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We study the ionization dynamics of Ar clusters exposed to ultrashort near-infrared (NIR) laser pulses
for intensities well below the threshold at which tunnel ionization ignites nanoplasma formation. We find
that the emission of highly charged ions up to Ar®* can be switched on with unit contrast by generating
only a few seed electrons with an ultrashort extreme-ultraviolet (XUV) pulse prior to the NIR field.
Molecular dynamics simulations can explain the experimental observations and predict a generic scenario
where efficient heating via inverse bremsstrahlung and NIR avalanching is followed by resonant collective
nanoplasma heating. The temporally and spatially well-controlled injection of the XUV seed electrons
opens new routes for controlling avalanching and heating phenomena in nanostructures and solids, with
implications for both fundamental and applied laser-matter science.
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The strong-field ionization dynamics of solid-density
matter exposed to near-infrared (NIR) laser fields with
intensities near the ionization threshold is a fundamental
and challenging problem in laser-matter interactions. A
process that is generic for this scenario is the generation of
nanoscale plasmas via ionization avalanching, resulting
from the strongly nonlinear intertwining of collisional
absorption and ionization. The quest for a quantitative
microscopic understanding of this process is driven by its
significance for a wealth of applications. These include
laser-based material processing [1], high harmonic gener-
ation (HHG) [2-6], the realization of ultrafast light wave
electronics in dielectrics [7], and the generation of shock
waves [8,9].

In the last two decades, intense laser-cluster interactions
have become an important platform for studying nonlinear,
collective, and correlated many-body processes in nano-
plasmas for a wide spectral range from the NIR to the x-ray
domain [10,11]. A result that received particular attention
was the unexpected highly charged ion emission following
ionization of clusters by either a NIR [12] or a vacuum-
ultraviolet (VUV) laser pulse [13]. By now it is well known
that at long wavelengths, avalanching and transient reso-
nant plasmon excitations are crucial for explaining
the observed highly efficient light absorption [14,15],
the emission of highly charged ions [12,16—18], and the
generation of fast electrons [19-22]. In clusters, the
expansion of an initially overdense nanoplasma enables
particularly strong resonant laser energy absorption, once
the frequency of the collective electronic dipole mode
Opie X \/Pion, the so-called Mie plasmon [23], equals
the laser frequency. Here, p;,, is the ion charge density.
While collision-mediated nanoplasma heating via inverse

0031-9007/16/116(3)/033001(5)

033001-1

bremsstrahlung (IBS) was predicted to be important for
excitation and ionization in the NIR [14] and VUV ranges
[13,24,25], vertical single-photon excitation of bound
electrons becomes the key absorption mechanism in the
extreme-ultraviolet (XUV) and in the x-ray regime [26,27].

An important concept for strong-field ionization dynam-
ics of rare-gas clusters is the so-called ionization ignition,
proposed by Rose-Petruck et al. [28]. Therein, the intensity
threshold for efficient nanoplasma generation and heating
was connected with the atomic ionization threshold, as the
latter determines the seed electron generation required for
avalanching. Direct evidence for this picture was found in a
z-scan experiment on Xe clusters in He nanodroplets [29],
where the sudden appearance of highly charged Xe ions
was observed near the intensity threshold for tunnel
ionization (TT) of atomic Xe. Evidence for the hypothesis
that a few seed electrons are sufficient for ignition was
provided in a NIR few-cycle experiment on He nano-
droplets, where weak doping with less than 10 Xe atoms
was found to saturate the He?>" emission at intensities well
below the TI threshold of He [30,31]. In all of these
experiments, however, strong-field ionization by the NIR
field itself was used to generate seed electrons.

In this Letter, we demonstrate an alternative concept
that allows one to completely decouple the seed electron
generation from the NIR-driven ionization dynamics, both
spatially and temporally. The main idea is to inject seed
electrons via photoionization with a moderately intense
ultrashort XUV pulse (2 x 10 W/cm?) produced by
HHG. The low intensity of the XUV pulse distinguishes
our scenario from that of the theoretical study in Ref. [32],
where strong cluster ionization was considered by a VUV
pump pulse. We show that IBS heating, subsequent
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efficient NIR avalanching, and resonant excitation remain
possible well below the TI threshold and can be triggered
by just a few seed electrons. This fact is evidenced by the
emission of highly charged ions up to Ar®* under con-
ditions where no ion emission is observed without seeding.
For NIR intensities as low as 3 x 10'> W/cm?, we find ion
emission up to Ar*t, though the ponderomotive energy
of U, =170 meV is 2 orders of magnitude below the
ionization potential of atomic Ar. The observations are
well reproduced by molecular dynamics simulations. Our
findings enable the study of low-intensity IBS during the
early phases of avalanching and open a route for steering
the spatial and temporal plasma formation in solids, with
implications for laser material processing.

For the experiments, we use a Ti:sapphire laser amplifier
delivering pulses at 790 nm and operating at 50 Hz. The
maximum energy achievable is 35 mJ for a pulse duration
of 32 fs [33]. The stretched laser beam is split by a beam
splitter into two parts that are individually compressed by
two separate grating compressors. Up to 32 mJ of the pulse
energy are used for HHG by focusing one beam with a 5 m
long focal length spherical mirror into a 15 cm long gas cell
statically filled with Kr. The NIR light used in the HHG
process is blocked by a 100 nm thick Al filter after a
propagation distance of 5 m. The second NIR laser pulse is
collinearly overlapped with the XUV beam using a mirror
with a 6 mm central hole. The maximum NIR pulse energy
of 3 mJ can be reduced by the combination of a 1/2 wave
plate and a polarizer. Both the XUV and NIR laser pulses
are focused onto a cluster beam at the center of a velocity
map imaging spectrometer [34] by using a spherical
multilayer mirror with a focal length of 75 mm. The cluster
beam is generated by a piezoelectric valve operating at
10 Hz with a 0.5 mm diameter nozzle and is placed 7 cm
away from a 0.2 mm diameter skimmer. We estimate the
average cluster sizes from the Hagena scaling law [35].
Using the velocity map imaging spectrometer, we record
the 2D projections of the electron and ion momentum
distributions resulting from ionization by the two-color
fields, from which we obtain kinetic energy spectra by
using a standard Abel inversion procedure [36].

Ion time-of-flight (TOF) spectra resulting from the
ionization of Ary ((N) =3500) by an XUV pulse and
by the XUV-NIR pulse sequences are shown in Fig. 1(a).
The XUV intensity of / =2 x 10'© W/cm? is 2 orders of
magnitude lower than in our previous studies [37-39].
Ionization from the XUV pulse only (the black curve)
results in the observation of Ar" ions and larger ionic
fragments such as dimers and trimers. When adding a
NIR pulse with a peak intensity of 5 x 10'* W/cm?
(U, =29 eV) that is delayed by 5 ps (the orange curve),
ions with charge states up to Ar®" are generated.
Remarkably, ion charges up to Ar** are still observed
when the NIR peak intensity is reduced by more than one
order of magnitude to 3 x 10'> W/cm? (the blue curve),
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FIG. 1. (a) Ion TOF spectra from Ar clusters with an average

size of (N) =3500 atoms ionized by an XUV pulse only
(Ixyy =2 x 10! W/cm?), and with an additional NIR pulse
at a time delay of 5 ps (Iyg =35x10" W/cm? or
Inr = 3 x 102 W/cm?). The different TOF spectra are plotted
with a vertical offset. (b) The black curve shows the electron
spectrum from clusters obtained by the XUV pulse only. An
additional NIR pulse at a time delay of 600 fs and at a peak
intensity of 5 x 10'> W/cm? (the orange curve) strongly enhan-
ces the electron signal. The vertical axis has a logarithmic scale.
(Inset) A photoelectron spectrum for the ionization of atomic Ar,
with the main contributions coming from the 11th, 13th, 15th,
and 17th harmonics.

corresponding to a ponderomotive potential of only
170 meV. Most importantly, no ion or electron signal from
clusters was observed with the NIR pulse only in both
cases, underlining the high contrast between seeded and
unseeded excitation.

Our observations can be explained by a modified
ignition model [see Fig. 2(a)]. As shown in the photo-
electron spectrum of atomic Ar in the inset of Fig. 1(b),
the XUV spectrum contains contributions from the 11th
(hw = 17.3 eV), 13th (20.4 eV), 15th (23.6 eV), and 17th
(26.7 eV) harmonics. Using atomic ionization cross
sections for Ar [40], we can estimate that less than 1%
of the atoms in the cluster are ionized at the applied XUV
intensity of 7 = 2 x 10! W/cm?; see step (1) in Fig. 2(a).
In agreement with our earlier work [37], we find
indications for frustrated recombination [41] by observing
very slow meV electrons in Fig. 1(b). This suggests the
onset of nanoplasma formation even at the moderate XUV
intensity applied; cf. step (2) in Fig. 2(a). Following
ignition of the cluster ionization with the XUV pulse, the
NIR laser pulse can interact with quasifree nanoplasma
electrons and with electrons that are weakly bound by
atoms; see step (3) in Fig. 2(a) and Ref. [42]. For the
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FIG. 2. (a) Scheme of the two-color cluster ionization proc-

esses, in which the cluster is ignited by a moderately intense
XUV pulse in step (1), leading to the formation of a nanoplasma
[step (2)]. Neutral atoms are shown in blue, ions in red, and
electrons in black. In step (3), a time-delayed NIR pulse initially
interacts with quasifree electrons and electrons that are weakly
bound by atoms. Because of IBS heating, avalanching, and
resonance effects, the cluster is strongly ionized [step (4)].
(b) Schematic of the NIR and XUV spatial profiles at the focus
for Gaussian pulses. Since the XUV pulse (the black curves) has a
much smaller focus diameter than the NIR pulse (the orange
curves), focal volume averaging over different NIR intensities is
avoided in the experiment. It is, furthermore, possible to restrict
the ionization with NIR pulses to clusters where a nanoplasma is
formed (the green area), i.e., to the region of the highest XUV
intensities.

chosen NIR pulse duration of 1 ps, electrons trapped
within the clusters can be efficiently heated, resulting in
extensive avalanching and strong ionization, which trig-
gers cluster expansion [see step (4) in Fig. 2(a)]. Strong
NIR-driven ionization is also supported by the fact that
the electron signal from Ar clusters [see Fig. 1(b)] is
increased by up to 2 orders of magnitude when adding the
NIR pulse (I =5 x 1013 W/cm?).

In recent x-ray laser-cluster experiments, it was demon-
strated that the effects of focal volume averaging and the
cluster size distribution crucially affect the measured ion
spectra and need to be eliminated to measure meaningful
ion charge-state distributions at high x-ray intensity [43]. A
major advantage of our scheme is that the volume averag-
ing over the NIR laser focus can be avoided via the spatially
selective seed electron generation. As the NIR beam has
a significantly larger focal spot size (=12 ym) than the
XUV beam (=3 pm), seeded avalanching and nanoplasma
formation is restricted to the center of the NIR beam,
where the NIR intensities are close to the peak value [see
Fig. 2(b)]. Furthermore, NIR-induced electron and ion
emission is restricted to larger clusters that experience the
XUV peak intensity as the number of seed electrons per
cluster scales with the number of cluster atoms N and will
drop below unity for small clusters or lower XUV intensity.
The resulting selectivity makes the presented scheme
suitable for a detailed comparison of experiment and theory.

In order to analyze the evolution of the ionization and
avalanching processes, we have performed semiclassical
molecular dynamics simulations [44] for parameters similar
to the measurements; see Fig. 3. In agreement with our

experimental results, the predicted final ion charge spectra
show high ionization stages up to Ar®* [see Fig. 3(a)] for
the seeded case. The average final ion charge states increase
rapidly up to NIR intensities of about 4 x 10'> W/cm?
before they begin to level out. The stages of the seeded
avalanching process and the highly charged ion generation
can be understood from the time-resolved analysis of the
simulations in Figs. 3(b) and 3(c). After the generation of
only a few seed electrons, an exponential increase of the
inner ionization (electrons are removed from the host
atoms), (g;;), in the leading edge of the NIR pulse docu-
ments the self-amplified character of the avalanche,
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FIG. 3. Molecular dynamics simulations on Arsg;;. A 30 fs
XUV seed pulse at aw = 20 eV (Ixyy = 2.5 x 10'% W/cm?) is
followed by a 1 ps NIR pulse (delayed by =1 ps) at 800 nm (with
intensities as indicated). (a) Average inner charge state, (g;;), and
predicted final effective charge state, (g.;), when taking into
account electron-ion recombination (the gray area). (Insets) The
corresponding simulated final effective ion charge spectra.
(b) Temporal evolution of inner ionization (the solid curves)
and root-mean-square cluster radius (the dashed curves); the inset
shows the evolution of inner ionization during the seeding step
and the subsequent avalanching process for the highest intensity
on a logarithmic scale. The black dashed curve corresponds to an
exponential growth. (c) Dynamics of the predicted Mie frequency
hy;e of the nanoplasma (the solid curves) and evolution of the
total energy absorption (the dashed curves). The gray areas
indicate the intensity envelopes of the XUV and NIR fields. The
dash-dotted horizontal line corresponds to the NIR photon
energy.
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resulting in the generation of (quasi-)free electrons in each
optical half cycle that contribute to the generation of even
more electrons in the next cycles via impact ionization
[see the inset of Fig. 3(b)]. Note that values of (g;;) > 3
are achieved for all of the investigated cases and that
cluster expansion begins near the NIR peak intensity [see
Fig. 3(b)]. It has to be emphasized that nonresonant IBS
heating is responsible for energy absorption in the early
phase, while strong resonance heating via collective elec-
tron excitations becomes increasingly important in later
stages. The latter process is linked to the Mie plasmon,
which emerges for subwavelength particles and describes
the collective oscillation of electrons with respect to the
ions. The increase of the charge density via inner ionization
and its decrease through cluster expansion lead to a time-
dependent energy of the Mie plasmon [see Fig. 3(c)], where
the resonance condition @R = @pie 18 met twice. While
the ionization driven first resonance is unimportant for the
total energy absorption, the expansion induced resonance
largely governs the total energy absorption [11]. The fact
that the expansion driven resonance occurs late in the
trailing edge of the NIR pulse for the lowest intensity
explains the stronger effect of recombination in this case
[cf. Fig. 3(a)] since recombination is more efficient for
lower electron temperature [45].

The simulations show a fast increase of the ionization
states as a function of the NIR laser intensity and indicate
the onset of saturation for intensities well below the TI
threshold for Ar. This behavior is also observed in the
experimental ion charge spectra shown for different inten-
sities in Fig. 4. We can, furthermore, conclude from the
simulations that, under the given experimental conditions,
single-pulse excitation, both NIR only and XUV only,
does not significantly ionize the system (gX"Y < 0.01 and
gNR = 0), highlighting the synergetic action of XUV
induced seeding and long-wavelength driven avalanching
and nanoplasma heating.

As multiphoton ionization is avoided in our experiment,
we can conclude that the efficient absorption of laser

Charge state
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FIG. 4. Ion charge-state distributions from Ar clusters with
(N) = 18000 atoms at different NIR intensities. An XUV pulse
(I =2x 10" W/cm?) preceeds the NIR pulse by 5 ps. The
average charge state increases as a function of the NIR intensity
and is peaked at Ar’* for an intensity of 3 x 10> W/cm?. The
ion signal is shown in a logarithmic scale.

energy in early stages, i.e., far away from the plasmon
resonance condition, can only be explained by IBS, in
agreement with our simulations. Therefore, our experimen-
tal results confirm that IBS is efficient in rare-gas clusters at
ponderomotive potentials on the order of 100 meV. This
shows that IBS may indeed play an important role in the
ionization of clusters with intense VUV pulses, where
similar ponderomotive potentials were applied [13,24,25].
In the future, our ignition method is expected to enable the
quantitative study of IBS at low ponderomotive potentials,
at low plasma densities, and as a function of wavelength.
It should be applicable even in the VUV range, as long
as VUV single-photon ionization can be excluded by
choosing sufficiently small VUV photon energies.

Our concept of cluster ignition using an ultrashort XUV
pulse is very versatile and is expected to be applicable
in a wide range of laser parameters to study and control
fundamental processes of light-matter interactions. Using
attosecond XUV pulses would allow the investigation of
the plasma dynamics on a sub-NIR-cycle time scale. In the
context of HHG in solids [2—6], our approach could be used
to temporally control the HHG process in order to better
understand and possibly avoid the undesired damaging
effects of plasma formation. Applied to the surface ablation
of semiconductors and dielectrics, an irradiation sequence
composed of an (X)UV laser pulse followed by a NIR laser
pulse offers a higher micromachining precision and a
higher efficiency than conventional irradiation schemes
involving a single color or existing dual beam methods
[46-49]. First, the interaction footprint is determined by
the size of the (X)UV spot only, leading to a dramatic
improvement of the spatial precision. Furthermore, the
overall efficiency of the process (i.e., the ratio of the energy
required to evaporate the volume removed to the energy
contained in the laser electromagnetic field) may signifi-
cantly increase because the use of a low-intensity (X)UV
pulse allows one to apply a NIR pulse with a much lower
intensity than in conventional schemes.

In summary, we have reported on a novel concept to
ignite NIR-driven ionization of solid-density matter by
generating seed electrons using an ultrashort XUV pulse.
High charges up to Ar** were generated from clusters with
a NIR pulse at an intensity of only 3 x 10'> W/cm?, i.e., far
below the tunnel ionization threshold. From a combination
of experimental and theoretical studies, we could conclude
that IBS and avalanching play a key role for the initial
charging of the clusters, which is strongly enhanced at the
plasmon resonance, leading to the observed high charge
states. Our results demonstrate for the first time that inverse
bremsstrahlung plays an important role in rare-gas clusters
interacting with intense laser pulses, which have a ponder-
omotive potential as low as 100 meV.
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