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ABSTRACT: Femtosecond extreme ultraviolet wave packet interferometry (XUV-WPI) was

applied to study resonant interatomic Coulombic decay (ICD) in the HeNe dimer. The high e

demands on phase stability and sensitivity for vibronic XUV-WPI of molecular-beam targets dephasing
are met using an XUV phase-cycling scheme. The detected quantum interferences exhibit L0 g \
vibronic dephasing and rephasing signatures along with an ultrafast decoherence assigned to 05 " j
the ICD process. A Fourier analysis reveals the molecular absorption spectrum with high
resolution. The demonstrated experiment shows a promising route for the real-time analysis || HeNe* o0
of ultrafast ICD processes with both high temporal and high spectral resolution. k// —0.5 !
xuov 0o 400
T [fs]
\ HeNe rephasing
N

n wave packet interferometry (WPI), the interference isolated atoms.”'”'*'* In contrast, molecular systems are

between two optically prepared wavepackets is controlled much more complex, in particular when high-lying states in the
and mapped using a sequence of ultrashort phase-locked laser XUV absorption region are studied, featuring typically a high
pulses.1 WPI is a key concept in coherent control,” high- density of electronic, vibrational, and rotational neutral and
resolution metrology,3 and ultrafast multidimensional spec- intermixing cationic states. In these systems, all-XUV
troscopy.”® However, corresponding interferometric concepts interferometry could so far onlgf access the beat spectra
are very scarce in the extreme ultraviolet (XUV) and X-ray between different excited states>">> which provide only relative
spectral domains, despite many promising theory proposals for spectral information and thus can lead to ambiguities in the
such experiments.” The major technical obstacles are (i) the spectral assignments. The same issue applies to )Z(EV‘NIR
demand for extreme phase stability to perform XUV/X-ray interferometry, which is more fr'eclluently perf(?rmed d'ue to
WPI and (ii) the lack of selective/background-free probes to the lower demands on phase stability and the circumvention of

XUV beamline interferometers. In a recent demonstration,
XUV-IR Raman interferometry was combined with photo-
electron spectroscopy (PES) which lifted the degeneracy in the
beat spectra with high resolution.”* A related coherent
multidimensional PES scheme has been demonstrated in the
visible spectral domain.” Yet, so far these schemes were only
demonstrated for atomic targets. They will be much more

recover the weak nonlinear signals of interest. These
ingredients were demonstrated in separate experiments: on
the one hand, in XUV and soft X-ray interferometry,”~"> and
on the other hand, in background-free near-infrared (NIR)-
XUV/X-ray four-wave-mixing schemes.'°™'? Only recently, the
combination of both ingredients was achieved in a single
experiment by introducing a phase-cycling concept for XUV

pulses.'”"" A recent stability improvement of this scheme even

shows promise for extensions to interferometric X-ray Received: May 27, 2022
experiments.”’ These achievements lay the basis for the Accepted:  August 4, 2022
flexible implementation of various nonlinear spectroscopy Published: September 2, 2022

concepts in the short-wavelength domain.
The few all-XUV interferometry experiments reported so far
were restricted to the detection of electronic coherences in
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difficult to implement for more advanced systems, e.g,
molecules, where the large number of cationic states usually
causes a congestion of the photoelectron spectra. In contrast,
all- XUV interferometry with sufficient phase stability and
sensitivity to directly track the beatings between the system’s
excited and the initial ground states solves these issues. Here,
absolute frequency information correlated to the ground state
is gained without the need of advanced electron detectors or
knowledge of the system’s cationic sates. In this letter, we
demonstrate the latter approach and track the complex
response of vibronic WPs in autoionizing states of a molecule
using all- XUV interferometry.

Autoionization has been extensively studied in isolated
atoms and is caused by the configuration interaction between
the electrons of the atom leading to the famous Fano
resonance lineshapes.”® In weakly bound matter, such as,
e.g, van der Waals clusters, interatomic Coulombic decay
(ICD) offers an additional decay mechanism mediated by
interparticle dipolar interactions,”” which has been extensively
studied in recent years.”® Resonant ICD may occur if the
resonantly excited bound state of one atom is energetically
embedded in the ionization continuum of another atom in the
system. This process has been studied in the HeNe
heterodimer using frequency-domain spectroscopy.”” Here,
we apply XUV-WPI to track the ultrafast decoherence of
electronic WPs caused by the resonant ICD process. In
contrast to frequency-domain spectroscopy, this approach
opens up the possibility to study ICD and related ultrafast
conversion processes in real time with high spectral and
temporal resolution.

Figure 1 shows schematically the probed ICD process in the
HeNe dimer. The two rare-gas atoms form a weakly bound van
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Figure 1. Resonant ICD in the HeNe dimer. (a) Excitation of the He
site with a high-energy photon is followed by an energy transfer to the
Ne site, leading to the ejection of a 2p electron. (b) Sketch of the
relevant energy levels of HeNe along with the XUV excitation scheme
(blue arrow) and the ICD (red dashed arrow). The congested
potential energy curves correlating to the p-, d-, and f-asymptotes are
indicated by the gray-shaded area.

der Waals complex (ground-state binding energy 2 meV,
equilibrium distance 3 A*°). The He site is optically excited to
the states correlated to the He n = 4 asymptote (23.7 eV) lying
below the ionization potential (IP) of He (24.59 eV) but
above the IP of Ne (21.56 eV). Subsequent energy transfer
between the two sites leads to the ejection of a 2p electron
from the Ne site.

The process is probed using XUV-WPL The technique is
schematically described in Figure 2. Each of the two phase-
coherent XUV pulses excites a specific pathway in the sample
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Figure 2. WPI scheme. (a) Excitation pathways of pulses 1 and 2
accumulate different phase factors (exp[iw;], j = g €) as a function of
the pulse delay 7 which leads to a characteristic interference pattern in
the ion yield, as schematically shown in (b). The dashed line indicates
the expected stepwise decoherence caused by the ICD of the system.

leading to the same final state. Since the two pathways evolve
along different states during the pulse delay 7, they accumulate
different phase factors, giving rise to destructive/constructive
interference in the final state. The ICD rate reflects the
population of the n = 4 state manifold and, thus, maps the
pathway interference onto the HeNe* yield (Figure 2b), which
is detected in the experiment. The superposition of many
pathways excited within the laser bandwidth leads to a complex
beat spectrum, which exhibits dephasing and rephasing
recurrences and an overall decay due to the decoherence of
the system (Figure 2b). In addition, the Fourier transform of
the interference fringes provides the excitation spectrum of the
sample' with a frequency resolution that can exceed the laser
bandwidth by orders of magnitude.”’ We note that this
information can be also gained with a frequency-domain
absorption experiment.”” Yet, the time-domain WPI approach
allows adding a separated probe process to clock the system’s
dynamics correlated to the spectrally resolved excitations, thus
offering high spectro-temporal resolution. The deferred probe
process is usually performed with a third laser pulse
photoionizing the system. In the current study, the ICD
process instead serves as the probe step, leading to the
ionization of the system.

Vibronic interferometry requires the control of the relative
phase/delay of the excitation pulses to a fraction of the fringe
period (hc/Axyy), which is particularly challenging to achieve
at XUV wavelengths, for which the fringe period is on the
order of 100—200 as. This is in contrast to the study of pure
vibrational WP beatings, where the fringe periods are typically
two to three orders of magnitude longer, and thus demands on
phase stability are greatly relaxed. We solve the problem with a
specialized XUV phase-cycling scheme.' In this scheme, shot-
to-shot cycling of the relative carrier-envelope phase between
the XUV pulses is implemented, which leads to a low-
frequency beat note (here ~1 Hz) in the ion yield. Heterodyne
lock-in detection is applied using an optical interference signal
as the reference waveform for lock-in amplification. This
detection scheme leads to the downshift of the fringe
frequencies by 2—4 orders of magnitude (to 10—100 fs),
which greatly simplifies the sampling of the interference fringes
in the time domain. At the same time, the heterodyne
detection eliminates most of the phase noise in the signal.
Thus, it provides a passive interferometer stabilization
sufficient for interferometry in the XUV domain. As well,
background contributions are efficiently suppressed by the
lock-in detection technique, which greatly improves the
sensitivity. More details can be found in refs 4, 10, and 31.

https://doi.org/10.1021/acs.jpclett.2c01619
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The experiments were performed with the seeded free-
electron laser (FEL) FERMI FEL-1"” at the low-density-matter
endstation.”® A compact, highly stable phase-cycling interfer-
ometer’* was implemented in the seed-laser beam path for
double-pulse seeding™ of the high-gain harmonic generation
(HGHG) process (Figure 3a). This approach enabled the
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Figure 3. (a) Experimental setup. Phase-cycled seed laser pulses are
generated in a Mach—Zehnder interferometer comprising an acousto-
optical modulator (AOM1, AOM2) in each interferometer arm to
control the relative phase between the pulses and a delay stage to
control the interpulse delay 7. The UV seed pulses drive the high-gain
harmonic generation (HGHG) in the FEL leading to phase-cycled
XUV pulses. The iTOF signal is gated with a boxcar integrator and
amplified with a lock-in amplifier. (b) Typical ion mass-to-charge (m/
z) spectrum for a FEL photon energy of 23.66 eV. Amplification of
the detector signal leads to overshoots in the mass spectrum visible,
e.g., at m/z = 20.5.

generation of two XUV pulses with the phase properties
controlled by those of the seed. Special attention was given to
the preparation of the electron beam phase space driving the
FEL amplification process. The energy-phase modulations in
the beam were minimized, obtaining a region of a few hundred
femtoseconds to accommodate the double pulses modulating
the electron density and driving the amplification. In this way,
two phase-coherent XUV pulses were generated at the fifth
harmonic (hv = 23.7 eV, Ejue ~ 12 pJ, pulse duration: ~4S5 fs,
repetition rate: SO Hz) whose relative phase was cycled at a
rate of 9.3 Hz. No modification of the XUV beam path was
necessary, and the pulses were automatically collinearly
aligned, maximizing the interference contrast. The HeNe
molecules were produced by coexpansion of a 94%/6%
mixture of He and Ne gas through a home-built pulsed nozzle
(nozzle temperature: S0 K, orifice diameter: 150 ym, opening
time: 42 s, stagnation pressure: 30 bar) (Figure 3a). The FEL
pulses intersected with the molecular beam at right angles and
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the produced ions were recorded with an ion time-of-flight
(iTOF) spectrometer. An exemplary mass spectrum obtained
for resonant excitation of the HeNe molecule with a single
XUV pulse (hv = 23.66 eV) is shown in Figure 3b. Under these
conditions, the *’NeHe"* ion yield amounts to ~9% of the
*Ne* contribution. Hence, less than 0.5% of the species in the
gas expansion were HeNe dimers. For comparison, the pure
*'Ne," ion yield was 19% of the *’Ne" yield (not shown).

The low HeNe particle density and the low signal rates
posed particular challenges to the experiment. At the used
photon energies, we find that only <3% of the ionized dimers
carry an interferometric signal. In order to extract the
interference signals from the mass spectra, the iTOF transients
were filtered with a boxcar integrator selecting the He*’Ne*
mass peak. This signal was fed into a lock-in amplifier to
selectively amplify only the ion yield exhibiting the character-
istic beat note imprinted by the phase cycling of the FEL
pulses, while suppressing the background contributions from
noninterferometric ionization processes. This enabled us to
recover the XUV interference signal from the HeNe" ion yield
despite the demanding experimental conditions of the required
high phase stability and the dominant background ion yields
(see also discussion to follow).

Figure 4a,b shows the interferometric transients for two
different excitation energies. The interference fringes are
clearly visible for interpulse delays of up to 7 = 800 fs. We
note that, for 7 < 150 fs, optical interference of the seed pulses
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Figure 4. (a, b) Interference signals for photon energies hv = 23.71
eV (a) and 23.70 eV (b). (¢, d) Fourier spectra of the interference
fringes. The FEL center wavelengths and spectral bandwidths (fwhm)
are indicated by the blue bars, and the He 1s — 4p resonances are
indicated by the dashed lines.
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compromises the HGHG process and thus the measured
interference signal,36 Therefore, this region is not considered
for the data analysis. The fringe frequency corresponds to the
absorption frequency of individual vibronic transitions. Due to
the heterodyne lock-in detection, the fringe period T=10fsis
much larger compared to the fully sampled case, where the
fringe period would be T ~ h/23.7 eV = 17§ as. Since many
different, closely spaced states are excited simultaneously by
the broadband XUV pulses, a complex fringe pattern emerges,
exhibiting periodic rephasing maxima, which may be
interpreted as vibronic WP revivals. A clear decay of the
fringe amplitude can be identified within the observation
window and is attributed to the decoherence caused by the
ICD process (see below). We note that, for the excitation into
n = 3, the ICD process leads to a dissociation of the dimer with
a probability of ~30%.””"” In the current study, we could not
observe any interference signal or thus a signature for the ICD
process in the Ne* yield, probably because of an insufficient
signal-to-noise ratio.

For n = 3 excitation in HeNe, ICD decay times of <1 ps
were deduced” from vibrational line broadenings and are
much shorter than the natural lifetime of the excited states
(~nanoseconds). This suggests that also for the excitation to
higher-lying asymptotic states of He (with n > 3), ICD is the
dominating decay mechanism causing the decoherence of the
interferometric transients in Figure 4a,b. Rotational dephasing
might be another mechanism explaining the amplitude decay
over time. In this case, a rephasing of the signal should occur at
larger delays beyond the observation window of the current
experiment. However, the short decay times deduced in the
previous study provide a strong indication that the observed
decay reflects the decoherence caused by the ICD of the
system.

For the ICD rates, a strong dependence on the distance
between the interacting constituents (ox1/r°) is expected,
leading to a nonexponential decay behavior.***” Distinguishing
different decay mechanisms based on the absorption line
profiles is often difficult, and direct time-domain approaches
are favorable in this case. Yet, so far, only few time-resolved
experiments have been dedicated to the nonexponential decay
behavior of ICD, where the dynamics were indirectly deduced
in frequency-domain coincidence experiments,*”*' however,
not directly with femtosecond spectroscopy in the time
domain. In principle, the WPI data contains information
about the nuclear motion which would allow for the real-time
mapping of the ICD rate in the time domain. Here, the strong
distance dependence of ICD should lead to a stepwise
amplitude decay for each round trip of the excited WPs on
the potential energy curves (cf. Figure 2b). Accordingly, Figure
4a,b shows a clear amplitude decay on an ultrafast time scale.
However, for a clear mapping of the nuclear motion and the
decay behavior, a disentanglement of the contributions from
the different vibrational and electronic states is needed. This
might be achieved with accurate theory models in combination
with an increased signal-to-noise level in the experiment.
Likewise, a more selective excitation into specific electronic
states using narrower XUV pulses may assist this interpreta-
tion.

In principle, conventional femtosecond XUV-pump, NIR-
probe photoelectron/-ion spectroscopy should be able to map
the pure vibrational WP beatings through the Franck—Condon
window to higher-lying cationic states. Here, the ICD process
should be observable as a loss in the photoionization yield by
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the probe pulse. We have attempted these measurements;
however, we could not discern any vibrational beatings from
the background ion yield. The large ionization background is
explained by the nonresonant ionization of the molecule
occurring for the excitation with broadband femtosecond laser
pulses at photon energies above the Ne IP (>21.56 eV),
triggering simultaneously the resonant ICD as well as the
nonresonant ionization of the molecule. This is in contrast to
narrow-band synchrotron excitation, where an enhancement of
the ionization cross section by a factor of 60 was observed for
resonant excitation to states correlated to the He n = 3
asymptote.”” In the WPI experiments using broadband
femtosecond pulses, the selectivity is greatly enhanced since
only interference signals for the resonant excitation contribute
outside of the temporal pulse overlap (7 2 150 fs) as shown in
Figure 4 a,b. Such selectivity is not present in the conventional
XUV-pump, NIR-probe experiments.

As another advantage, by Fourier analysis of the
interferometric signal, spectral information beyond the laser
bandwidth can be gained. Figure 4c,d shows the Fourier
transforms of Figure 4a,b, revealing the excitation spectrum of
the molecule for both laser wavelengths. To recover the
absolute energy scale, a linear energy shift of the Fourier
spectrum was applied to compensate for the frequency
downshift of the heterodyne detection. Remarkably, the
spectral resolution in the femtosecond interference experiment
is 5.5 meV, which is a factor of 7.3 better than the spectral
bandwidth of the FEL pulses and only a factor of 3.2 lower
than in the high-resolution synchrotron absorption experi-
ment.”” The high density of electronic and vibrational states in
the energy window excited with the femtosecond laser pulses
leads to a well-resolved but complex vibronic spectrum. In
analogy to the synchrotron experiment of the states with n = 3,
calculations of the potential energy curves would provide
insight into the individual spectral contributions. To the best of
our knowledge, the states correlating to the He n = 4
asymptote have not been calculated for the HeNe dimer, and
we therefore refrain in the current work from a further
assignment of the spectral features. We note that, in the
applied twin-seeding scheme, an energy chirp on the electron
bunch can lead to shifted spectra for the second pulse (up to
~20 meV) at large pulse delays as applied here. Hence, the
amplitudes of the individual features in the Fourier spectrum
(Figure 4c,d) may be slightly misleading. Likewise, the
amplitude decay in the time domain might be influenced by
this effect. This ambiguity might be reduced by a more careful
preparation of the electron bunch and is expected to further
improve in echo-enabled harmonic generation.*”

In conclusion, we have used XUV interferometry to probe
vibronic WP beatings in autoionizing states of the HeNe
molecule on ultrafast time scales. The experiment provides a
benchmark in sensitivity to probe highly dilute molecular
quantum systems with WPI in the XUV domain and reveals
the decoherence induced by ultrafast decay processes such as
ICD. In contrast to narrowband synchrotron radiation, the
broadband femtosecond laser excitation launches vibronic WPs
extending over several vibrational and electronic states and
thus may initiate a concerted motion of the nuclei. Combined
with the demonstrated Fourier transform analysis, this opens
up the possibility to study ICD and related ultrafast processes
in real time with high temporal and spectral resolution. At the
current state of the experiment, a stepwise (rather than smooth
exponential) decoherence of the system due to ICD could not
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be unequivocally identified. This would require the precise
modeling of the molecule’s potential energy curves along with
a simulation of the WP propagation and potentially an
improvement in the signal-to-noise level of the experiment.
By adding an NIR ionization pulse in combination with
photoelectron detection, the experiment could readily be
extended to two-dimensional spectroscopy. Such experiments
would provide further insights into ultrafast molecular
dynamics and would be particularly beneficial for revealing
spectral correlations. The experimental scheme is not restricted
to seeded FELs and can also be applied in tabletop high-order
harmonic generation (HHG),"" where spectral bandwidths are
much larger and interferometric schemes will be even more
beneficial. The current study extending XUV-WPI to
molecular targets and ultrafast dynamics demonstrates thus a
promising step in several directions of all-XUV interferometry.
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