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We report the experimental observation of quantum interference in the nuclear wave-packet dynamics
driving ultrafast excitation-energy transfer in argon dimers below the threshold of interatomic Coulombic
decay (ICD). Using time-resolved photoion-photoion coincidence spectroscopy and quantum dynamics
simulations, we reveal that the electronic relaxation dynamics of the inner-valence 3s hole on one atom
leading to a 4s or 4p excitation on the other one is influenced by nuclear quantum dynamics in the initial
state, giving rise to a deep, periodic modulation on the kinetic-energy-release (KER) spectra of the
coincident Ar™-Ar" ion pairs. Moreover, the time-resolved KER spectra show characteristic fingerprints of
quantum interference effects during the energy-transfer process. Our findings pave the way to elucidating
quantum-interference effects in ultrafast charge- and energy-transfer dynamics in more complex systems,

such as molecular clusters and solvated molecules.
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Atoms and molecules can absorb photons of energy
exceeding the binding energies of their core or inner-
valence electrons, forming highly excited cationic states
that can relax through fluorescence or Auger decay. An
isolated atom or molecule with an inner-valence vacancy
will in general not have enough excess energy to undergo
Auger decay, and will relax by fluorescence or, in the case
of molecules, also by a coupling to nuclear dynamics, both
of which are relatively slow processes. In 1997, Cederbaum
et al. [1] proposed a new mechanism of ultrafast electronic
decay in which the environment plays a crucial role, termed
intermolecular(atomic) Coulombic decay (ICD). In this
mechanism an inner-valence hole can transfer its energy to
a neighboring species which subsequently releases the
excess energy by emitting an electron from its outer-
valence shell. After both theoretical [2-9] and experimental
[10-16] studies over more than two decades, ICD was
found in a large variety of weakly bound systems, including
liquid water [17]. ICD has been proven to be a very efficient
process that typically dominates over other relaxation
channels. Moreover, as a purely electronic energy-transfer
mechanism that does not depend on the presence of
particular resonances or on the coupling of electronic
excitations to nuclear motion present in many molecular
processes, ICD offers an efficient way to redistribute the
locally deposited energy within weakly bound systems (for
a recent review, see Ref. [18]).

Interestingly, for all homonuclear noble-gas dimers
heavier than neon, the ICD channel of the inner-valence
hole state is energetically closed. For example, in Ar atoms
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the 3s ionization energy is 29.24 eV which is below the
threshold for ICD at 31.52 eV [19]. However, a recent
pioneering study on the argon dimer [20] revealed that
although the relaxation energy of the 3s hole on one atom is
not enough to ionize the neighboring atom, it is sufficient to
excite an electron of the latter to Rydberg states, creating a
dissociative ArT-Ar* system. This process can be called
pre-ICD or frustrated ICD [19,21].

Here, we report the discovery of quantum-interference
effects in the nuclear dynamics that mediate the ultrafast
interatomic energy-transfer process (or frustrated ICD) in
argon dimers. We find that this quantum interference
strongly modulates the energy-transfer probability as a
function of time elapsed since the excitation process. As
illustrated in Fig. 1(a), an extreme-ultraviolet (XUV) pulse
(magenta) creates a 3s hole in one of the Ar atoms of the
dimer, followed by the ultrafast transfer (green) of excita-
tion energy to the neighboring argon. A delayed infrared
(IR) pulse (red) can then ionize the excited electron from
the neighboring atom, which initiates a Coulomb explosion
(orange) of the two cations. By monitoring the kinetic-
energy-release (KER) spectrum of coincident ArT-Ar™
ions, one can directly reconstruct the nuclear dynamics
in this ultrafast interatomic energy-transfer process. The
equilibrium internuclear distance of the neutral argon dimer
is 3.8 A, corresponding to a KER of around 3.8 eV. Because
the frustrated-ICD final state, Ar"-Ar*(3p~'nl), is a
dissociative state, the corresponding KER signal is
expected to appear at and below 3.8 eV. Note that the
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FIG. 1. (a) [lustration of the pump-probe principle for meas-

uring the frustrated-ICD process of the 3s hole in an argon dimer.
The XUV-pump pulse removes a 3s electron from one of the
atoms of the dimer (magenta arrow) initiating a frustrated-ICD
process, in which a 3p electron fills the 3s vacancy transferring
the released energy to the other argon atom where an electron is
excited to a 4s or 4 p orbital (green arrows). The excited electron
is then ionized by a delayed IR pulse (red arrow) creating a
dication that undergoes a Coulomb explosion. (b) Measured
photoion-photoion coincidence (PIPICO) spectrum, where the
XUV-IR delay was integrated from zero to 2 ps.

frustrated ICD itself (i.e., in the XUV-only case) does not
contribute to the Coulomb explosion signal, as opposed to
the ICD process of satellite states Art(3p~2nl)-Ar created
by shake-up ionization [22-24]. In an IR field, the satellite
states can be ionized and then decay through the radiative
charge transfer (RCT) process Ar’* (3p~2)-Ar — Art-Ar*
[25,26] when the internuclear distance is shrinking, corre-
sponding to a KER peak centered at 5.3 eV. In our
experiments, we did not observe the shake-up ICD channel
due to its low cross section in our energy regime.
Experimentally, the XUV pulses are obtained from high-
order harmonic generation (HHG) by focusing a 30-fs IR
pulse into a 3-mm-long gas cell filled with 40 mbar of
krypton, with the discrete odd harmonics ranging from
17 eV to 38 eV after spectral filtering through a 200-nm-
thick aluminum foil. The XUV-IR cross-correlation signal
is measured to be around 40 fs. The time zero is accurately
calibrated by the delay-dependent Ar** yield (not shown)
from monomers due to the laser-enabled Auger decay [27].
The intensity of the IR pulse is controlled at around

6 x 10'> W/cm?, which is too weak to ionize neutral
argon atoms on its own. The XUV and IR pulses are
both focused into the reaction center of the cold target
recoil ion momentum spectroscopy (COLTRIMS) reaction
microscope [28,29], where the supersonic gas jet of argon
atoms (backing pressure of 1 bar) is delivered by a small
nozzle with an opening-hole diameter of 30 pm and
passed through two conical skimmers located 10 mm
and 30 mm downstream with a diameter of 0.2 mm and
1 mm, respectively. The fraction of dimers relative to
monomers is measured to be about 3%. In the COLTRIMS
spectrometer, a relatively strong static electric field
(~7.7785 V/cm) is applied to collect the ions with high
kinetic energies and thus the electron detector is not used.

The measured delay-averaged photoion-photoion coinci-
dence (PIPICO) spectrum is reported in Fig. 1(b), where the
diagonal-like features correspond to the ion pairs in
Coulomb explosion channels. The signal converging to

the time-of-flight (TOF) of 6.4 ps is the reaction pathway

XUV-HIR . . . .
Ar,” — ArT-Ar", which we are interested in. Using a

three-dimensional recoil momentum sphere as a confine-
ment condition in off-line data analysis, we can only pick
up the events in this channel and rule out the contribution
from residual N, and O, gases in the reaction chamber.
The measured time-resolved KER spectra of the coinci-
dent Ar"-Ar" channel are shown in Fig. 2(a). Comparing
with the previous study [20], our result validates that there
are two clearly visible decay channels approaching 0.8 eV

(@)

KER (eV)

4s

4p
2000

500 1000 1500

XUV-IR delay (fs)

500 1000

1500
XUV-IR delay (fs)

2000

FIG. 2. Measured (a) and calculated (b) time-resolved KER
spectra of the Coulomb explosion channel of Ar,.
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and 1.9 eV at the largest pump-probe delays, which are
identified as 4p and 4s excited states in the neighboring
atoms, respectively. What we observed exclusively in this
work is the periodic modulation on the main island at
3.8 eV. The oscillation period is about 800 fs, a typical
timescale of vibrational motions of noble-gas dimers. This
is reminiscent of the nuclear dynamics in this ultrafast
interatomic energy-transfer process.

To interpret our experimental results, we performed
quantum dynamics simulations of the process and com-
puted the time-dependent KER spectra in the framework of
nuclear wave packets propagating on the potential-energy
curves (PECs) of the involved states. The ab initio
PECs of the ground and the final Ar*(3p~!)-Art(3p~1)
states are taken from Ref. [22], while the PECs of the
initial and final states for the frustrated-ICD process,
namely, Ar"(3s7!)-Ar, and Ar"(3p~!)-Ar*(3p~'4s) and
Art(3p~1)-Ar*(3p~'4p), are taken from Ref. [20] and
depicted in Figs. 3(a) and 3(b). The complete set of PECs
can be found in Ref. [30]. Despite the high-level electronic-
structure method used to compute the 3s~! PECs (the non-
Dyson-ADC(3) Green’s function approach [31]), the poten-
tial-energy wells appear to be slightly deeper, resulting in a
shorter oscillation period compared to the experimentally
observed one. To correct for this, the ungerade ab initio
357! PEC was first fitted to a Morse potential and then its
parameters optimized such that the wave-packet motion re-
produces the experimentally observed period of about 800 fs.
The Morse-potential parameters were (D, = 0.129 eV,
R, =3.03 A, a=0091 1/a.u.) from the ab initio calcula-
tions and (D, = 0.064 eV, R, = 3.03 A, a=0.78 1/a.u.)
after optimization. Such an adjustment of PECs of rare-gas
dimers has already been successfully used in the past
(see, Ref. [32]).

To simulate the energy transfer from Ar'(3s~!')-Ar to
Art(3p~")-Ar*(3p~'4s) and Art(3p~!)-Ar*(3p~'4p),
taking place at the points of curve crossings, we introduced
an effective decay width, which corresponds to the energy-
transfer time of 73, = 824 £ 183 fs extracted in Ref. [20].
The corresponding decay width of 0.8 meV was sta-
tistically distributed to the respective 4s- and 4 p-excited
states according to their multiplicity. The effective decay
widths are then associated with each state and introduced
with step functions at the corresponding curve crossings.
This approach allows us to use the same coupled set of
time-dependent Schrodinger equations to describe the
nuclear dynamics as for ICD (see, e.g., Refs. [4,7,33]).

The simulation assumes a broad-band ionization with the
XUV-pump pulse, promoting the vibrational ground state
of Ar, to the Ar(3s™!)-Ar PEC. This initial wave packet is
then propagated with a Hamiltonian containing all the
states involved in the frustrated-ICD process [see Figs. 3(a)
and 3(b)] coupled with the respective decay widths. This
approach follows the well-established method to treat
electronic decay processes accounting for the nuclear
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FIG. 3. Potential-energy curves of argon dimers relevant for the

process belonging to ungerade 2 (a) and gerade 22(]* (b) sym-
metry, taken from Ref. [20]. The magenta arrows indicate the
equilibrium internuclear distance of the ground state of the
neutral dimer, i.e., the center of the Franck-Condon region.
(c),(d) Calculated time-resolved KER spectra from the ungerade
and gerade states, respectively.

dynamics of the system introduced in Refs. [34,35]. The
wave-packet propagation is performed with the complex
short iterative Lanczos integrator [36] implemented in the
Heidelberg MCTDH package [37]. To get the KER
spectrum at each time step (Az = 5 fs), the wave packet
propagating on the 4s- or 4p-excited state is promoted to
the final repulsive dicationic state, simulating the ionization
by the IR-probe pulse. This procedure is separately
repeated for each gerade and ungerade transition between
the 3s-hole and 4s- or 4 p-excited state. Finally, the gerade
and ungerade contributions are incoherently summed up in
order to construct the time-resolved XUV-IR KER spectra
shown in Fig. 2(b).

As we see from Fig. 2, the computed time-dependent
KER spectra is in good agreement with the experimental
one. The structures converging to 0.8 eV and 1.9 eV,
associated with the probing of the 4 p- and 4s-excited state,
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respectively, the three intense islands at 3.8 eV, resulting
from the oscillation of the wave packet in the 3s~! potential
well, and the lack of signal at 2.3 eV, due, as we will see, to
a destructive interference, are well reproduced. This allows
us to analyze in detail the quantum dynamics along the
frustrated-ICD process and the various features observed in
the measured KER spectra. We note that the 4p channel is
observed to dominate over the 4s channel, which is not
reproduced by our quantum simulations. This can be
attributed to the different probe efficiencies, due to the
different energy gaps between the dissociating 4 p/4s states
and the final Coulomb repulsive state requiring different
numbers of probe-pulse photons. This effect is not taken
into account in our simulations, which assume equal
ionization cross sections for the two channels.

Let us start with the slightly parabolic shapes of the
three main islands at 3.8 eV. This reflects the motion of the
wave packet on the 3s-hole state and the fact that the curve
crossings with the 4s- and 4 p-excited states are reached
one after the other. The wave packet on the 3s-hole
potential is initially localized around the equilibrium
internuclear distance of the neutral dimer [marked by
magenta arrows in Figs. 3(a) and 3(b)], and then starts to
propagate towards the potential minimum passing through
all the curve crossings, where the population transfers to
the 4s- and 4 p-potentials take place. Because decreasing
internuclear distances appear as increasing KER in the
spectra, the first island (between 0 and 500 fs) has an
increasing parabolic shape. After the wave packet passes
the last curve crossing and moves until its left turning
point and back in the 3s~!' potential well, no frustrated
ICD takes place and correspondingly the KER signal
disappears. On its way back, while moving towards
increasing internuclear distances, the wave packet passes
the curve crossings in a reversed order, making the KER
signal appear as a decreasing parabola up to about 800 fs
when the first oscillation is completed and the process
starts again. This motion of the wave packet and the decay
at the respective curve crossings is schematically depicted
in Figs. 4(i) and 4(ii). During its motion, the wave packet
expands and develops structure [Fig. 4(iii)] making the
signal fade out and blur with increasing pump-probe
delay time.

By separating the gerade and ungerade contributions of
the spectra, we can get additional insights into nuclear
dynamics. Those are shown in Fig. 3(c) for the ungerade
states, and in Fig. 3(d) for the gerade states. The most
significant difference between the two is the signal around
3.8 eV, appearing as clear islands in the ungerade case and
as a wavelike structure in the gerade spectra. The reason
lies in the shape of the 3s~! potential and the positions of
the curve crossings. The gerade-symmetry PEC is shal-
lower and the curve crossings are closer to the potential
minimum and the inner turning point [compare Figs. 3(a)
and 3(b)]. Consequently, the oscillation period for the
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FIG. 4. (i)-(iii) Schematic representation of nuclear dynamics
in Ar, during frustrated ICD in the XUV-IR-delay ranges (i), (ii),
and (iii), as defined in Fig. 3. The red, blue, and black curves
represent the 3s-hole [Art*(3s7!)-Ar], 4s-, and 4p-excited
[Art(3p~')-Ar*(3p~!4s/4p)] states, respectively. The arrows
mark the propagation direction.

gerade contribution is slightly longer and as some portion
of the wave packet is always at the curve crossings, the
signal at 3.8 eV does not disappear. The wavelike shape,
however, clearly reflects the back-and-forth motion of the
wave packet.

We now return to the lack of signal around 2.3 eV,
appearing in both gerade and ungereade spectra, and clearly
visible also in the experimental KER trace [see Fig. 2(a)].
Our analysis shows that this is a result of a destructive
interference taking place between different portions of the
wave packet transferred to the 45- and 4 p-excited potentials
at two consecutive passages through the corresponding
curve crossings. In other words, during its excursion to the
inner turning point and back, the wave packet moving on
the 35! PEC accumulates a phase that is close to an odd
multiple of 7 and when transferred to 45 and 4 p potentials
interferes destructively with the portions of the wave
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packet already propagating on these PECs [see Figs. 4(ii)
and 4(iii)].

Before we conclude, we would like to briefly comment
on one feature in the measured KER spectra that is not
reproduced by the simulations. This is the decrease in the
signal between 800 fs and 1200 fs of the trace converging
to 0.8 eV and reflecting the dynamics on the PEC of the
4p-excited state. A possible explanation of this feature
could be that around 1 ps after the energy transfer, the wave
packet propagating on the 4s state can be efficiently
transferred to a higher excited Ar™(3p~!)-Ar*(3p~'nl)
state by a single IR photon, thus removing the population
from the measured Ar™-Ar" signal. Indeed, the ionization
of the 4p electron needs between 2 and 3 photons,
depending on the internuclear distance, and a resonance
condition with a single photon will easily hinder the
multiphoton ionization channel. A possible candidate is
the Ar*(3p~!)-Ar*(3p~'4d) state which would satisfy the
resonance condition, but the spectrum of excited states in
this energy range is already so dense that a definitive
assignment of such transitions becomes challenging.

In summary, we have demonstrated that high-resolution
time-resolved photoion-photoion spectroscopy performed
with high-harmonic sources can give access to the quantum
nuclear dynamics underlying excitation-energy transfer,
i.e., frustrated ICD, in argon dimers. The different features
in the time-resolved KER spectra can be analyzed with the
help of quantum wave-packet propagation simulations,
leading to a detailed reconstruction of the nuclear dynamics
throughout the process. The vibrational motion of the
system in the initially populated 3s~! state, as well as
the interference of different portions of the wave packet
transferred to the final 4s- and 4 p-excited states at different
times, lead to characteristic patterns in the time-resolved
KER spectrogram. The high level of detail that can be
achieved when analyzing the frustrated-ICD process in
rare-gas dimers suggests that this technique can be used to
study such energy-transfer processes in more complex
systems like weakly bound molecular dimers, as well as
(micro-)solvated molecules. We hope that our study will
stimulate further efforts in this direction.
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