation
of ALE driven by a weak laser field [7,8] signifies more
than a technical issue of discriminating ALE from HHG
features when they have comparable intensity. From the
fundamental physical point of view, the observation is relevant
to the transition region between multiphoton and tunnel
ionization regimes where the ac-Stark shift and resonances
can take place [9-11]. This transition occurs when the Keldysh
parameter y, the ratio of the time scale for tunnel ionization to
the period of the incident laser field [12], is close to unity. In a
simplified picture, tunnel ionization needs to compete with the
oscillating optical electric field, since at a higher frequency
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the field switches its direction earlier, before the electron
tunnels through the dynamically distorted ionization potential.
At high field strength and low frequency, y < 1, the tunnel
ionization dominates, corresponding to experiments showing
dominant HHG spectra. At lower field strength and higher
frequency, y goes beyond unity and multiphoton ionization
from weakly perturbed atomic states comes into play, leading
to the emission of characteristic ALE spectra.

In this paper, we investigate for y & 1 the coexistence of
ALE and HHG from an argon jet driven by femtosecond laser
pulses of 650 nJ at 4 MHz repetition rate. In strong contrast
to previous studies [8], which showed only either dominant
HHG features driven by mJ pulses at several kHz repetition
rate or ALE driven by nJ pulses at MHz, we observe the
clear coexistence of ALE and HHG processes under otherwise
identical experimental conditions. By comparing the ALE
spectra with the electronic structure of argon atoms, we assign
the ALE features to emission from highly excited neutral
argon atoms and singly charged argon ions. The simultaneous
observation of ALE and HHG and the understanding of their
relative intensities might be important for the development
of low-power, but high repetition rate, HHG sources which
operate just above the transition regime for y &~ 1. As a tool,
the observation of ALE might allow one to locate the crossing
condition of the um gas jet and the um laser focus when the
optimal HHG conditions are not yet met. But more essentially,
the clear separation of both effects is necessary to assign the
HHG radiation under threshold conditions.

HHG sources with MHz repetition rates are essential for
the design of laser-based vacuum-ultraviolet light source in
electron-based spectroscopy and microscopy, where repetition
rate significantly beyond traditional kHz Ti:sapphire amplifier
systems [13,14] is necessary. By far, as an alternative to
our approach using a sub-uJ laser oscillator at MHz, HHG
experiments at this high repetition rate require either intricate
high-power fiber laser systems [15-18] or an additional
complex resonant cavity for field enhancement [19-21].

II. EXPERIMENTAL SETUP

In Fig. 1(a), an overview of the setup is shown. To drive
HHG, we used the output of a Ti:sapphire oscillator with its
cavity extended by a Herriott-type multipass cell [22,23]. The
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FIG. 1. (Color online) (a) Setup of experiments. (b) Spectra of the generated radiation from argon, measured for 7.5 s for spectra 1 and 2,
and 60 s for spectrum 3. The three spectra are measured with different diffraction angles by which the grating is rotated. A smooth background

was subtracted from the spectra. The order of the harmonics and the

laser output has a central wavelength around 800 nm, and a
pulse energy of 650 nJ with 50 fs pulse duration at 4 MHz
repetition rate. An achromatic lens focuses the laser beam into
an argon gas jet emerging from a glass capillary with 30 um
orifice and a backing pressure of 3 to 4 bar. The focal length
is about 50 mm, which results in a beam-waist diameter of
around 5 um. These focus parameters are in strong contrast
to the conventional HHG setups using amplified laser systems
with ©J to mJ pulse energy, in which a sufficient intensity can
still be provided by a much larger focus size. In our case, the
peak intensity at the focus is estimated to be 7 x 10'3 W/cm?.
The emitted vacuum-ultraviolet light is diffracted and focused
onto an imaging detector by a toroidal grating. Due to the
diffraction geometry, the longest wavelength that can be
observed is around 120 nm and a wide spectral range can be de-
tected upon rotation of the grating. The diffracted HHG pulses
are stretched to a temporal width of 1 to 2 ps according to the
line density of the grating and the estimated beam-spot size on
the grating. Details of the setup are described elsewhere [24].

III. RESULTS

Figure 1(b) shows spectra of vacuum-ultraviolet light
generated from an argon jet with a backing pressure of 4 bar.
In the spectra, the harmonics of the driving laser field are
indicated by their harmonic order and the additional features
are attributed to atomic lines (ALE) of argon. The photon flux
is estimated to be 2 x 10* photons/s for the 13th harmonic
with an assumed 10% efficiency of the detector. This flux is
about 4 orders of magnitude lower than that of a conventional
HHG setup driven by amplifier laser systems [14].

By using the cutoff in the HHG spectra as a reference, we
can estimate the Keldysh parameter y in our experiment as the
following. The HHG spectra extend up to the 17th harmonic
and show a cutoff around the 19th harmonic with a photon
energy of 29.5 eV (E.uoff). According to the empirical cutoff
law of HHG [25], the ponderomotive energy (Up) of electrons

04

atomic lines (ALE) with their wavelength are indicated.

in the laser field can be estimated by Ecyoff = Ip + 3.17Up.
Here, Ip is the ionization potential of the neutral argon atom
of 15.8 eV. Up is estimated to be 4.3 eV and the peak
intensity at the laser focus is estimated to be around 7.3 x
10'* W/cm?. This peak intensity is in reasonable agreement
with our estimation by the focus spot size. From these,
we estimate the Keldysh parameter y ~ 1.4, which is in
the transition region between the multiphoton and tunnel
ionization regimes.

As a crosscheck for the assignment of ALE and HHG, we
used xenon instead of argon as the generation medium, and
harmonics up to the 13th order were observed with higher
intensity, whereas the ALE features at 65, 80, and 104 nm
wavelength were not observed (data not shown). This suggests
that the assigned ALE features are related to the characteristic
electronic structure of argon atoms and ions.

The detailed spectrally resolved structure of the ALE
is shown in Fig. 2. Figures 2(a) and 2(b) display the
two-dimensional diffraction pattern and Fig. 2(c) shows
the corresponding line profiles. In the presented spectral
range, the 9th, 11th, and 13th harmonics dominate, but
additional features appear at about 64 and 80 nm, which
we resolve with high resolution. In Fig. 2(b), the diffraction
pattern of the generated radiation is measured under identical
conditions, except for a reduced exposure time as in Fig. 2(a),
and the argon gas jet is displaced by about 30 um away from
the lens along the light propagation axis. As clearly shown
by the comparison between the line profiles in Fig. 2(c),
the intensity of the 11th harmonic was about tripled from
Figs. 2(a) to 2(b), whereas the ALE features completely
vanish. This observation shows directly the very different
generation conditions for ALE and HHG.

IV. DISCUSSION

In general, the identification of specific ALE transitions
simultaneously in HHG experiments is not straightforward
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FIG. 2. (Color online) (a),(b) The diffraction patterns of generated vacuum-ultraviolet radiation for two different argon jet positions. In (a),
the argon jet is positioned 30 um closer toward the incident laser beam than in (b). (c) The averaged line profiles from (a), blue curve, and (b),
red curve. A constant background in the line profile is subtracted. For clarity, the blue curve is vertically shifted. The exposure time for image
(a) and (b) is 22 and 11 s, respectively, and a factor 2 should be taken into account when comparing their absolute intensity.

because of the abundance of possible transitions [7] as well
as laser-intensity-dependent Stark shifts of the characteristic
atomic lines [9-11]. Moreover, the HHG spectra can depend
on the generation geometry and the driving laser-pulse energy.
It has been shown that different electron trajectories can lead
to splittings of the odd harmonic spectral features; however, at
sub-uJ pulse energies in tight-focusing geometry, significant
splittings are absent according to the detailed study by Heyl
et al. [26]. For comparison with the experimental spectra, we
show in Fig. 3 the atomic transitions of neutral argon reported
in the literature summarized by the Grotrian diagram [27-30].
Here the excited atomic levels of neutral argon are indicated
with their energies relative to the ground-state [Ne]3s23p®
electronic configuration. Selected optical transitions from

these excited states to the ground state are sketched and labeled
with the emitted wavelength ().

Comparing the observed vacuum-ultraviolet spectra in
Fig. 1(b) with the energy diagram in Fig. 3(a), we can assign
the ALE features near 80 and 104 nm to atomic transitions in
neutral argon atoms. The ALE feature near 104 nm agrees well
with the transitions from the excited states [Ne]3s23 1754s1 at
about 12 eV (A = 104.8, 106.7 nm) to the ground state. These
transitions were also observed in Ref. [8] when argon is driven
by mJ laser pulses at 1 kHz. Furthermore, the feature near
80 nm with fine-scale spectra features revealed in Fig. 2(c)
can be related to transitions from highly excited states near the
ionization threshold (Ip), i.e., [Ne]3s23p°ns' with n > 6 and
[Ne]3s23p°nd' with n > 4, to the ground state.
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FIG. 3. (Color online) The relevant Grotrian diagrams of (a) a neutral argon atom [27-29] and (b) a singly ionized argon ion [28,30] for the
observed atomic emission lines. Excited states are shown with the energy (left axis) and emitted wavelength (right axis) in an optical transition
to the ground states. Examples for dipole allowed transitions are indicated by the arrows labeled with the wavelength of emitted radiation. In
(a), the ionization energy (/p) for a singly charged ion is marked by the dashed line.

A closer look at the fine-scale spectra feature near 80 nm
in Fig. 2(c) reveals its extension down to 77.2 nm. This
value is smaller than the corresponding value of the ionization
potential (/p) of 78.8 nm. Since all the [Ne]3s23p ns! and
[Ne]3s23 psnd I bound states must be located below Ip in
the argon atom in a field-free environment, we tentatively
attribute this deviation to the dynamic Stark effect due to the
strong driving laser field. In analogy, comparing the weak ALE
feature near 65 nm in Fig. 2(c) with Fig. 3(b), we could assign
this feature to transitions of singly charged argon ions from the
energetically higher states [Ne]3s23p*4s! or [Ne]3s%3p*3d!
to the [Ne]3s23 p° ground state with wavelength in the range of
66 to 70 nm. According to the experiments of Ackermann ez al.,
the Stark shift depends linearly on the laser intensity with a
slope of about 5 meV per 10'2 W /cm? for the [Ne]3s23 p4s' to
[Ne]3s23 p6 transition driven by a laser at around 500 nm [11].
In our case, this would result in a shift of about 350 meV, which
is in good agreement with the experimentally obtained values
of the transitions near 104 nm shifted by about 2 nm. In highly
excited states, electrons are even more affected by the driving
laser field and the energy shift may be even comparable to the
ponderomotive energy (Up) [31].

In our experiments, we could not precisely quantify the
magnitude of the Stark shift due to a possible experimental
error in the relative wavelength determination of the ALE
features. Due to the different directional characteristics of
HHG and ALE, a small deviation could result from the
different illumination of the diffraction grating. The harmonics
will follow the fundamental driving laser beam, whereas the
ALE is isotropic. From the observed ALE feature at 104 nm

in Fig. 1(b) and the expected transition from [Ne]3s%3 p>4s'
at 104.8 nm and 106.7 nm, we can estimate an upper limit of
the error of around 2 nm. This size of error can occur when
there is a misalignment of around 0.1 mm near the optical axis
between the driving laser and the optical components.

After identifying the specific ALE features, we now discuss
their dependence on the argon jet position with respect to the
laser focus. The atomic transitions are incoherent single-atom
processes and the phase difference between emitters does not
play any role in ALE. Therefore, it is expected that ALE
is most efficient where the excitation is strongest, namely,
when the argon jet is placed directly in the laser focus.
This simple consideration neglects the dynamic Stark effect,
which can shift atomic levels into multiphoton resonance with
the incident laser [11]. In contrast, HHG is based on the
laser-induced atomic nonlinear polarization and the coherent
superposition of the emitted waves from single atoms in
the generation medium, i.e., the argon gas jet. As a result
of the phase mismatch due to focusing, optical dispersion
in the gas, and intrinsic atomic polarization phase shift, the
optimized gas jet position is located slightly behind the laser
focus [32,33]. In our experiments with sub-uJ pulse energy
and tight-focusing geometry, the compensation of the Gouy
phase of the focused laser beam by the neutral gas optical
dispersion plays an important role [13,14]. As an estimation,
the optimal condition for HHG is calculated by numerical
simulation of the propagation of the laser-induced polarization
and the electric field using the paraxial Helmholtz equation and
Green’s function method. We estimate an optimum position
for the 11th harmonic at about 36 pm behind the laser focus.
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According to this value, together with the observed 30 um
shift between the argon jet position for experiments shown
in Figs. 2(a) and 2(b), we confirm that the optimum gas jet
position for ALE is at the laser focus, as schematically shown
in the inset beside Fig. 2(c). This is also consistent with our
observation that there exists only one position for maximal
ALE intensity when scanning the gas jet position along the
laser propagation direction.

V. SUMMARY

To summarize, we observe the coexistence of characteristic
atomic line emission (ALE) and high-order harmonic gener-
ation (HHG) from argon excited by tightly focused sub-uJ
laser pulses at 4 MHz repetition rate. By this, we provide
a detailed study of HHG in a rare gas jet at the transition
from multiphoton to tunnel ionization regimes (y =~ 1). The
identified ALE features are assigned to transitions in neutral
argon atoms from the optically excited 3p°4s state and

PHYSICAL REVIEW A 89, 043404 (2014)

higher excited states near the ionization threshold to the
3p% ground state. In addition, there are weak ALE features
attributed to transitions in singly charged argon ions from
the excited 3p*4s! or 3p*3d' states to the 3p° ground state.
The simultaneously observed HHG spectra extend up to the
21st order with a photon energy of about 32 eV. Due to
the phase-matching condition involved in HHG, the relative
weighting of harmonics and atomic lines can be controlled by
the gas jet positioning with respect to the incident laser focus.
We demonstrate a straightforward way to identify and control
the contributions of ALE relative to HHG by positioning the
gas media relative to the laser focus, which could be important
for the design of HHG experiments where the contribution of
ALE should be minimized [5-8].
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