
Chapter 10
Ultrafast Dynamics in Helium Droplets

Lukas Bruder, Markus Koch, Marcel Mudrich, and Frank Stienkemeier

Abstract Helium nanodroplets are peculiar systems, as condensed superfluid enti-
ties on the nanoscale, and as vessels for studies of molecules and molecular aggre-
gates and their quantum properties at very low temperature. For both aspects, the
dynamics upon the interaction with light is fundamental for understanding the prop-
erties of the systems. In this chapter we focus on time-resolved experiments in order
to study ultrafast dynamics in neat as well as doped helium nanodroplets. Recent
experimental approaches are reviewed, ranging from time-correlated photon detec-
tion to femtosecond pump-probe photoelectron and photoion spectroscopy, coherent
multidimensional spectroscopy as well as applications of strong laser fields and
novel, extreme ultraviolet light sources. The experiments examined in more detail
investigate the dynamics of atomic and molecular dopants, including coherent wave
packet dynamics and long-lived vibrational coherences of molecules attached to
and immersed inside helium droplets. Furthermore, the dynamics of highly-excited
helium droplets including interatomic Coulombic decay and nanoplasma states are
discussed. Finally, an outlook concludes on the perspectives of time-resolved exper-
iments with helium droplets, including recent options provided by new radiation
sources of femto- or even attosecond laser pulses up to the soft X-ray range.
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10.1 Introduction

Modern time-resolved experimental techniques using ultrafast lasers offer a fascinat-
ing approach to unraveling the intriguing dynamics of helium nanodroplet systems.
Although it is tempting to separate the dynamical properties from the static picture of
amolecular system, such an effort inmany respects is not viable at all, because statics
and dynamics are directly linked from fundamental principles of interactions. More-
over, key static aspects like e.g. the structure of a complex, may even only be under-
stood by probing its dynamics. For instance, characteristics of interaction potentials
determining structural properties may not be accessible by spectroscopy but may
be determined from relaxation schemes and the motion of vibrational wavepack-
ets therein. Therefore, experimental methods employing short-pulse lasers play a
key role in gaining insight both into the structure and dynamics on the atomic and
molecular level.

A fundamental connection of measurements using high-resolution continuous-
wave lasers in the frequency domain and measurements with pulsed lasers in the
time domain can be understood from the line width of a transition which is associated
to the lifetime by Fourier transformation. In this way, even quantitative aspects of
decay mechanisms are already encoded in the homogeneous and inhomogeneous
broadenings ofmeasured spectra. The otherway around, from time-domain “Fourier-
transform” spectroscopy, detailed spectroscopic information in the frequency domain
can be gained with very high resolution even when using spectrally very broad,
femtosecond laser pulses. However, many important dynamical aspects can only be
characterizedwhenmeasuring in the time domain; in particular, if energy decay paths
of a system can furcate into many degrees of freedom or corresponding states, or if
a series of secondary processes can be triggered by the laser excitation processes.
Typical examples include structural dynamics like e.g. desorption or fragmentation
processes on the one hand, and, on the other hand, electron dynamics from non-
adiabatic couplings or the interaction in a many-body system. Finally, by applying
coherent multidimensional spectroscopy methods, simultaneous high-frequency and
high-time resolution down to the Fourier limit is achieved. First recent results in this
direction will be discussed at the end of the chapter.

With respect to helium droplets or helium in general, the superfluid properties
are strongly related to dynamical processes. E.g., frictionless flow and vorticity,
which are key peculiarities of superfluid behavior, are inherently interwoven with
motion and dynamical aspects of the material. The key experiments probing bulk
superfluid properties like the Andronikashvili experiment of rotating disks [1], or
the observation of superfluid film flow, the fountain effect or heat transport (zero
sound) [2], directly examine motion of the system or a motional behavior of a probe
interacting with the superfluid.

When probing the dynamics on the nanoscale down to atomic/molecular dimen-
sions, due to the shorter lengthscales on the one hand, and the lower involved masses
on the other hand, the corresponding time scales shorten down to the picosecond
(ps) or femtosecond (fs) time range. Electronic processes have typical time scales
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in the femtosecond range; vibrations and rotations of individual molecules extend
their dynamics into the picosecond range; motions involving larger structures or/and
weak interactionsmay reach nanosecond time duration. As a consequence, in order to
access dynamics in nanodroplets, it is almost always inevitable to have femtosecond
time resolution of the laser pulses triggering and probing the dynamics.

The combination of ultrafast methods with helium droplets is exceptionally inter-
esting. On the one hand, the role of helium droplets as an ideal spectroscopic matrix
allows for the study of nuclear motion without strong perturbation of a strongly-
interacting environment. On the other hand, doped droplets serve as unique model
system for the relaxation dynamics of heterogeneous nanosystems. In this direc-
tion, rare-gas clusters also gained much attention in combination with new radiation
sources providing extreme high-field or/and short-wavelength laser pulses. Here,
molecular and cluster beam samples in vacuum are required to keep the complexity
of the condensed systems on a level that is still tractable by theoretical modelling.
Finally, nanoscopic superfluidity still bears fundamental open questions, in particu-
lar, when it comes to the relevance to short-time dynamics.

A variety of time-resolved techniques have been developed over the years and
applied to specific experiments involving helium nanodroplets. In overview articles,
time-resolved experiments on pure and doped heliumnanodroplets have already been
in the focus of reviewed work [3–5], however, not including the recent prominent
developments in ultrafast laser techniques.

Before discussing in detail specific topics on the dynamics in helium droplets, in
the following chapter, time-resolved experimental techniques will be introduced and
the applications to helium nanodroplets will be summarized.

10.2 Time-Resolved Techniques Applied to Helium
Nanodroplets

10.2.1 Time-Resolved Photon Detection

In order to perform a time-resolved measurement, a start and stop event has to
be registered with defined timing. Because of the statistical nature of spontaneous
events, it is practical to start timing with a laser-induced preparation of the system
employing an ultrashort pulse which provides accurate timing. A straight-forward
approach is time-resolved detection of signals like e.g. the arrival of emitted photons
by standard electronics. A prominent variant is the so-called time-correlated single
photon counting (TCSPC), i.e. detecting single photons from fastmulti-channel-plate
(MCP)-amplified photon signals combined with fast digitizing of arrival times. In
this approach, the timing resolution is typically limited to a few tens of picoseconds.
In helium droplets experiments, TCSPC served as the initial approach to studying
the dynamics of photo-induced processes of dopants.
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Fig. 10.1 (a) Upon electronic excitation of an alkali-doped helium nanodroplet, desorption of the
alkali atom (upper branch) or the formation of an exciplex molecule (lower branch) is induced,
depending on the alignment of the p-orbital of the excited state (� or� configuration, denoting the
projection of the orbital angular momentum with respect to the internuclear axis). (b) Schematic
potential diagram of diatomic states

In terms of systems that feature interesting dynamics, alkali atoms play a peculiar
role because they do not submerge into helium nanodroplets but are located at the
surface. The reason originates in the, compared to other atoms and molecules, large
volume occupied by the valence electron, and the repulsive interaction of condensed
helium to additional electrons, leading to bubble-like structures around alkali atoms.
Fromsimple arguments of surface tension andvolumeenergy contributions, a binding
motive at the surface without evolving a full bubble is energetically more stable
when compared to the interior state. In other words, the alkali containing bubbles
float, forming dimple-like textures on the surface of droplets. At the beginning of
time-resolved studies, alkali-doped helium nanodroplets were in the focus because
frequency-domain studies hadmanifested the surface location of dopants, desorption
of dopants, the formation of exciplex molecules [6–10], fragmentation of dopant
molecules, as well as spin flips [11, 12]. All of these aspects raised interesting
questions concerning their dynamics.

The first TCSPC studies were performed on Na-doped helium nanodroplets [13]
excited on the prominent 3p ← 3s transition (D1 and D2 lines). Depending on the
orientation of the excited p-orbital perpendicular or parallel to the surface of the
helium droplet, strong repulsive forces and consequently desorption of the excited
atom, or attractive forces leading to NaHe∗ exciplex formation, respectively, set in
upon laser interaction (Fig. 10.1). Exciplexes are complexes of a metal atom with
one or a few He atoms which are stable only in an electronically excited state.

The time-resolved fluorescence measured when exciting the repulsive
�-configuration of the NaHeN absorption band had an appearance time of 50–70ps,
significantly longer when compared to the instrument resolution of 20ps. The lat-
ter was determined as the onset of fluorescence of gas-phase sodium atoms excited
at the same transition. Shifting the laser in wavelength for the formation of NaHe
exciplexes, and only collecting their red-shifted fluorescence, revealed a biexponen-
tial rise with 50–70ps and 700ps, which was assigned in comparison with theory
to the two excited fine-structure states 2�1/2 and 2�1/3, respectively. These studies
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were extended both on the theory side, including the helium droplet interaction, and
experimentally comparing different alkali metals (K, Rb) [14]. Interestingly, when
going down the periodic table, the formation times of exciplexes along the J = 1/2
asymptote (n 2P1/2 ← n 2S1/2) were measured to scale with the spin-orbit interac-
tion strength, i.e. increasing into the nanosecond range. Opposed to that, upon exci-
tation along the J = 3/2 path (n 2P3/2 ← n 2S1/2), the formation times decreased,
which was attributed to an enhanced long-range dispersion interaction for the heavier
alkalis.

Experiments on Al atoms residing inside helium droplets provided first results
on electronic relaxation dynamics [15]. A fast nonradiative quenching of the excited
32D state into the 42S state, releasing about 7000cm−1 in energy, was measured to
take placewithin 50ps, which unfortunatelymatched the time-resolution in thatmea-
surement. Here, TCSPC was only able to provide an upper bound for the relaxation
time.

Studies on photo-induced nonadiabatic dynamics of alkali trimers were also com-
menced with the technique of TCSPC. The peculiar properties of helium droplets to
isolate van der Waals-bound high-spin quartet states [11, 16, 17] enabled to observe
spin dynamics, i.e. forming covalently-bound alkali molecules upon intersystem
crossing [18]. E.g., in the case of sodium, an intersystem-crossing time of 1.4ns was
determined, which significantly decreased for higher excitation energies approach-
ing the access point to the doublet manifold. At the same time, vibronically-resolved
data gave insight into the vibrational cooling of the trimers, which appeared to be on
the same time scale as the spin-flip dynamics.

The influence of the helium droplet environment on spin-flip dynamics and pre-
dissociation was extended in detailed studies on the excitation of alkali dimers in
triplet states (1 3�g ← 1 3�+

u ) [19]. The appearance of both molecular and atomic
fragment emission was measured having a rise time < 80ps, independent of the
addressed vibrational excitation of the upper state. Predissociation and intersystem
crossing appear to be in competition and on the same time scale. The intersystem
crossing time in this case was deduced to be of the order of 10ps which is surpris-
ingly fast, considering the weak interaction to the helium surface which induces the
process.

10.2.2 Pump-Probe Fluorescence Detection

To overcome the limitations of time resolution given by electronics, the femtosecond
pump-probe technique was introduced many years ago in order to study details of
molecular dynamics. For his pioneering work, Ahmed H. Zewail was awarded the
Nobel Prize in 1999. In pump-probe studies, two or more ultrashort laser pulses
are employed. In the simplest variant the process to be studied is triggered by an
ultrashort laser pulse and the dynamics is probed by triggering a detection process,
again with an ultrashort pulse delayed in time. The time resolution is only given by
the properties of the laser pulses and the precision of setting a delay between the
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two pulses; for both, attosecond timing can be reached, covering the range needed
for molecular processes and even electronic dynamics. An obvious extension of the
TCSPC approach would be a pump-probe laser-induced fluorescence scheme. When
using high-intensity femtosecond pulses, high photoionization rates can be achieved
even in multi-photon processes. Alternatively to fluorescence detection, photoion or
photoelectron detection can be advantageous because of the high detection efficiency
of charged particles and mass and/or kinetic energy selectivity of detected particles
can be obtained. For this reason,most of the results discussed in the following include
ionization of the sample in the probe step.

10.2.3 Time-Resolved Spectroscopy by Photoion Detection

The first femtosecond pump-probe studies of doped He nanodroplets were carried
out by the groups of Stienkemeier and Schulz at the Max-Born-Institut in Berlin
in the late 1990s. Using the output of a mode-locked Ti:Sa laser in combination
with mass-resolved ion detection using a quadrupole mass spectrometer, the yields
of photoions where measured as a function of the delay between pairs of near-
infrared (NIR) laser pulses. Owing to their large resonant absorption cross sections
and extremely low ionization energies, alkali atoms, molecules, and clusters are well
suited for this photoionization scheme and have been studied in detail in a series of
such experiments [4, 10, 20–26]. Most importantly, due to their weak binding to the
surface of He droplets, alkali atoms andmolecules ionized by a resonant multiphoton
process tend to detach from the droplets. This facilitates their detection as bare ions
or as complexes with one or a few attached He atoms.

In photoionization experiments, the dynamics are determined by the interaction
of both the neutral and ionic species with the He droplet which can qualitatively
differ. Ionized dopants experience a much stronger attractive interaction towards the
helium density than neutrals in their ground or excited states. This is in contrast to
the above discussed fluorescence experiments, which solely focus on neutral species.
For the case of an alkali-atom dopant, a schematic representation of the pump-probe
photoionization scheme is shown in Fig. 10.2. Resonant excitation by the pump
pulse induces the desorption of the atom from the droplet surface. Upon photoion-
ization by the probe pulse, the dopant-droplet interaction suddenly changes from
repulsive to attractive (Fig. 10.2b). Subsequently, the photoion either falls back into
the droplet where it is solvated by forming a dense He shell around it, or it continues
to move away from the droplet to be detected as a bare ion. In a series of femtosecond
pump-probe experiments supported by TDDFT simulations, Mudrich and cowork-
ers have obtained detailed insights into the competing dynamics between desorption
and re-absorption of surface-attached alkali dopants [27–30] (Sect. 10.3.1). A simi-
lar behavior is also observed for other species immersed inside helium droplets by
Koch and coworkers [31–33] (Sect. 10.3.2). From these experiments as well as the-
oretical predictions, it seems that the interplay between the de-solvation of excited
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Fig. 10.2 Femtosecond pump-probe photoionization scheme for the example of alkali-atom
dopants. (a) Resonant dopant excitation by the pump pulse leads to a dopant-droplet repulsion,
initiating the desorption of the dopant from the droplet surface. Photoionization of the dopant by
the probe pulse causes the ion either to fall back into the droplet where it is solvated by forming
high-density He solvation layers around it (upper branch), or to detach as a free ion (lower branch).
(b) Generic pseudodiatomic alkali-HeN potential curves illustrating the energetics of the involved
states

neutrals and the solvation of the ionized species is a general trend in pump-probe
photoionization experiments of alkalis and other dopants.

In addition, photoinduced processes on the intra and inter-dopant level overlay
and interplay with the dopant-droplet interaction dynamics, to which pump-probe
photoionization experiments provide access as well. Examples are the femtosecond
and picosecond dynamics of exciplex formation for potassium (K) and rubidium (Rb)
atoms attached to He droplets [10, 21]. Also, highly regular sub-fs oscillations were
observed in the pump-probe traces due to electronic wavepacket interference. This
phenomenon and a derived new spectroscopic schemewill be discussed in Sect. 10.6.
Subsequent measurements on alkali dimers (Na2, K2, Rb2) and trimers (K3, Rb3
and K-Rb heterotrimers) revealed essentially unperturbed vibrational wavepacket
dynamics of the free molecules after their detachment from the droplets [22, 23,
25, 34], see Sect. 10.4.1. In a few instances, indications for the interaction of the
He droplet with the vibrating molecules, causing dephasing and relaxation, were
found and discussed in the framework of a quantum mechanical oscillator coupled
to a superfluid bath [35, 36]. Most importantly, long-lasting vibrational coherences
were measured, facilitated by the ultracold He droplet environment that prepares the
molecules in their vibrational ground state prior to excitation. In this way, it was
possible to measure highly resolved vibrational spectra of alkali dimers, trimers,
and alkali-He exciplexes [22, 24, 25, 34, 37]. In these early experiments, a high
laser pulse repetition rate (80MHz) was used, which, in principle, introduces some
ambiguity due to the possibility to excite and probe each droplet multiple times as it
moves through the interaction region.As such, signals from species attached to theHe
droplet surface as well as from atoms andmolecules already desorbed off the droplets
into the gas phase may both have contributed in these experiments. Therefore, later
experiments were carried out using amplified pulses at a repetition rate in the range
5-200 kHz where this ambiguity can be excluded. These experiments have mainly
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focused on the desorption dynamics of excited alkali atoms, molecules [38], and
alkali-He exciplexes [27–30].

Another line of fs pump-probe experiments was pursued by the group of Tigges-
bäumker andMeiwes-Broer in Rostock, based on their vast experience in strong-field
ionization of metal clusters. When being exposed to intense NIR pulses, metal clus-
ters (free or embedded in He nanodroplets) are multiply ionized and charge states
of the exploding ions as high as Z = 10 for silver (Ag), Z = 12 for lead (Pb), and
Z = 13 for cadmium (Cd) clusters were observed [39]. In addition to highly charged
atomic and fragment clusters ions, mass spectra of strong-field ionized metal-doped
He nanodroplets display regular progressions due to complexes of metal ions with
attached He atoms [39–41]. For magnesium (Mg) ions, up to 150 attached He atoms
were detected [40]. These are indicative for the formation of so-called ‘snowballs’,
stable ion-He complexes first observed in bulk liquid He [42]. The term derives from
the fact that for some species, the density of the local He shell around the cation
adopts a regular structure and surpasses that of solid He. The pump-probe dynamics
of snowball complexes of Ag were found to be opposite to that of the bare metal
ions, indicating that He droplets can feature a cage effect causing the re-aggregation
of fragments [40].

Initially, He nanodroplets weremostly regarded as an alternativemethod for form-
ing metal clusters and the focus had been on the charging dynamics and Coulomb
explosion of the dopant metal atoms, see Sect. 10.5.3 [43–46]. Later, the important
role of the He shell in the ionization dynamics was recognized [40, 45, 47, 48] and
the focus shifted more towards the nanoplasma dynamics of the He nanodroplets
themselves [49–52]. In particular, resonant heating and charging of the nanoplasma
manifests itself by enhanced yields of singly and even doubly charged He ions at a
pump-probe delay around 0.5 ps, see Sect. 10.5.3 [51–53].

Particularly peculiar photoionization dynamics was observed by the Rostock
group for Mg-doped He nanodroplets [54, 55]. Based on linear absorption spec-
tra and on fs pump-probe resonant ionization traces of multiply doped He droplets,
it was concluded that Mg atoms aggregate in He nanodroplets in an unusual way to
form a foam-like structure where the metal atoms arrange themselves in a regular
10 Å-spaced network separated by He atoms. This structure collapses upon elec-
tronic excitation to form metallic clusters. Thus, the transient mass spectra reveal a
sharp drop of the yield of Mg+ and small Mg+

n cluster ions within 350 fs due to the
decreased ionisation cross-section of Mg as the electronic properties evolve from the
atomic to a bulk-like state. Subsequent slow recovery of the Mg ion signals within
≈ 50 ps was associated with the escape dynamics out of the He droplets. The for-
mation of Mg foam in He droplets was essentially confirmed by theoretical model
calculations [56].

The group of Gessner and Neumark in Berkeley performed seminal studies on the
ultrafast dynamics of pureHe nanodroplets using resonant excitation byXUVpulses.
Using electron and ion imaging detection, intricate relaxation dynamics of highly
excited He droplets were observed, including the emission of Rydberg atoms, small
He clusters, and very low-energy electrons on various time scales. These studies have
recently been reviewed [5] and will be discussed in more detail in Sect. 10.5.1.
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More recently, the group of Koch in Graz succeeded in measuring excited-state
dynamics of indium (In) atoms and dimers embedded inside He nanodroplets, see
Sect. 10.3.2 [31–33]. Similarly to surface-bound alkali atoms, the delay-dependent
ion yield revealed the ejection dynamics of the excited atom out of the He droplet.
Indiumdimers featured long-lasting vibrational coherences similarly to alkali dimers,
despite their initial state of solvation inside the He droplets.

10.2.4 Time-Resolved Photoelectron Spectroscopy

Photoelectrons (PE) are an important observable for tracking ultrafast processes in
HeN with time-resolved pump–probe photoionization. In contrast, photo-ions are in
many situations hard to detect and/or add additional dynamics due to their strong
attractive interaction with the droplet, as discussed in the previous section. Time-
resolved photoelectron spectroscopy (TRPES) is a well established pump–probe
photoionization technique for measuring the temporal evolution of the kinetic energy
and the yield of the generated PEs [57–59]. The probe pulse couples (or projects) the
excited statewavefunctiononto the ionic state, a process that is governedby electronic
selection rules and the Franck–Condon overlap of the involved vibrational states. The
evolution of the excited state energy and its ionization probability provides insight
into the dynamics of electrons and nuclei, which are often coupled non-adiabatically.
The interpretation of transient signals therefore relies on quantum-chemical simu-
lations. Photophysical and photochemical processes that can be observed include,
among others, intra- and intermolecular electron and proton transfer, non-adiabatic
energy relaxation, quantum beats and wave packets of electronic, vibrational and
rotational degrees of freedom, or photodissociation and -association.

The applicability of TRPES for the observation of ultrafast molecular processes
inside HeN stands or falls with the influence of the He environment on the PE observ-
able. While this influence is moderate at picosecond timescales after photoexciation,
in agreement with early frequency-domain PE studies [60–62], it can be signifi-
cantly strongerwithin the first picosecond after photoexcitation, especially for atomic
and small molecular chromophores. However, numerous femtosecond time-resolved
experiments have shown that the coupled electronic and nuclear dynamics of chro-
mophores in HeN can be observed with TRPES, as demonstrated for bare droplets [5,
63–66] (Sect. 10.5.1), as well as with surface-located [29, 30] (Sect. 10.3.1) and fully
solvated dopants [31–33] (Sect. 10.3.2 & 10.4.2). Even if the photoexcitation pro-
cess drives the chromophore–droplet system strongly out of equilibrium [31–33,
66], accurate insight can be obtained.

In the following we discuss the increased He influence on PE spectra within the
first picosecond after photoexcitation for the In–HeN system [31], which is shown
in Fig. 10.3. The corresponding potential energy curves can be seen in Fig. 10.8b.
Within the first picosecond the PE peak energy decreases by 290meV (from 610meV
to 320meV) due to significant rearrangement of the He solvation shell around the
In atom in response to photoexcitation. These dynamics are accompanied by the
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Fig. 10.3 TheHe influence on photoelectron spectra in femtosecond pump—probe photoionization
for different time delays [31]. The spectra are obtained with In atoms located inside HeN (pump
pulse for In-HeN : 376nm, 3,30eV; pump pulse for bare In: 410nm, 3.02eV; probe pulse: 405nm,
3.06eV; In ionization energy: 5.79eV, pump–probe cross correlation time: 150 fs). (a) Evolution of
a PE peak due to dynamics of the solvation shell. (b) Comparison of PE peaks for solvated atoms
with equilibrated solvation shell (1000 fs pump-probe time delay, red trace) and bare atoms (red
trace)

transfer of electronic energy of the dopant to kinetic energy of the surrounding He
atoms, as discussed in Sect. 10.3.2. Additionally, larger linewidths and increased
peak areas are observed for short delays (Fig. 10.3a). During the pump–probe cross
correlation time (150 fs for this experiment) the simultaneous presence of pump and
probe photons leads to saturation and peak distortion. Afterwards, up to≈ 500 fs, the
line width is increased because of two reasons: (i) the combination of transient peak
shift (≈ 1meV/fs) and 150 fs cross correlation and, (ii) the Franck–Condon overlap
of the excited and ionic states, which are distorted inside the HeN (see Fig. 10.8).

The He-related influence on the PE spectrum within the first picosecond will be
superimposed on the TRPES signal of intrinsic nuclear and electronic dynamics of
embedded molecules. The magnitude of this influence corresponds to the distortion
of the excitation band, as observed by frequency domain spectroscopy (see also
Sect.10.3.2).Accordingly, sharp electronic transitions (zero-phonon lines) frequently
observed for larger molecules [67, 68] indicate that this initial influence might be
less severe for such systems.

After ≈ 1ps, when the He solvation shell has equilibrated, the PE signal (Fig.
10.3b, red curve) peaks at slightly higher energies (30meV increase) compared to
the bare atom peak (red), representing the reduced ionization potential inside the
droplet [61]. The increased width of the in-droplet peak compared to the bare-atom
peak (62meV versus 35meV) is again related to the Franck–Condon overlap of the
distorted excited and ionic states inside the droplet (see Fig. 10.8). The PE peak also
exhibits a wing extending to lower energies, even below the bare-atom band, which
is a signature of energy relaxation of the photoelectrons due to binary collisions with
individual He atoms on the way out of the droplet, as previously observed in PE
spectroscopy experiments with nanosecond laser pulses [61].

On the droplet surface, the PEpeak-shift is slower by a factor of 2–3 [29, 30] due to
the lower He density (Sect. 10.3.1). In pump-probe photoionization of nanoplasmas



10 Ultrafast Dynamics in Helium Droplets 457

inside HeN , the photoelectron kinetic energy was recently used as observable for the
temporal evolution of the plasma (Sect. 10.5.3). After plasma ignition with a strong-
field pulse, the kinetic energy of electrons released by the probe pulse corresponds
to the electron temperature in the plasma [52]. Strong-field probing revealed the
appearance of photoelectron spectra characteristic for above-threshold ionization,
indicating electron recombination into high-lying Rydberg states [53].

10.2.5 Time-Resolved Correlation Spectroscopy

The detection of photoelectrons or -ions can be extended by establishing correla-
tion between the ionization products, such as ion–electron or ion–ion correlations.
The assignment of electron spectra to ion fragments, for example, allows for the
identification of different pathways in strong-field ionization of molecules [69].
In femtosecond pump-probe photofragmentation experiments bond breaking may
occur in the electronically excited state (after pump pulse excitation) or in the ionic
state (after probe pulse ionization); two ionization channels that can be disentan-
gled through electron–ion correlation but remain indistinguishable by sole detection
of electrons or ions [70–72]. Correlation can be established either by coincidence
detection [73, 74], where pairs of charged particles are detected for single ioniza-
tion events, or by covariance-mapping, where correlations are revealed based on
statistical fluctuations [75]. While coincidence detection requires disadvantageously
low count rates (typ. < 0.3 ionization events per laser shot) in order to avoid so-
called false coincidences [76], covariance-mapping allows for much larger signal
rates. Recently, the analysis of photoelectron-photoion coincidence measurements
with Bayesian probability theory was demonstrated to enable high count rates and
provides additional advantages, such as an increased signal-to-noise ratio, exclusion
of false coincidences, proper pump-only signal subtraction, and confidence intervals
of the spectrum [77, 78].

The hurdle for correlated detection in combinationwithHeN is the trappingmech-
anism of ions inside the droplets due to strong attractive forces (Sect.10.2.3). Ion
trapping can be overcome if the ions are provided with sufficient kinetic energy to
escape the droplet, as it is the case in Coulomb explosion after double ionization [79,
80], or for vibrational IR excitation of molecular ions [81]. In addition, dopant ions
are ejected from the droplets to some extent when being indirectly created through
Penning or charge-transfer ionization via excited or ionizedHe, respectively [82–84].
Ion–ion and ion–electron coincidence detection enabled the identification of inter-
atomic autoionization processes inside HeN such as interatomic Coulombic decay
(ICD) in pureHeN [79] and double ionization of alkali dimers through ICDor through
electron-transfer mediated decay (ETMD) [80, 85, 86] (see Sect. 10.5.2)

A very recent example of time-resolved electron–ion covariance spectroscopy of
the In2–HeN system is shown in Fig. 10.4. Pump–probe photoionization of In2 inside
HeN leads to an unexpected strong In–He+

n (n = 0, ...,≈ 30) ion signal within the
first tens of picoseconds [33], whereas ion yields are typically zero within ≈ 50ps
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Fig. 10.4 Covariance detection of electrons and ions after pump-probe photoionization of In2–
HeN . The PE spectrum at 0.8ps (blue) is correlated to the detection of InHe+

n (n = 0, ...,≈ 30),
while the 200ps PE spectrum (red) is correlated to In+

2 . Both spectra are normalized. The signal
peaking at 1.5eV in both spectra is likely due to a erroneous correlation of electrons from pump-only
ionization and the respective ions

after pump excitation due to trapping (see Fig. 10.13). Comparison of electron–
ion covariance measurements at short (0.8ps) and long (200ps) time delays sheds
light on the process (Fig. 10.4): At long delays (red trace) the prominent PE peak
at ≈ 0.65eV is correlated to In+

2 , identifying photoionization of excited In∗
2 after

ejection from the droplet. The In–He+
n PE peak in question at short delays (blue

trace) appears at slightly higher energies (≈ 0.80eV), whereas the PE peak of In*
would be expected at lower energies (≈ 0.32eV, see Fig. 10.3), and should also be
sharper. This indicates that the In–He+

n signal originates actually from unfragmented
In∗

2 molecules, and that fragmentation occurs after ionization in the In+
2 ionic state.

A strong increase of the In–He+
n yield with probe power supports this assumption

and suggests that ion ejection is caused by probe-pulse induced In+
2 excitation to

a repulsive In+∗
2 state. Note that a sole TRPES measurement would not be able to

screen out the photoelectrons associated to In–He+
n since they have the same energy

as those leading to In+
2 .

Having discussed the major experimental tools suitable for time-resolved spec-
troscopy of pure and doped He droplets, we will highlight some recent application
examples in the next section. Before we come to that, we conclude this section by
giving an overview of the theoretical work on the dynamics of pure and doped He
nanodroplets, as many of the time-resolved experiments have greatly benefited from
model calculations.
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10.2.6 Time-Dependent Density-Functional Theory
Simulations

The structure of pure and doped He nanodroplets has been studied theoretically by
various methods, the most accurate being QuantumMonte Carlo (QMC) [87]. How-
ever, the computational cost quickly exceeds currently available computer resources
when it comes to simulating experimentally relevant nanodroplet systems. Further-
more, QMC cannot describe the dynamic evolution of superfluid He in real time.
These limitations can be overcome by time-dependent density functional theory
(TDDFT) which can be applied to much larger systems than QMC and allows for
a time-dependent formulation. A promising recent development is a hybrid path-
integral molecular dynamics/bosonic path-integral Monte Carlo method [88]. This
method provides the theoretical foundation of simulating fluxional molecules and
reactive complexes in He environments seamlessly from one He atom up to bulk He
at the accuracy level of coupled cluster electronic structure calculations.

TDDFT is the only method to date that can successfully reproduce results from
a wide range of time-resolved experiments in superfluid He on the atomic scale.
The great benefit of these simulations is that detailed insights into the structural
dynamics of the entire system is obtained, including density modulations of the He
such as surface or bulk density waves and solvation shells, which are not directly
accessible experimentally. Likewise, the He dynamics induced by ions such as the
formation of snowballs and the nucleation of vortices, which have so far eluded
experimental detection, are still amenable to TDDFT simulations. Thus, during the
last decade, TDDFT has emerged as a powerful tool to describe the structure and
dynamics of doped He droplets, thereby valuably complementing the experimental
advances. This work has been summarized in two review articles [7, 89]. Themethod
hasmostly been developed and promoted byM.Barranco and his group in Barcelona,
and the code is freely available [90].

Inspired by experiments, a variety of metal atoms and ions have been studied
in view of the structure and dynamics of their complexes with HeN [7, 89]. Upon
electronic excitation of either surface-bound alkali atoms [91–93] or initially sub-
merged atoms (silver, Ag) [94], inmost cases the excited atomswere ejected from the
droplets within a few ps or a few tens of ps, respectively. Depending on the excited
state, either bare atoms were ejected or exciplexes were formed, which in turn either
desorbed from the droplets or remained attached to them [29, 94]. Ag atoms in the
lowest excited state were ejected from the droplet with a speed consistent with the
Landau velocity vL = 58 m/s, which was measured experimentally for excited Ag
and other molecular dopants [95]. It was concluded that excited dopants interact-
ing repulsively with the He droplets are expelled towards the droplet surface while
repeatedly exciting pairs of rotons such that their speed stays below vL.

The microscopic dynamics of metal ions located near the He droplet surface have
so far only become accessible through simulations as ions tend to remain tightly
bound in the He droplet interior and therefore elude detection. For the Ba+HeN
system, it was found that due to the relatively strong attractive ion-He interaction,
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Fig. 10.5 TDDFT simulations of the dynamics of a Rb atom on a He nanodroplet consisting of
1000 He atoms. At t = 0, the Rb atom is excited into the lowest excited state (5p�1/2) and at
t = 20 ps it is ionized. Based on results reported in [28]

the velocity of the Ba+ cation during the solvation process temporarily exceeds vL,
leading to the nucleation of a quantized ring vortex [96]. When formed at the He
droplet surface, the Ba+ ion moves towards the center of the droplet. After about
8 ps, the Ba+ is fully surrounded by He and a few ps later a dense solvation layer
of He forms with transiently appearing spots where He localizes; but eventually the
He shell remains smooth. Thereafter, the solvated ion keeps oscillating inside the
droplet without friction at a velocity < vL. Due to their large masses and stronger
attractive interactions with the He, Rb+ and Cs+ ions initially located at the droplet
surface form snowballs at the droplet surface within 10 ps [97]. At longer times
the snowballs become solvated by the He droplet which rearranges itself around the
stationary ion. Large density fluctuations induced by the cation solvation process
lead to the nucleation of quantized vortices. In the case of Cs+, the initial phase
of snowball formation prevents the ion from penetrating into the He droplet. The
snowball therefore forms at the surface of the droplet in≈ 30 ps. Due to the effective
shielding of the Cs+ charge by the surrounding He atoms, it is only weakly bound
to the droplet. For relatively small He droplets consisting of 1000 atoms, the Cs+
snowball even detached after 90 ps from the droplet due to He density fluctuations.

To compare with recent fs pump-probe experiments, TDDFT calculations were
performed that simulated the sequence of pump-probe excitation and ionization at
a variable delay. In this way it was possible to reproduce the combined process of
desorption of the excited atom and the subsequent fallback and solvation of the ion
[28, 98]. Figure 10.5 shows snapshots of the simulated evolution of a Rb atom excited
into its lowest excited state 5p�1/2 at t = 0 (green dot turning blue). At t = 20 ps it
is ionized (red dot). At t = 2 ps, the excited Rb atom departs from the droplet leaving
behind He density waves traveling through the droplet. At t = 45 ps, the Rb+ is at its
largest elongation away from the droplet, before falling back into the droplet to form
a snowball (t = 130 ps). The time constants obtained from the simulation are in good
agreement with the experimental results [28]. Similar simulations were performed
to complement recent XUV pump-probe studies of the photodynamics of pure He
nanodroplets [66, 99]. Here, one or two excited He atoms (He∗) in a He droplet
take the role of the dopants. Surprisingly, the response of the He droplet strongly
resembles that of excited metal atoms in the sense that a bubble forms around the
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He∗ within � 0.5 ps, followed by the ejection of He∗ from the droplet. In the case
two He∗ are located near each other, the two bubbles merge, which causes the He∗
to decay by ICD, see Sect. 10.5.2.

More recently, the structure and dynamics of rotating He nanodroplets has been
a focus of TDDFT simulations [100–102]. In particular, the formation of quantized
vortices in 4He nanodroplets and their ability to capture dopant atoms was investi-
gated in detail [103, 104]. Furthermore, collisions of atoms with He droplets as they
occur in the experiments during the pick-up process where addressed [105]. Even
the merging of two He nanodroplets was simulated, with particular focus on vorticity
and quantum turbulence [106].

The Gonzalez group recently developed a hybrid method using DFT to describe
the He droplet and a quantum wave packet treatment of the dopant [107] that allows
to investigate the He influence on intramolecular processes. With this approach, they
obtained predictions of the femtosecond time-resolved dynamics of dimer molecules
inside He droplets, including photodissociation of Cl2 [107–110], molecule forma-
tion ofNe2 [111, 112], vibrational energy relaxation of I2 [113], and rotational energy
relaxation of H2 [114].

10.3 Dynamics of Atomic Dopants

The weak influence of the He environment on dopants often results in a negligible
perturbation of the ground-state structure of dopants [115], as well as in minor influ-
ence on their vibrational and rotational degrees of freedom [67]. Photoexcitation of
electronic transitions, in contrast, can lead to a considerable rearrangement of the He
solvation shell triggered by a change of the repulsive interaction between the chro-
mophore dopant and the He atoms. The solvent-related response to photoexcitation
can best be investigated with atomic dopants in order to avoid complications related
to internal degrees of freedom. Since fully solvated dopants experience a stronger
but symmetric He interaction, compared to the weaker and asymmetric interaction
of surface-located dopants, these situations will be discussed separately.

10.3.1 Surface-Located Atoms

While most atoms and molecules are submerged in the interior of He nanodroplets,
alkali atoms and small alkali clusters reside in weakly bound dimple states at the
droplet surface [6, 7]. Upon electronic excitation, all alkali atoms promptly detach
from the He droplet surface due to enhanced Pauli repulsion acting between the
diffuse excited valence electron and the He. The only exceptions are Rb and Cs
in their lowest excited states where small photon excess energies are insufficient
to induce direct desorption [116] and indirect desorption through M∗-He exciplex
formation is prevented by a barrier along the M∗-He potential [9, 117]. In contrast,
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alkali ions tend to form strongly bound snowball complexes in the bulk of the He
droplets as a result of attractive polarization forces [118, 119].

The kinematics of the desorption of atoms induced by optical excitation was first
studied experimentally by nanosecond (ns) electron and ion imaging spectroscopy
and theoretically by TDDFT [91, 92, 120–122]. Likewise, the dynamics of solvation
of alkali ions formed by photoionization was treated by TDDFT and experimentally
using ns ion imaging and mass spectrometry [121, 123, 124]. The observed linear
dependence of the mean kinetic energy of the desorbed excited atoms on the laser
frequency points at an impulsive desorption process [92, 120, 122]. This process is
well described by one-dimensional pseudo-diatomic potential curves which quantify
the effective interaction between the dopant and the He droplet as a whole [6,
117, 125]. Even the angular distributions of ion images agreed very well with the
description of the alkali-droplet complex in terms of a pseudo-diatomic molecule. In
some cases, in particular for highly excited states, electronic relaxation occurred in
the course of desorption due to curve crossings induced by the interaction with the
He droplet [92, 121, 126]. The energy partitioning between the He and the desorbing
atom depends on the alkali species and on the quantum state, and appears to be related
to the size and shape of the electron orbital [92, 122]. Alkali-He exciplexes were
formed either directly by laser-excitation into bound molecular states [120, 122],
or by a tunneling process [14, 29, 126]. The desorption of the exciplexes occurred
either promptly as for excited atoms, or by a thermal process driven by vibrational
or spin relaxation [29, 120, 126].

The early fs pump-probe experiments with He droplets doped with alkali met-
als mostly focused on the formation of alkali-He exciplexes [10, 21, 24, 127] and
on electronic and vibrational coherences of alkali atoms and molecules, respec-
tively [22–25, 34–36]. As dual fs pulses at high repetition rate (80 MHz) were used,
the exact location of the dopants, attached to the droplets or in the vacuum, has
remained somewhat uncertain; resonant absorption from multiple laser pulses may
have induced the desorption prior to the pump-probe process.

Time-resolved measurements of the desorption dynamics of excited alkali atoms
and exciplexes have so far only been reported for Rb and RbHe exciplexes. Using
amplified fs pulses of the Ti:Sa laser and harmonics thereof, yields, kinetic energies,
and angular distributions of electrons and ions for various excited states of theRbHeN
complex have been traced [27–30]. This is achieved by the method of velocity-map
imaging (VMI), where the velocity distribution of electrons or ions is mapped onto
a two-dimensional spatial distribution in the plane of a position-sensitive detec-
tor [128]. Given cylindrical symmetry with respect to an axis perpendicular to the
spectrometer axis (usually the laser polarization), the measured two-dimensional
distribution can be converted into the three-dimensional velocity distribution by
inverse Abel transformation. The radial part reflects the kinetic energy spectrum
and the angular part contains information about the symmetry of the state that is
photoionized.

As an example, Fig. 10.6 shows typical velocity-map ion images recorded upon
excitation of the 6p� state [panel (a)] and the 6p� state [panel b)] [28, 30]. In the
6p� state, a large fraction of Rb atoms form RbHe exciplexes prior to desorption.
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Fig. 10.6 Velocity-map ion images of [RbHe]+ andRb+ created by fs pump-probe photoionization
of Rb-doped He nanodroplets at a laser wavelength of 415 nm [excitation of the 6p� state, (a)] at
various delays, and at 403 nm [6p� state, (b)] for a delay of 4.8 ps. Based on results reported in
[30]. The bottom panel schematically illustrates the corresponding photoinduced processes

As it is expected for promptly desorbing atoms, the [RbHe]+ ions feature a typical
ring-like intensity distribution IRbHe with an angular dependence IRbHe ∝ sin2 θ with
respect to the polarization of the laser pulses which is characteristic of a� → � per-
pendicular dissociative transition. The increase of themean radius of this distribution
as a function of delay clearly shows that desorption of RbHe exciplexes proceeds
as a prompt, pseudo-diatomic dissociation process. A schematic representation is
shown at the bottom of Fig. 10.6. Excitation of the RbHeN complex into the 6p�
state results in a IRb ∝ cos2 θ -angular intensity distribution according to a � → �

parallel transition causing prompt dissociation, see panel (b).
Figure 10.7a depicts the pseudo-diatomic potential curves involved in the two pro-

cesses. Owing to the repulsive character of the excited states, the Rb atoms promptly
desorb as free atoms (6p� state) or as a mixture of Rb atoms and RbHe exci-
plexes (6p� state). In contrast, the ionic potential curve is attractive, causing Rb+
or [RbHe]+ to fall back into the droplet when created near the droplet surface, i.e. at
short pump-probe delay. The condition for the ion to fall back into the droplet or to
move away is given by the balance of the kinetic energy gained by repulsion in the
neutral excited state on the one hand, and the potential energy barrier in the ionic
state on the other. Indeed, the yield of detected Rb+ at a laser wavelength of 403nm
(6p� excitation) nearly vanishes at short delay and steeply rises around 0.5ps, see
Fig. 10.7b. The yield of large [RbHen]+, n ≈ 5000, complexes (not shown) features
the opposite behavior [27]. This confirms the concept that ions fall back into the
droplet when created near the surface. The yield of photoelectrons (not shown) dis-
plays no significant pump-probe dependence, indicating that electrons are emitted
from the dopants irrespective of the dopants’ position with respect to the droplet
surface. A transient maximum of the [RbHe]+ yield around 1ps was interpreted in
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Fig. 10.7 (a) Illustration of the pump-probe scheme for probing the desorption dynamics of Rb
atoms excited to 6p-correlated states, based on the RbHeN pseudo-diatomic potential curves. Based
on results reported in [27]. (b) Detected Rb+ ion yield at a laser wavelength of 403 nm (6p�
excitation); (c) Rb+ ion kinetic energies; (d) electron energy. Based on results reported in [30]

terms of associative photoionization of [RbHe]+, i.e. the direct optical excitation of
a bound cationic state [27].

The Rb+ ion kinetic energy monotonously rises within ≈ 1 ps [Fig. 10.7c] due to
the acceleration of the excited Rb atom away from the droplet surface. Concurrently,
the photoelectron energy drops by about 1200 cm−1 [panel (d)] due to the increase
of the potential-energy difference between the pseudo-diatomic excited state and the
ionized state as the Rb atom moves away from the droplet.

Similar delay-dependent electron and ion signals were observed in a two-color
pump-probe experiment where Rb atoms were excited to the 5p-correlated states.
The main difference was a slower dynamics by a factor of nearly 100. Ion yields and
kinetic energies continuously rose on the 100 ps time scale. This is due to less repul-
sive pseudo-diatomic potential curves in these states compared to the 6p-correlated
states [117]. Both the dynamics in the 6p and 5p states were well reproduced by
TDDFT simulations [28]. A detailed ion and electron-imaging study of RbHe exci-
plexes formed in the 5p� state, combined with TDDFT simulations, revealed that
the desorption of the RbHe exciplexes, proceeding within ≈ 700 ps, is induced by
2�3/2 →2 �1/2 spin relaxation. The formation time of the RbHe exciplex was found
to range between 20 and 50 ps [29].

These studies were further extended to Rb2 dimers formed on He nanodroplets
[38]. Similarly to alkali atoms, Rb2 excited to intermediate states were found to
promptly desorb off the droplets. However, both angular and energy distributions of
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detected Rb+
2 ions appear to be most crucially determined by the Rb2 intramolecular

symmetries rather than by the symmetries of the Rb2HeN pseudo-diatomic complex.
The pump-probe dynamics of Rb+

2 was found to be slower than that of Rb+ in the
same wavelength range of the pump pulse, pointing at a weaker effective guest-host
repulsion for excited molecules than for atoms.

To summarize this section, as general trends, an excited alkali atom or molecule
tends to promptly desorb off the He droplet surface, in good agreement with a pseu-
dodiatomic dissociation model. In contrast, an ion, formed at the droplet surface,
sinks into the bulk of the droplet where a dense He shell form around it. Pump-
probe photoionization signals manifest the competing dynamics of desorption of the
excited neutral and the falling back of the ion into the droplet. Another trend is that a
resonantly excited metal atom tends to form a metal-He exciplex with variable abun-
dance depending on the symmetry of the excited state. These metal-He exciplexes
tend to promptly desorb as well; exceptions are the lowest excited states where the
repulsion between the excited alkali and the He droplet is weak. The combination of
fs pump-probe photoionization spectroscopy with VMI of electrons and ions reveals
detailed information about the dynamics and kinematics of the desorption process
for specific excited states. In future experiments, it would be interesting to extend
these studies to larger alkali oligomers and other types of metals which are initially
located deeper within the He droplet surface (Mg, Ca), or in the droplet interior (Ag,
Al, Cr, Cu,…). Likewise, direct measurements of the dynamics of ejection of excited
ions [81, 124] would by highly desirable.

10.3.2 Solvated Atoms—Solvation Dynamics

In their electronic ground state, atomic dopants inside HeN are surrounded by a He
solvation shell that forms through equilibration of attractive dopant–He forces and
repulsive Pauli interactions between the dopant’s valence electrons and the closed-
shell helium. Electronic excitation of the dopant often causes its valence electron to
expand radially, inducing a strong interaction with the solvation shell. The energy
related to this expansion process has to be provided as excess photon energy, repre-
sented by photoexcitation bands that are typically blue-shifted and broadened by sev-
eral hundred wave numbers with respect to the bare-atom transition (see Fig. 10.8a),
as observed in frequency-domain experiments for atomic dopants such as Al [15],
Ag [62], or Cr [129]. Additionally, these experiments have revealed dopant ejection
after photoexcitation, indicating the heliophobic character of the excited state. Elec-
tronic relaxation through nonradiative population transfer to lower states induced by
curve crossings due to interaction with surrounding He atoms was observed [15,
60, 62, 129–131], as well as excipex formation. These frequency-domain results
raise a number of questions about the nature of dopant photoexcitation inside a HeN :
(i) Which primary solvent-related processes are triggered by photoexcitation, (ii)
what are their characteristic time scales, (iii) how is the excess energy dispersed
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Fig. 10.8 Fast solvent response to photoexcitation of In–HeN: Expansion of the solvation shell and
energy dissipation. (a) Photoexcitation spectra of In–HeN and bare In in the range of the 6s←5p
transition [132]. Vertical bars indicate phoexcitation energies corresponding to the spectrograms in
(c). (b) Sketch of the In–HeN potential energy surfaces as function of the bubble radius for In in
its ground [5s25p (2P1/2), blue], lowest excited [5s26s (2S1/2), green] and ionic ground state [5s2

(1S0), red]. Pump excitation at different photon energies (c.f., (a)) and probe ionization at 405nm
are indicated. Red arrows correspond to the PE kinetic energy measured by TRPES. (c) PE spectro-
grams showing the initial bubble expansion obtained with different photoexcitation energies [32],
as indicated in (a) and (b). The simulated PE peak shift (EHeN-In∗ − EHeN-In+ from (e) is shown
as dashed line. (d) He density distributions of In–He4000 at selected times after photoexcitation,
as calculated with TDDFT [31]. (e) Interaction energy EHeN-In∗ of the 5s26s excited state (green
curve) and interaction energy EHeN-In+ of the 5s2 ionic state (red curve) [31]. Additionally, the
kinetic energy of the He atoms, Ekin, He, is plotted as dashed line

into the system, and (iv) what is the dependence of these processes on experimental
parameters such as droplet size or excitation energy?

In the following we discuss answers to these questions that were obtained with
TRPES of indium (In) atoms inside HeN [31, 32]. In TRPES inside HeN the valence
electron, which is electronically excited by the pump pulse, is exploited to sense the
temporal evolution of the He environment by retrieving the ionization energy with
the probe pulse (see Sect.10.2.4). Rearrangement of the solvation shell around the
dopant through nuclear relaxation can be followed as transient PE peak shift as the
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potential energies of the excited and the ionic state depend on the dopant distance
to neighboring He atoms. The observed processes can be distinguished by their time
scale into a fast expansion of the solvation shell to form a He bubble (≈ 500 fs), as
well as a slower bubble oscillation and dopant ejection from the droplet (≈ 50ps),
which will be discussed separately.

10.3.2.1 Fast Solvent Response: Expansion of the Solvation Shell

The electronic photoexcitation process of In atoms inside HeN is depicted in
Fig. 10.8b, which shows the In–HeN pseudo-diatomic potential energy curves as
function of the bubble radius: Photoexcitation of the In atom in its ground-state sol-
vation shell (4.5Å radius) leads initially to an increased excited state energy, which is
represented by the broadened and blue-shifted excitation spectrum (Fig. 10.8a) [132].
Relaxation towards an expanded solvation shell causes energetical shifts in both the
excited and the ionic state, which can be tracked by probe-pulse ionization at increas-
ing time delays and observation of the resulting PE energy.

Corresponding PE spectra for different excitation wavelengths are shown in
Fig. 10.8c [31]. Each spectrum shows a rapid initial shift of the PE peak to lower
energies, that levels off in all three cases within 1ps to the same value of 320meV.
The 1ps PE-energy is approximately 0.03eV above the gas phase value due to the
reduced ionization potential of solvated atoms.

With increasing photoexcitation energy, the PE peak maximum at time zero shifts
to higher values, from 0.65eV for 380nm to 0.79eV, for 360nm [32]. Additionally,
the PE peak shift proceeds faster for higher excitation energies, as becomes evident
by comparison the initial slopes for the three spectra in Fig. 10.8c. This trend is
expected from the increasing steepness of the excited state potential energy curve
in Fig. 10.8b, suggesting a stronger acceleration of the excited state wave packet
for higher excitation energies. In combination, these results show that the excitation
excess energy is fully transferred to kinetic energy of the solvation shell within 1ps.
Concerning variation of the droplet size, no influence is found on the PE spectra
(N̄ = 2600 − 40000), showing that bubble expansion is a purely local process that
only depends on the its environmental fluid density [32].

Additional insight into the ultrafast In–HeN photoexcitation dynamics is obtained
from TDDFT simulations using the BCN-TLS-HeDFT computing package [90],
based on In–He pair potentials of the ground, excited and ionic state [31, 132]. He
density plots at selected times after photoexcitation (Fig. 10.8d) show that the solva-
tion shell almost doubles in radiuswithin the first picosecond from4.5 to 8.1Å.Based
on this time evolution of the He density the time-dependencies of the excited and
ionic states can be computed by integrating the corresponding pair potentials over
the corresponding droplet densities. Figure 10.8e shows that the He environment
increases the excited state energy (EHeN In*), while it decreases the ionic state energy
(EHeN In+). The difference of both energy deviations (EHeN In* − EHeN In+ ) corresponds
to the transient PE shift and is in excellent agreement with the TRPES measurement
(Fig. 10.8c, dashed line). The TDDFT simulation thus sheds light onto the dissipation
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Fig. 10.9 Slow solvent response to photoexcitation of In–HeN : Bubble oscillation and dopant ejec-
tion [32]. (a) Transient PE energies for different droplet sizes, showing an overall decrease due to
dopant ejection with a local maximum due to bubble contraction (all curves are vertically offset by
the same amount). (b) He density distributions of In–He4000 at selected times after photoexcitation,
as calculated with TDDFT. (c) Transient ion yield for different droplet sizes representing dopant
ejection (all curves are vertically offset by the same amount). (d) Simulated PE transients for trajec-
tories originating at different distances to the droplet center (droplet size N = 4000, 36Å radius)

process of the excess energy, as it allows to quantify the individual contributions to
the ionization energy measured by TRPES. Only with the TDDFT results it becomes
clear that the excess energy of the photoexcitation process is initially stored as poten-
tial energy of the excited state and subsequently converted into kinetic energy of the
surrounding He atoms (Ekin,He in Fig. 10.8e) within the first picosecond, leading to
He density waves propagating through the droplet (see Fig. 10.9b).

10.3.2.2 Slower Solvent Response: Bubble Oscillation and Dopant
Ejection

After adaption of the He environment to the electronically excited dopant within
the first picosecond, the heliophobic character of the excited state leads to dopant
ejection on a 10 − 100ps timescale. Additionally, the impulsive stimulation of the
He solvation layer initiates a collective oscillation of the He bubble. Although the
two processes overlap in time, they can be sensed and distinguished with TRPES,
underlining its sensitivity.

Figure 10.9a shows the transient shift of the PE peak position up to 200ps, exhibit-
ing a gradual ≈ 20meV decrease to the bare-atom PE energy. This PE peak shift
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represents dopant ejection from the droplet and is influenced by the distributions
of both droplet sizes and starting locations within the observed ensemble. Superim-
posed on the PE energy reduction, a temporary increase is observed at ≈ 30ps that
is caused by the increase of He density around the dopant in consequence of the
first contraction of the bubble oscillation. Importantly, neither the PE peak shift nor
the temporal increase exhibit a dependence on the droplet size (Fig. 10.9a), which
indicates that the In atoms are not equally distributed within the droplet but rather
are confined within a small spherical shell beneath the surface. Also, the excitation
energy has no influence on ejection signal and only weakly increases the bubble
oscillation period (not shown) [32], which is in line with the interpretation that the
excitation excess energy is fully transferred to kinetic energy of the solvation shell
within 1ps. The momentum of the dopant is thus not changed upon photoexcita-
tion inside the droplet due to the symmetry of the bubble expansion, in contrast to
surface-located dopants [133].

Complementary information on the ejection dynamics is obtained from photo-
ions, which can only be detected if ionization by the probe pulse takes place outside
the droplet at sufficient distance to its surface [133] (see Sect.10.2.3). The transient
ion yield (Fig. 10.9c) remains essentially zero up to ≈ 50ps as this observable is
insensitive to dynamics inside the droplet (bubble expansion and oscillation). The
signal onset at 50ps and its rise up to 200ps represents In ejection and support the
TRPES results (Fig. 10.9a); in particular, the ion transients are also nearly indepen-
dent of the droplet size.

Further insight into the dynamics on the 10-100ps time scale is obtained from
TDDFT simulations, which predict correct time-scales for both the bubble oscillation
and ejection from the droplet, as can be seen from the corresponding He density
distributions in Fig. 10.9b). Computed PE transients (Fig. 10.9d) strongly depend
on the location within the droplet where the photoexcitation takes place: center-
located atoms experience a periodicPE increase of≈ 30meV, representing the bubble
contraction, while off-center locations show a limited number of bubble oscillations
followed by gradual ≈ 20meV energy decrease due to ejection. In particular, the
single bubble contraction predicted for the trajectory originating at 20Å distance
from the droplet center (16Å beneath the droplet surface) supports the assumption
that the In atoms are contained within a small region beneath the droplet surface.

These results on the In–HeN system are in agreement with a recent study on pure
HeN , triggered byXUVpulses from a free electron laser [66], see Sect. 10.5.1. There,
the TRPES results show signatures for creation of a He bubble around a localized
excitation, He∗, on a very similar timescale (≈ 500 fs) and much faster ejection of
the He∗ (2.5 ps), which might be related to near-surface excitation and stronger
acceleration of He atoms compared to the heavier In.

In summary, the In–HeN experiments provide the first real-time study of the solva-
tion dynamics triggered by photoexcitation of an impurity embedded inside a helium
droplet, in contrast to the surface-dopants discussed above (Sect. 10.3.1). The atomic
impurities used do not show any internal dynamics on the relevant time scales and are
thus ideal probes for the response of the superfluid helium solvent. As a remarkable
result, similar solvation and ejection dynamics are found for impurities embedded
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inside the droplets, impurities attached to the surface or even for single, directly
excited helium atoms in the helium droplet. For molecular dopants, the described
solvent-related dynamics—solvation shell expansion, bubble oscillation and dopant
ejection—will be superimposed on intramolecular dynamics because electronic exci-
tation is the primary process in photochemical reactions. A mechanistic description
of these processes will thus be key to the conception and interpretation of ultrafast
photochemical studies inside HeN . For larger molecules one can expect less pro-
nounced solvation shell dynamics since excited molecular orbitals may experience
less contact to the He surrounding, as indicated by sharp electronic transitions (zero-
phonon lines) that are frequently observed for these dopants [67, 68]. A systematic
characterization of these processes for different classes of molecules in future exper-
iments will be essential.

10.3.3 Dynamics of Superfluid Droplets Compared to
Normalfluid 3He Droplets

A fascinating property of helium is its superfluid nature and related dynamics, posing
fundamental questions on the existence of such phenomena in confined, nanoscale
droplets. Non-dissipative flow has been observed measuring ro-vibrational spectra,
confirming superfluidity in nanodroplets [134]. Even in molecular complexes con-
taining only a few helium atoms non-classical inertia has been verified [135]. The
experimental results triggered significant interest from theory, leading to a deeper
understanding of nanoscopic superfluidity [136–138].Ultrafast time-resolved studies
came into playmeasuring the vibrational relaxation of attachedmolecules, indicating
evidence for a Landau-critical velocity on the molecular level connected to vibra-
tional motion [35]. Indeed, the Landau velocity was then confirmed from measuring
the velocity of ejected dopants [95].

For all such studies, one ideally compares theBose-Einstein-condensed superfluid
4He droplets with 3He droplets representing a Fermi fluid. The latter can readily be
formed in droplet beam sources (see [3] and references therein). Comparing studies
were seminal confirming superfluidity in helium droplets with infrared spectroscopy
[134], furthermore, in electronic spectra connected to the structure of zero-phonon
lines and phonon wings [139, 140], as well in recent X-ray diffraction imaging
experiments [141] and corresponding theory [7, 89, 102]. Femtosecond time-resolve
experiments comparing 3Hedroplets have been studiedwith alkalies as probe species.
In laser-induced fluorescence (LIF) spectra of Na atoms, the effect on changing the
helium isotope becomes apparent as a significant shift of the spectra [142]. However,
in comparison with theory this is well understood from the decreased density of 3He
and respective binding energies to the helium surface dimple. Differences are even
more pronounced in excitation spectra of alkaline earth dopants, providing a sensitive
probe of their location [143]. Nevertheless, superfluid dynamics did not show up in
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LIF data since observing the electronic excitation probes the environment “frozen”
in the ground state configuration.

In time-resolvedmeasurements the formation ofRbHe exciplexes has been probed
with femtosecond time resolution [21] revealing a faster formation of 4HeRb (8.5ps)
compared to 3HeRb (11.6ps). This was a surprising result because intuitively the
lighter 3He is expected to evolve a faster dynamic. Also from the interaction poten-
tials and a theoretical model, based on the helium tunneling into the bound exciplex
configuration, a 40-fold acceleration of forming a 3HeRbwas calculated [21]. Appar-
ently, the tunneling model does not give the right picture. It was speculated that a
difference in the vibrational relaxation when entering the bound molecular potential
could be responsible for the different formation times.

10.4 Vibrational Dynamics of Molecular Dopants

Vibrational wave packets (WP) were among the first dynamical processes investi-
gated by time-domain spectroscopy. A vibrational WP in a molecule can be seen as
quantum mechanical analogue to classical vibration that, due to its coherent nature,
provides insight into both the intrinsic structure of the molecule and its interaction
with the environment. In a pump-probe experiment, the pump pulse can launch a
WP in the excited electronic state (or the ground state) by simultaneously populating
several vibrational levels with a well-defined initial phase. The pulse thus creates a
coherent superposition of nuclear eigenstates (Fig. 10.10) [144] that evolves in time
and can be tracked by photoionization with the probe pulse, projecting the WP onto
the ion continuum. Dependence of the ionization probability and ionization energy
on the reaction coordinate (e.g., internuclear distance) yields a periodic modula-
tion of the PE yield and energy, as well as the photoion yield, all at characteristic
frequencies that correspond to the energetic distances between excited vibrational

Fig. 10.10 Generation and
observation of vibrational
wave packets in a
pump-probe experiment



472 L. Bruder et al.

states. Dispersion in an anharmonic potential energy curve leads to dephasing and
rephasing of the WP at characteristic revival times.

If the molecule is embedded in a dissipative environment, collisions with solvent
molecules may cause vibrational relaxations and decoherence (deterioration of the
phase relationwithin the observed ensemble ofmolecules), resulting in an irreversible
loss of modulation contrast. Information about decoherence, energy relaxation or
even deformation of the potential energy curve by the solvation shell, can be retrieved
from a spectrogram, as obtained from Fourier transformation of the oscillating signal
within a sliding time window. Vibrational WPs of small molecules (mostly dimers)
in HeN have been used to probe the He influence on nuclear structure and dynamics,
both at the droplet surface and in its interior, which will be discussed separately in
the following.

10.4.1 Vibrational Wavepackets in Alkali Dimers and Trimers

Alkali diatomic molecules were among the first molecules to be studied by time-
resolved laser spectroscopy due to their strong electronic transitions in the NIR and
visible (VIS) ranges of the spectrum. Low ionization potentials make alkali dimers
accessible to photoionization spectroscopy using comparatively low photon energies
and laser intensities. Besides, potential-energy curves can be calculated with high
precision, thus facilitating the interpretation of spectroscopic data.

A number of interesting phenomena have been studied using these simple
molecules, e.g., wavepacket propagation in spin-orbit-coupled states [145, 146],
fractional revivals of vibrational wavepackets [147, 148], the competition of differ-
ent ionization pathways [149, 150], and isotope-selective ionization [151]. Detailed
insights into the vibrational dynamics have been obtained by applying new exper-
imental techniques such as photoelectron spectroscopy [152] and optimal control
schemes using shaped laser pulses [153].

Alkali dimers have newly attracted interest due to the recent advances in the forma-
tion of ultracold molecules out of ultracold atomic ensembles by means of Feshbach
resonances [154] and photoassociation [155]. These studies require the knowledge
of molecular spectra with great precision. However, conventional molecular spec-
troscopy usually probes molecules in their singlet ground state; triplet states, which
play important roles in the physics of ultracold molecule physics, are more difficult
to access experimentally.

Alkali dimers are efficiently formed by aggregation of atoms picked up byHe nan-
odroplets. Due to the lower binding energy of alkali dimers in their lowest metastable
triplet state (≈ 300 cm−1) compared to the singlet ground state (≈ 3000 cm−1), pref-
erentially triplet dimers remain attached to the surface of the droplets [12, 156].
While triplet dimers are oriented parallel to the He surface, singlet states tend to
adopt a more erect configuration [157–159]. For Li2 in its triplet state, drastically
enhanced vibrational quenching rates were predicted for the triplet state as compared
to the singlet ground state [158, 160].
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Fig. 10.11 (a) Pump-probe trace of vibrational WPs in high-spin Rb2 molecules formed on the
surface of He droplets recorded at an excitation wavelength of λ = 1060 nm. (b), (c) Fourier spectra
inferred from (a) and other traces. Based on results reported in [25]

Vibrational WP dynamics in triplet states of an alkali dimer attached to a He
nanodroplet was observed for the first time using Na2 [23]. No influence of the He
droplet on the WP dynamics was observed, likely due to the desorption of the dimer
off the droplet prior to the actual pump-probe process. For K2 in singlet states, indi-
cations for the influence of the He droplet on the vibrational dynamics [22] were
found. Transient modulations of both amplitudes and frequencies of vibrational fre-
quency components were observed, from which the time constant for the desorption
dynamics was estimated to range between 3 and 8 ps.

For Rb2 in the triplet states a3�+
u and (1)3�+

g , long-lived vibrational coherences
were observed up to pump-probe delays � 1.5 ns, see e.g. Fig. 10.11a [25]. Likely,
the fast desorption of the excited Rb2 and its low internal temperature facilitates
the detection of WP interferences with high contrast, including full and fractional
revivals. Fourier analysis of the time traces provides high-resolution vibrational spec-
tra (see Fig. 10.11b, resolution about 900MHz), which are in excellent agreement
with ab initio calculations and of interest for ultracold molecules experiments [161].
Even individual beat frequencies for the two isotopologs, 85Rb2 and 87Rb2 were
resolved [Fig. 10.11c]. This shows that high-resolution spectroscopic data can be
extracted from fs pump-probe experiments on doped He nanodroplets.
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By comparing the measured data with theoretical results based on dissipative
quantum dynamics calculations, it was found that the most important effect of the He
environment is vibrational relaxation causing dephasing and energy dissipation [35,
36]. Alternatively, rotational wavepacket dynamics was considered as a cause of
the observed decay of the oscillation amplitude [162]. However, unphysically high
rotational temperatures would have to be assumed. Besides, no rotational revival
structure was observed, which would show up at delay times around 0.6 ns [36]. The
strong dependence of the measured dephasing time on the laser wavelength cannot
be rationalized by rotational dynamics, either. However, contributions of rotational
dynamics to the fast decay observed at short delays � 0.3 ps cannot be excluded.

In the K2 case, the best agreement between theory and experiment was achieved
when damping of the WP motion was neglected for slowly moving WPs [35]. Like-
wise, the WP dynamics of Rb2 was best described by low damping rates for the WP
motion in the lower vibrational states ν � 15 of the (1)3�+

g state, whereas higher
vibrations were more strongly damped [36]. It is tempting to relate these findings to
the critical Landau velocity vL for frictionless motion in superfluid He [95]. How-
ever, more systematic measurements, in particular for molecules immersed in the
bulk of the droplets, are needed to unambiguously assess the role of superfluidity in
the damping of molecular vibrations in or on He nanodroplets.

One great advantage of the He nanodroplet isolation technique is that heteroge-
neous, polyatomic complexes can be formed rather easily and with some degree of
control [67]. By multiply doping He droplets with different species, small heteroge-
neous clusters [34, 163–165] up to core-shell nanoparticles can be aggregated [166,
167]. In this way, the fs spectroscopy studies of alkali dimers were extended to alkali
trimers, specifically Rb3, Rb2K, RbK2, and K3 in quartet states [34]. Similarly to
the alkali dimers, long-lived vibrational coherences were observed in certain regions
of the spectral range accessible by the Ti:Sa laser. Thus, vibrational spectra with a
spectral resolution of the order of 0.2 cm−1 were measured. A typical sliding win-
dow Fourier spectrum, or spectrogram, recorded on the mass of Rb3, is shown in
Fig. 10.12a. The power spectrum of the full pump-probe scan is shown in panel
(b). Clearly, distinct frequencies are visible which persist over delay times ranging
between ≈ 10 and ≈ 100 ps.

In contrast to the straight-forward assignment of pump–probe power spectra
recorded for alkali dimers, the interpretation of the trimer spectra turns out to be
much more involved. This is due to the concurrent effect of Jahn-Teller and spin-
orbit-couplings in these rather heavy species. Nevertheless, themeasured frequencies
were assigned to beats of vibrational normal modes in the (1)4A′

2 and (2)4E ′ states
by comparing to ab initio calculations. The most prominent lines are the asymmetric
stretch and bending modes Qx/y of the lowest quartet state excited by impulsive
Raman scattering, followed by the Qx/y-modes of the excited electronic states. The
symmetric stretch mode Qs is only visible in the spectrum of Rb3, whereas it is
significantly broadened due to fast dephasing within a few ps. Intramolecular vibra-
tional relaxation, intersystem-crossing or vibrational relaxation by coupling to the
He droplet may be the cause of this fast damping.
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Fig. 10.12 (a) Sliding window Fourier spectrum of Rb3 measured by fs pump-probe photoioniza-
tion spectroscopy at a laser wavelength of 850nm. The corresponding electronic states as well as
vibrational modes are indicated. (b) Fourier spectrum including the whole delay range. Based on
results reported in [34]

In summary, very long-lived vibrational coherences over hundreds of picosec-
onds up to nanoseconds were observed for alkali-molecules attached to the surface
of helium nanodroplets. This is in stark contrast to molecules in solution or thin films
were decoherence is generally much stronger. Nevertheless, signs of dephasing and
decoherence induced by the molecule-droplet interactions were found. Due to the
general tendency of excited alkali molecules to desorb from the droplet surface, it
is hard to pinpoint decoherence effects based on vibrational interference spectra,
though. The high spectral resolution achievable by coherent wavepacket interfer-
ence spectroscopy combined with the synthesis advantages of helium nanodroplets
provide a valuable tool for high-resolution spectroscopy of rare molecular species, as
has been shown for high-spin alkali molecules and heterogeneous alkali complexes
which are not accessible by other methods.

10.4.2 Vibrational Wave Packets in Solvated Dimers

While vibrational dynamics of alkali molecules on the droplet surface were found
to be only weakly influenced by the He environment, as discussed in the pre-
vious chapter, the perturbation of fully solvated molecules can be assumed to
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Fig. 10.13 In2 vibrational wave packet dynamics inside HeN [33]. (a) PE spectrum showing the
initial oscillations after photoexcitation. (b) Comparison of the transient In+ and In+

2 ion yields.
(c) Spectrogram showing the oscillation frequency obtained from sliding-window Fourier transfor-
mation of the initial WP signal (left) and the full revival (right). (d) Integrated PE yield (blue) and
oscillation amplitue from sliding-window Fourier transformation (red)

be stronger, which might lead to complete suppression of intramolecular dynam-
ics [168]. Recently it could be demonstrated, however, that the He influence on
vibrational dynamics of solvated dimer molecules can also be low. Figure 10.13
shows the time-resolved pump-probe photoionization spectra of In2–HeN , which
contains characteristic signatures of both solvent-related and intramolecular dynam-
ics. By comparison with the In atom dynamics (Sect.10.3.2), the initial PE peak shift
from 0.75 to 0.60eV within the first picosecond in Fig. 10.13a can be identified
as bubble expansion in response to valence electron expansion due to photoexcita-
tion. Also, the ion transients (Fig. 10.13b) show that the electronically excited In∗

2 is
ejected from the droplet. The slower ion rise compared to the atom, is related to a
reduced interaction of the molecular valence electron with the He environment and
the larger mass of the molecule.

Intramolecular vibrational WP dynamics are represented as modulation of the PE
signal with a periodicity of 0.42ps (2.42THz oscillation frequency), as can be seen
in the PE spectrum (Fig. 10.13a). The integrated PE yield (Fig. 10.13d, blue curve)
shows that the initialWPmodulation decayswithin 10ps and reappears as full revival
between 280 and 300ps, although with reduced amplitude. The time-dependency of
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the oscillating signal is shaped by a combination of WP dispersion in the anhar-
monic potential and decoherence due to He interaction and can be analyzed by
sliding-window Fourier transformation. The corresponding spectrograms are shown
in Fig. 10.13c and the (normalized) time-dependent amplitude in Fig. 10.13d (red
trace).

Since the full revival at 290ps is observed at times where the excited dimers have
left the droplets (see Fig. 10.13b), direct comparison ofWPoscillation of solvated In2
inside HeN and bare In2 in gas phase is possible and reveals the decoherence imposed
by the He environment. In the He environment, both dispersion and decoherence are
active so that the WP oscillation decay proceeds twice as fast [50% decrease within
(4 ± 1)ps], as compared to the bare In2 [(7 ± 1)ps] where solely dispersion is active.
This comparison allows to estimate a lower limit of the decoherence half-life of about
10ps. The oscillation amplitude of the revival, however, suggests a longer half-life
since the delayed and slow ion yield increase (Fig. 10.13b) indicates average In2–
He interaction of several tens of picoseconds, while the oscillation amplitude of the
revival has decayed to only 20% of the initial value. The fact that the same oscillation
frequencies are observed for solvated and bare In2 indicates that the distortion of the
excited potential energy curve is not significant for this excitation energy, and that no
phase-conserving vibrational relaxation takes place. Further experiments are required
in order to test for potential energy distortions at higher energies and to identify the
contributions of elastic depahsing and vibrational energy relaxation [113].

Comparison of these long decoherence times (tens of picoseconds) to the much
faster decoherence in conventional solvents, typically hundreds of femtoseconds to
fewpicoseconds in special cases [169], underlines the superiority of superfluidHeas a
solvent. This low interferencewith nuclearmotion can be rationalized by considering
the In2 molecule and its surrounding He bubble as coupled oscillators that interact
only weakly due to their different oscillation periods (In2: 0.42ps, bubble: ≈ 30ps,
see Sect.10.3.2). Also, the In2 oscillation energy of 80cm−1 significantly exceeds the
elementary excitations of HeN (phonons and ripplons) [67]. These results indicate
that molecular systems that exhibit a slow decay of nuclear coherence in gas-phase
can now be investigated in a thermal bath environment.

In summary, the In2–HeN experiments provide an impressive example for the
preservation of vibrational coherence in a fully solvated molecule despite the dis-
turbance of the helium bath. The vibrational coherence is preserved even while the
molecule propagates through themediumand gets ejected. This enabled a direct com-
parison of the coherent WP motion for the solvated and free gas-phase molecule. In
future experiments it will be interesting to examine the influence of additional medi-
ator atoms or molecules on the WP properties of the In2-HeN system. It will be
straight forward to monitor alterations of the decoherence time and probably oscilla-
tion frequency as function of amount and interaction strengths of mediator particles.
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10.5 Dynamics of Highly Excited Helium Droplets

He nanodroplets are particularly attractive as model systems for studying the photo-
dynamics of finite-size condensed-phase systems, both experimentally and theoret-
ically [5, 66, 89]. (i) He atoms have a simple electronic structure which simplifies
electron spectra and model calculations; (ii) interatomic binding is extremely weak
which allows one to neglect chemical binding; He droplets can essentially be treated
as assemblies of unperturbed atoms; (iii) the structure of He nanodroplets is homo-
geneous and nearly size-independent due to their superfluid nature; this avoids the
congestion of spectra by multiple phases and structures as it is the case for solid
clusters [170, 171]. Furthermore, exploring transient phenomena associated with
superfluidity is a particularly fascinating aspect of time-resolved He nanodroplet
spectroscopy [5, 31, 66, 95, 172].

There are essentially two experimental approaches to studying the dynamics of
excited and ionized He nanodroplets: Electron bombardment and resonant absorp-
tion or ionization by extreme ultraviolet radiation (XUV). Electron bombardment in
combination with mass spectrometry is a well-established technique; positive and
negative ions of both He and dopants can be created relatively easily [173–176].
However, the energy resolution is rather limited in such experiments and so far no
time-resolved measurements have been reported.

The first XUV experiments were performed by the group of Toennies et al. in
Berlin using synchrotron radiation (BESSY I) [177]. This mass spectrometric study
established the key aspects of photoionization dynamics of He droplets: Ionisation
occurs not only by direct electron emission at photon energies exceeding the ioniza-
tion energy of He atoms (Ei = 24.6 eV) but also by autoionization at photon energies
in the range 23 eV � hν ≤ Ei . The dominant ionisation products in this regime are
He+

2 ions and small He+
n clusters as well as large cationic clusters with n � 103.

In doped droplets, the dopants are ionized indirectly by a Penning ionization-like
process through He∗ ‘excitons’ whereas no evidence for direct photoionization of
dopants was found.

At hν ≤ Ei , He+ ions are formed in the droplets which first undergo resonant
charge hopping (19-35 fs per hop) over a distance of 3.1Å before localizing by
forming He+

2 [178, 179]. Alternatively, when a dopant is present in the droplet,
the He+ can localize by charge transfer ionization of the dopant [180, 181]. The
excess energy is carried away by emission of a photon (radiative charge transfer,
RCT [182]). In many cases, this reaction leads to the ejection of the dopant ion
or a complex of the dopant ion with He atoms. A more intricate variant of charge
transfer ionization is electron-transfer mediated decay (ETMD) [183], where the
excess energy is transferred back to the electron-donating dopant or to a third particle
nearby. RCT and ETMD have been studied in doped He nanodroplets for various
alkali and alkaline earth dopants [82, 84, 86, 184].

These studies were refined in a series of synchrotron experiments carried out
by D. Neumark and coworkers in Berkeley. By applying photoion and electron
imaging detection, further insights into the relaxation of photoexcited or ionized
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He droplets were obtained [185–187]. In particular, extremely low-energy electrons
were observed in the regime of He droplet autoionization, whereas for hν > Ei ,
electrons had as much as 0.5 eV higher kinetic energy than those from atomic He
at the same photon energy. By implementing photoelectron–photoion coincidence
(PEPICO) imaging detection at the synchrotron facility ELETTRA in Trieste, these
studies were further extended in the direction of interatomic Coulombic decay (ICD)
processes [79, 80, 82–84, 86, 184, 188–190], see Sect. 10.5.2 as well as photoelec-
tron spectroscopy [189–191]. In these studies, the role of the He droplets was to serve
as an inert substrate that prepares a molecular complex in its vibronic groundstate;
the reactionwas then initiated by the interactionwith an energetic He∗ orHe+ created
in the droplet.

Complementary synchrotron experiments were carried out by the group of
Möller et al. in Hamburg using fluorescence detection of excited pure He nan-
odroplets. Sharp atomic and molecular lines in the emission spectra indicated the
localization of droplet excitation on an excited He atom (He∗) or He∗

2 excimer, and
the formation of void bubbles around them [192–194]. Relaxation into lower-lying
singlet and even triplet states was observed; the latter were induced by electron-ion
recombination in the droplet autoionization regime [192]. Upon excitation of high-
lying electronically excited states, unusual Rydberg states located at the surface ofHe
nanodroplets were evidenced by time-correlated fluorescence spectroscopy [195].

10.5.1 Time-Resolved XUV Spectroscopy of Pure He
Nanodroplets

Time-resolved spectroscopy of He nanodroplets first became possible thanks to the
development of XUV light sources based on high-harmonics generation of intense
NIR laser pulses. In a series of XUV-pump andNIR-probe experiments, the Berkeley
group succeeded in tracing the relaxation dynamics of resonantly excited pure He
nanodroplets [5]. By imaging the emitted electrons [63–65] and ions [65, 196,
197] following excitation of the 1s4p-correlated state of the droplet (hν = 23.6 ±
0.2 eV), intra-band and inter-band relaxation into lower lying droplet states was
inferred, leading to the expulsion of free He∗ Rydberg atoms. Specifically, He atoms
in orbitally aligned 1s4p-states and in unaligned 1s3d states were found to be the
dominant fragments. The ejection timescales of atoms in 1s4p and 1s3d-states were
� 120 fs and ≈ 220 fs, respectively. The component of very low-energy electrons
associated with droplet autoionization was observed with a rise time of 2–3 ps.

With the advent of intense XUV and X-ray radiation sources provided by free-
electron lasers (FELs), it has become possible to excite, ionize, and even directly
image He nanodroplets by intense XUV or X-ray pulses [101, 198–200]. In the
following we discuss recent experiments that systematically studied the relaxation
of He nanodroplets resonantly excited into the lowest absorption band using tunable
XUV-FEL pulses [66]. Owing to the use of UV probe pulses (3rd harmonic of the
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Ti:Sa laser), all final states of the relaxation could be detected. The He droplets in the
1s2p-correlated state was found to undergo ultrafast interband relaxation to the 1s2s
state. Subsequently, the excitation localizes by forming a bubble around a localized
excited atom, He∗, in either of the two metastable 1s2s 1S or 3S states. Eventually,
the He∗ is transported to the droplet surface where it is ejected or where it resides in
a dimple prior to forming a He∗

2 excimer [173]. The interpretation of the measured
high-resolution TRPES is supported by TDDFT simulations carried out by the group
of M. Barranco. They essentially confirm a three-step relaxation process: Ultrafast
electron localization, electronic relaxation into metastable states, and the formation
of a bubble, which eventually bursts at the droplet surface, thereby ejecting a single
excited He atom.

Figure 10.14a and b schematically depict the pump-probe scheme used to excite
pureHe nanodroplets into the 1s4p 1P state at hν = 23.8 eV. The tunableXUVpulse
is generated by the seeded FEL FERMI, Trieste [202]. The relaxation dynamics
is probed by TRPES using a time-delayed near-UV pulse with a photon energy
hν ′ = 3.1 eV. The grey shaded area in (a) depicts the absorption spectrumofmedium-
sized He nanodroplets measured by fluorescence emission [203]. The pump and
probe photons are represented as red and blue vertical arrows, respectively. The
dotted curved arrows indicate the relaxation into lower excited states of the droplet
or free atoms.

Typical photoelectron spectra recorded for pump-probe delays up to 150 ps are
shown in Fig. 10.14c [201]. The bright red dot at zero delay and electron energy
≈ 2.3 eV is due to 1+1 resonant two-photon ionization of the droplet 1s4p excita-
tion, whereas all features at delays > 0.3 ps are due to 1+2 three-photon ionization
as the excited-state population relaxes into 1s2s, p states within � 1 ps. Thereafter,
the population accumulates in the metastable 1s2s 1, 3S atomic states. The 1s2s 3S
metastable triplet state is most likely formed by electron-ion recombination follow-
ing droplet autoionization [192, 195]. The low-energy component in the electron
spectrum is due to He-droplet autoionization [185]. The subsequent relaxation of the
1s2s states proceeds as in the aforementioned case of direct optical excitation [66].
Thus, despite the extremely weak binding of the He atoms in the droplets and the
superfluid nature thereof, energy dissipation is very efficient; up to 4 eV of elec-
tron energy is dissipated within 1 ps by intraband and interband relaxations, i. e. the
coupling of electronic and nanofluid nuclear degrees of freedom [66]. Note that the
electron spectra contain replicas of the discussed features at multiples of the probe
photon energy (not shown). These peaks are due to above-threshold ionization (ATI)
induced by the absorption of multiple probe photons by helium nanodroplets con-
taining several electronically excited states.When comparing to ATI electron spectra
of excited helium atoms, ATI is found to be drastically enhanced in excited helium
nanodroplets. The enhancement of ATI in multiply excited helium nanodroplets is
attributed to laser-assisted electron scattering and a collective coupling between the
excited helium atoms within the droplets [204].

In future experiments and model calculations, the initial step of the localization
of the droplet excitation on one individual atomic center should be studied in more
detail.At present, neither the range of delocalization, nor the time scale of the collapse
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Fig. 10.14 (a) XUV pump—UV probe scheme used for TRPES of 1s4p-excited pure He nan-
odroplets. (b) Snapshot of the 2DHe density profile obtained from time-dependent density-function
simulations. Adapted from [66], published under a CC BY 4.0 license. (c) Transient photoelectron
spectra. All features at delay times > 0.3 ps are due to two-photon ionization by the 3.1 eV-probe
pulse or autoionization (AI). Based on results reported in [201]

of the initial delocalized state is known. Only for small He clusters has the vibronic
relaxation dynamics been addressed theoretically [205]. Shorter pulses, as provided
by XUV attosecond sources, will be instrumental for resolving this type of excitonic
dynamics in He nanodroplets and in other nanoclusters [206].
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10.5.2 Interatomic Coulombic Decay Processes in Doped
Helium Nanodroplets

A number of indirect ionization processes have been evidenced in recent synchrotron
studies, all of which are related to interatomic Coulombic decay (ICD) [207–209].
This term, first introduced by Cederbaum et al. in 1997 [210], subsumes various
autoionization channels occurring in weakly bonded matter, in which not only the
initially excited state, but also neighbouring atoms or molecules take part. ICD has
mostly been studied using rare-gas dimers and clusters as model systems, but more
relevant condensed phase systems such as liquid water comes more and more to the
fore, in particular in view of the possible relevance of ICD for radiation damage in
biological matter [211–213].

In He nanodroplets, these processes rely on the interatomic transfer of charge or
energy within the droplet [79, 179, 214] or between the excited or ionized He droplet
and a dopant particle [82–84, 187–189]. Some of these processes lead to efficient
double ionization of the He droplet or the dopant following absorption of a single
photon [80, 86, 184]. Recent experiments at the XUV FEL FERMI, Trieste, further
extended these works to collective autoionization processes of multiply excited He
nanodroplets irradiated by intense, resonant XUV pulses [215–218]. Pure and doped
He nanodroplets have also attracted the interest of theoreticians as testbeds for ICD
investigations [219–221].

When only a few excitations are present in oneHedroplet, autoionization proceeds
according to the ICD mechanism He∗ + He∗ → He + He+ + e−

ICD, first proposed
by Kuleff et al. for the neon dimer [222]. The ICD electrons are created with a
characteristic energy around 16eV, as this process predominantly involves pairs
of 1s2s-relaxed He∗ located at short interatomic separation. TDDFT simulations
indicate that the ICD rate is enhanced by the merger of the bubbles around the two
adjacent He∗, thereby pushing them even closer together [99].

Indeed, electron spectra recorded for multiply excited He nanodroplets display a
clear peak at 16.6eV, see Fig. 10.15a. Note that for increasing XUV intensity, this
peak broadens and shifts towards lower energy. In addition, a low-energy compo-
nent gains in intensity, which is indicative for thermal electron emission. Both fea-
tures mark the transition of the multiply-excited He nanodroplet into a nanoplasma,
which in this case is induced by collective autoionization [215, 218]. The collective
Coulomb potential of the evolving nanoplasma tends to down shift the energy of
emitted electrons [53].

To directly measure the ICD rate, the same pump-probe scheme as described
before was applied for slightly higher pulse energies [Fig. 10.14a]. By photoioniz-
ing the He∗ with the probe pulse, the population of He∗ pairs was depleted, thereby
interrupting the ICD process. Indeed, the yield of ICD electrons becomes minimal
around a delay of 200 fs, while the yield of electrons emitted by photoionizing He∗
reaches a maximum, see Fig. 10.15b. From the subsequent rise of the ICD signal the
time scale of ICD in this system was deduced by comparing with a simple Monte-
Carlo simulations [solid lines in Fig. 10.15b]. ICD was found to be surprisingly fast
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Fig. 10.15 (a) Electron spectra recorded for He nanodroplets irradated by resonant XUV pulses
at variable intensity. The peak around 16 eV indicates ICD of pairs of He∗. Peak broadening
at increasing intensity is due to the formation of a collective Coulomb potential as the droplet
evolves into a nanoplasma. Based on results reported in [218]. (b) Yields of electrons created by
photoionization (PI) of He∗ and of ICD electrons as a function of XUV-pump and UV-probe delay.
The minimum in the ICD trace is due to the transient depletion of He∗, thereby suppressing ICD.
Based on results reported in [99]

(400-900 fs) and only weakly depended on the initial number of excitations per He
droplets, which were controlled by the XUV intensity and the He droplet size [99].
This counterintuitive result is rationalized by the relatively strong interatomic attrac-
tion acting between two He∗ and the merger of bubbles around two interacting He∗.
The strong distance dependencies of these two effects makes the ICD rate extremely
sensitive to the initial separation of the He∗ pairs; those pairs with small initial sepa-
rations � 10 Å decay very effectively, whereas all other He∗ are likely to be ejected
out of the droplets before getting sufficiently close to one another to decay by ICD.

In summary, He nanodroplets are attractive targets for studying ICD processes as
they bridge the gap between van der Waals molecules and condensed phase systems.
Both homogeneous and heterogeneous ICD processes have been evidenced in pure
and doped He droplets, respectively. Using intense ultrashort XUV-FEL pulses, the
dynamics of a resonant ICD process was measured for the first time in a condensed-
phase system using He nanodroplets. The unexpectedly short ICD time was rational-
ized by the peculiar quantum fluid dynamics of He droplets. In future experiments it
appears promising to apply the technique of pump-probe depletion of excited-state
populations for elucidating the dynamics of other types of ICD processes, including
those that involve dopant atoms and molecules.
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10.5.3 Dynamics of Helium Nanoplasmas

Helium nanodroplets are mostly used for isolating molecules at low temperature in a
transparent and extremely inert environment. The particularly favourable properties
of He droplets originate in the extremely high excitation and ionisation energy in
combination with the extremely low droplet temperature and the resulting superfluid
state. These properties make He droplets the ‘ideal spectroscopic matrix’ [3, 67].
In contrast, doped He nanodroplets can turn into a highly reactive medium, a so-
called nanoplasma, when illuminated by intense (� 1015 Wcm−2) NIR laser pulses.
Alternatively, multiple excitation by intense resonant XUV pulses also leads to the
formation of a nanoplasma due to collective autoionization—a combination of ICD
and inelastic scattering processes [215–218].

At first glance, He droplets appear less suited for studying nanoplasmas due to
the high threshold intensity needed for singly ionizing He at 800 nm wavelength
(1.5 × 1015 Wcm−2 [223]), and due to the small number of two electrons each He
atom can at most contribute to building up a nanoplasma. However, He droplets
doped with heavier species have recently revealed a diverse strong-field ionization
dynamics resulting from the extremely large differences in ionization energies of the
dopants and the He host medium. The controlled location of dopants inside or at the
surface of the droplets adds another control parameter for nanoplasma ignition [224].

Initiated by tunnel-ionization of the dopant atoms acting as seeds, a He nan-
odroplet evolves into a nanoplasma, a highly ionized collective state, which can
greatly enhance ionisation and fragmentation of the embedded dopants [47, 49, 50,
52, 225]. Alternatively, an ionizing XUV pump pulse preceding the driving NIR
pulse can be used to ignite the nanoplasma, as recently demonstrated for pure argon
clusters [226]. The intense NIR probe pulse acts as a strong time-varying external
driving field which forces the seed electrons into oscillatory motion within the clus-
ter. The resulting electron-impact ionization in the field of the created ionic cores
enhances the build-up of a confined plasma-like state. During this laser-driven ion-
ization process, a large fraction of electrons released from their parent atoms remain
trapped in the space charge potential of the cluster (inner ionisation). The critical
phase of light-matter interaction sets in as the plasma expands and the dipolar eigen-
frequency of the plasma (‘plasmon resonance’) meets the frequency of the driving
laser field [227, 228]. Under such resonance conditions, the nanoplasma becomes
highly light absorbing. Consequently, the nanoplasma heats up dramatically and
emits electrons and ions (outer ionisation). Very high ion charge states, electron
energies up to multi-keV and ion kinetic energies up to MeV, and even XUV and
X-ray photons have been detected [227, 228].

Thefirst strong-field ionization experimentswere carried out by theRostock group
using metal cluster-doped He nanodroplets. The focus was mainly on the charging of
the embeddedmetal cluster rather than on the dynamics of theHe nanoplasma. Single
intense laser pulses of variable duration as well as dual pulses were used, and soon a
significant influence of the He environment on the ionization dynamics of the metal
core was realized [45, 229]. The condition for resonant charging was reached earlier
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Fig. 10.16 (a) Yields of He ions as a function of delay between two intense NIR pulses of ≈ 10 fs
duration. The mean droplet size was 15, 000 He atoms, and the mean number of Xe dopants is 15;
based on results reported in [51]. (b) He ion yields for He droplets doped with about 30 Ar atoms as
a function of the delay between a soft X-ray (250 eV) pump pulse and an intense NIR probe pulse

in time than for the bare metal cluster, due to more efficient initial non-resonant
charging of the metal core in the presence of the He environment that supplied
additional electrons generated by electron-impact ionization of He shell. This lead
to a faster expansion and thus to an earlier resonant matching of the plasmon and
the photon energies. As a further consequence of the metal–He interaction in large
droplets, caging of fragments was observed, which induced the reaggregation of the
metal clusters [45].

The active role of the He shell in the strong-field ionization process of doped He
nanodroplets was confirmed by classical molecular dynamics (MD) simulations [47–
49, 51, 224, 225]. A direct manifestation of the strong dopant-He coupling in the
nanoplasma state is the observed efficient charging of Xe dopants up to Xe21+, by
far exceeding the charge states reached for free Xe atoms or Xe clusters of the size
of the dopant cluster at the used NIR intensities ≈ 1015 Wcm−2 [52, 225]. The
delay-dependent nanoplasma absorption and the electron energies were predicted
to feature two maxima due to distinct resonance conditions of the dopant and the
He nanoplasma components which are met at different times in the course of the
expansion [47, 48].

In NIR pump-probe experiments, a plasmon resonance feature was clearly visible
in the transient He+ and He2+ ion yields [51], see Fig. 10.16a, and in TR-PES [52].
The maximum shifted from a delay time of 100 fs for small He nanodroplets, HeN ,
N ≈ 6000, to about 500 fs for N ≈ 15, 000, in good agreement with MD simu-
lations [51]. The efficiency of the dual pulse scheme for igniting and driving a
nanoplasma in doped He nanodroplets was confirmed by applying an optimal control
scheme to enhance the strong-field induced emission of highly charged atomic ions
from embedded silver clusters [46].

More detailed insight into the dynamics of a NIR-ignited He nanoplasma was
recently obtained by following in time the energy of Auger electrons emitted by a
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correlated electronic decay process akin to ICD inside the nanoplasma [53]. Similar
correlated decay processes have recently been observed for nanoplasmas induced in
heavier rare gas clusters [230, 231]. The delay-dependent shifting of Auger electron
energies and above-threshold ionization (ATI) peaks by more than 15 eV reflects the
evolution of the collective Coulomb potential created by the He nanoplasma through
electron emission on the time scale of tens of ps. Single-shot electron velocity-
map images of He nanoplasmas display large variety of signal types, most crucially
depending on the cluster size [232]. The common feature is a two-component dis-
tribution for each single-cluster event: a bright inner part with nearly circular shape
corresponding to electron energies up to a few eV, surrounded by an extended back-
ground of more energetic electrons.

In a recent experiment carried out using the FEL FLASH at DESY in Hamburg,
a nanoplasma was ignited by irradiating doped He nanodroplets with soft x-ray
(hν = 250 eV) pump pulses and time-delayed NIR probe pulses [233]. Fig. 10.16b
shows the measured He+ and He2+ ion yields. In contrast to the experiments that
employ NIR dual pulses, here the X-ray pump pulse selectively inner-shell ionized
the dopant cluster owing to the much larger absorption cross section of the dopants
(Ar,Kr,Xe) compared toHe.ClassicalMDsimulations indicated that the pronounced
maximumof theHe ion yields at a delay of about 200 fs was partly due to the plasmon
resonance, and partly to electron migration from the He shell to the highly charged
dopant-cluster core leading to a transient increase of the total number of quasi-
free electrons present in the cluster volume due to electron-He collisions. The MD
simulations, which reproduced the experimental pump-probe curves, also showed
that the expansion of an X-ray-ionized Ar cluster embedded in a He nanodroplet is
strongly damped compared to a free Ar cluster of the same size. Thus, He droplets
act as efficient tampers that slow down the explosion of embedded nanostructures, a
property that could be exploited for improving coherent diffraction images [234].

In another recent FEL-based experiment, the dynamics of strong-field induced
nanoplasmas in He droplets were probed using single-shot, single-particle fs time-
resolvedX-ray coherent diffractive imaging (CDI) at theLinacCoherentLight Source
(LCLS) [235]. NIR-induced nanoplasma formation and subsequent droplet evolution
were probed by delayed X-rays pulses (≈ 100 fs, hν ′ = 600 eV). Delay-dependent
CDI patterns revealed distinct dynamics evolving on multiple timescales.

To summarize this section, a He nanodroplet can be turned from a weakly-
interacting cryo-matrix into a highly charged, highly reactive nanoplasma by irradi-
ation by intense NIR or XUV pulses. The strong-field ionization dynamics turns out
to be extremely non-linear and highly sensitive to the presence of dopants owing to
the large difference in ionization energies between dopants and the He host droplet.
The characteristic pump-probe dynamics is a time-delayed absorption resonance
associated with the evolution of a collective plasmon resonance. Still open questions
pertain to the mechanisms and dynamics of the early phase of nanoplasma igni-
tion and the late stage of recombination of electrons and ions during the expansion
of the nanoplasma. In the latter phase, highly excited atoms and ions are popu-
lated which can in turn interact and decay by ICD-like processes. Furthermore, the
enhanced emission of highly directional energetic electrons by plasmonic enhance-
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ment effects [236, 237], as recently observed with heavier rare-gas clusters, might be
efficient for He nanodroplets as well. The property of He nanodroplets to act as a tam-
per that protects embedded molecules and nanostructures against ultrafast charging
and fragmentation makes them interesting for single-shot X-ray coherent-diffraction
imaging, a new technique that bears enormous potential for bio-molecular imaging
and nanoscience [238, 239].

10.6 Coherent Multidimensional Spectroscopy in Helium
Nanodroplets

Regarding the ultrafast spectroscopy concepts applied to helium nanodroplets, we
have so far discussed time-resolved photoion and photoelectron spectroscopy. In
these experiments, the attainable time and frequency resolution is directly given
by the duration and spectral width of the pump and probe pulses. Furthermore, a
well-defined phase relation between pump and probe pulses is not required which
simplifies the demands on the optical setup.

This is in contrast to ultrafast coherent control and quantum interference spec-
troscopymethods [240, 241]. Here, phase-locked pulse sequences are applied and the
quantum interference between different excitation pathways is probed or controlled.
While coherent control is a topic of high interest inmany fields [242], the focus of this
contribution lies on spectroscopic applications. Quantum interference spectroscopy
bears the advantages of a high time-frequency resolution as well as the capability
to selectively probe specific signal contributions by appropriate design of the pulse
sequences. Examples are the detection of multiple-quantum coherences which pro-
vide a highly sensitive probe for inter-particle interactions [37, 243] or photon-echos
giving insight into ensemble inhomogeneities [244]. Established methods involve
WP interferometry and coherent multidimensional spectroscopy (CMDS).

10.6.1 Spectroscopic Concepts of Wave Packet Interferometry
and Coherent Multidimensional Spectroscopy

The concept ofWP interferometry has been applied inmany different experiments
to probe and control the dynamics of various quantum systems, as discussed in two
review articles [241, 245]. The terms WP interferometry and quantum interference
spectroscopy are often used equivalently. Depending on the investigated system, the
experiment may bemore intuitively described by the interference ofWPs or quantum
pathways excited in the system. In the following we will apply the quantum pathway
picture. Figure 10.17 shows the basic concept. Pump and probe pulses each excite a
specific pathway in the system (Fig. 10.17a) leading to the samefinal state population.
Since both pathways propagate along different states during the pump-probe delay
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Fig. 10.17 Wave packet interferometry scheme. (a) Pump-probe pulses excite two different quan-
tum pathways leading to the same final state. The interference between the pathways depends on
the different phase factors accumulated during the pump-probe delay τ . (b) Schematic time-domain
signal for the case of six excited states, as in (a). Oscillations reflect the constructive/destructive
pathway interference. (c) Fourier transform of the signal, yielding the absorption spectrum of the
system (blue) along with the laser spectrum (gray)

τ , they accumulate different phases, giving rise to an alternating constructive and
destructive interference pattern in the signal with a periodicity of 2π/(ωe − ωg)

(Fig. 10.17b). At the same time the overall decay of the signal amplitude reflects
dephasing anddecoherence effects.Hence, the fringe pattern contains the information
of an absorption spectrum, which is obtained by a Fourier transform of the signal
(Fig. 10.17c). With this approach, the spectral resolution is given by the length of
the time-domain signal and is thus decoupled from the spectral width of the laser
spectrum. As such, state-resolved information can be gained even for broadband
pulse spectra covering many resonances in the system.

There is a conceptual similarity to the detection of coherent vibrational WP oscil-
lations discussed in several examples in Sect. 10.4. In these experiments, the prop-
agation of vibrational wave packets along an electronic potential energy surface is
probed. A Fourier analysis of the WP beating provides in analogy spectral informa-
tion beyond the frequency resolution given by the femtosecond pulses. This scheme
is primarily sensitive to the system’s vibrational and rotational degrees of freedom,
whereasWP interferometry also maps the electronic properties of the system includ-
ing vibrational-electronic couplings.
In terms of dynamics, WP interferometry provides limited information. The method
can only monitor changes of WPs within the Frank-Condon window between the
ground and excited state. Processes such as the decay of WPs into new states or the
transient change of the potential energy surface due to chemical reactions or perturba-
tions by the environmentmaybe hidden. In contrast, non-interferometric pump-probe
experiments as discussed further above can offer a much enhanced observation win-
dow and dynamics can be monitored over a large parameter space. The situation is
different if additional probe laser pulses are added to theWP interferometry scheme.
These pulses may then probe the state of the system outside of the ground-excited
state Frank-Condon window and thus extend the observation window for the system
dynamics.
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CMDS is an example for a particular powerful nonlinear extension ofWP interfer-
ometry. This method greatly improves the information content deductible from ultra-
fast spectroscopy experiments [246–248]. CMDS combines the resolution advantage
of WP interferometry with the extended sensitivity to dynamics known from classi-
cal pump-probe spectroscopy. The result is a nonlinear spectroscopy scheme which
features several spectroscopic advantages not simultaneously present in any other
technique. These include the direct spectroscopic access to couplings and relaxation
pathways in the probed sample, the high time-frequency resolution as well as the
capability to reveal system-bath interactions and inhomogeneities in real-time.

There aremany variants ofCMDS in terms of spectral range, detection scheme and
number of excitation pulses [249]. A detailed description of all aspects is beyond the
scope of this book. Here, we will restrict our discussion on population-detected two-
dimensional (2D) spectroscopy in the VIS spectral domain, which probes electronic
transitions. This is the only variant so far applied to heliumnanodroplet samples [250]
and can be readily explained in the framework of WP interference.

In the 2D version of CMDS, the method basically correlates two WP interfer-
ometry measurements, each performed by a phase-locked pulse pair (Fig. 10.18a).
Performing a 2D Fourier transform of the data with respect to the time delays τ

(between pulse 1 and 2) and t (between 3, 4), yields a 2D frequency-correlation spec-
trum (Fig. 10.18c), hence the name multidimensional spectroscopy. These spectra
show the frequency-resolved absorption (x-axis) directly correlated to the frequency-
resolved/detection (y-axis) of the sample. In addition, the time delay T in between
the two WP interferometry experiments probes the time evolution of the system.
Due to the underlying interferometric measurement scheme a high time-frequency
resolution is achieved which automatically adapts to the time scales and spectral
linewidths of the system[251].

The interaction of the quantum system with the four-pulse sequence gives rise to
a multitude of nonlinaer signals (examples shown in Fig. 10.18b). To categorize the
signals, it is convenient to adapt the common terminology from transient absorption
spectroscopy: stimulated emission (SE) and excited state absorption (ESA) signals
both probe the excited state, whereas ground state bleach (GSB) signals probe the
ground state properties. ESA pathways involve transitions to higher-lying states and
contribute with negative amplitude to the spectra, while SE and GSB contribute both
with positive amplitude1.

The 2D spectra can be interpreted as follows: (i) spectral peaks on the diagonal
reflect the linear absorption spectrum, however with the additional information of
2D line shapes, directly dissecting the inhomogeneous (along diagonal) and homo-
geneous (along anti-diagonal) broadening in the system. Hence, time-resolved infor-
mation about the system-bath interactions can be directly gained from the line shape
analysis [244, 254]. (ii) Off-diagonal peaks (termed cross peaks), indicate couplings
between different states and energy relaxation (peaksAB andBA in Fig.10.18c). This

1 While this is the case in the photoionization 2D spectroscopy experiments presented here, the
different sign of ESA and SE/GSB amplitudes is not strictly given in all detection schemes [252,
253]
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Fig. 10.18 The principle of 2D spectroscopy. (a) Pulse sequence exciting the sample. Pulses 1, 2
and 3, 4 form phase-locked pulse pairs to perform two correlated WP interferometry experiments
(WPI 1,2), whereas the time evolution of the system is probed in between the pulse pairs. (b) Model
energy-level system along with a selection of possible nonlinear signals induced by the four-pulse
sequence. SE: stimulated emission, GSB: ground-state bleach, ESA: excited-state absorption. (c)
2D frequency spectrum obtained from a 2D Fourier transform of the signal. Peaks A and B on the
diagonal represent the |g〉 ↔ |a〉 , |b〉 resonances. Their 2D lineshapes reflect the inhomogeneous
and homogeneous linewidth along the diagonal and antidiagonal, respectively. Peak C denotes an
excited state absorption from |a〉 to the higher-lying state |c〉. AB and BA denote cross peaks which
reflect couplings between states |a〉 and |b〉. (d) Projection of the 2D spectrum onto the x-axis,
resulting in a one-dimensional spectrum as it would be measured with conventional absorption
spectroscopy
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greatly simplifies the identification of relaxation pathways and allows to follow the
relaxation dynamics in real-time [255–257]. (iii) Transitions to higher-lying states
(ESA) contribute with negative amplitude and are thus readily identified (peak C in
Fig.10.18c). All this information is difficult to deduce from one-dimensional spec-
troscopy, where 2D lineshape information is not available and cross peaks overlap
spectrally with diagonal features. This is schematically expressed by a projection of
the 2D spectrum onto a single axis (Fig. 10.18d).

CMDS has been so far mainly applied in the condensed phase where the method
has achieved considerable success, as highlighted in several review articles [246–248,
254, 258, 259]. Certainly, the advantages of CMDS are also very beneficial in the gas
phase, in particular in more complex gas phase samples, such as species embedded
in helium nanodroplets offering the study of intra/inter-molecular dynamics and
peculiar system-bath interactions. However, an extension of CMDS to the gas phase
has been so far vastly impeded by the difficult signal-to-noise challenge due to the low
sample densities predominant in gas phase experiments. Over the last years, Bruder
and Stienkemeier et al. have developed a specialized experimental approach [250] to
solve this issue, which is outlined below.

10.6.2 Resolving the Experimental Challenges

The implementation of CMDS experiments faces two major signal-to-noise chal-
lenges. On the one hand, CMDS is a nonlinear spectroscopy scheme. Thus, a high
dynamic range is required to uncover theweaknonlinear signals fromdominant linear
signals and general background noise. To give some numbers, in CMDS experiments
of doped helium nanodroplet species, background signals are typically one to three
orders of magnitude larger than the CMDS signal. On the other hand, the underly-
ing interferometric measurement scheme adds an additional noise source stemming
from phase jitter between the optical pulses. Sub-cycle phase stability is demanded,
which implies a reduction of optical pathlength fluctuations to< λ/50 [260], a value
that is very hard to achieve with conventional interferometers. This requirement also
applies to coherent control and WP interferometry experiments, however, in CMDS
it scales with higher order due to the nonlinear WP interferometry scheme.

Several techniques were developed which solve these issues in the condensed
phase, as summarized in Ref. [249]. Out of these methods, the phase modulation
technique developed by Marcus and coworkers [261, 262] is most suitable for the
application in helium droplet beam experiments for several reasons. It provides effi-
cient phase stabilization to reduce phase jitter, extraordinary sensitivity by incor-
porating lock-in detection and it can be combined with efficient photoionization
detection schemes [37, 243]. It is also compatible with high power, high repetition
rate (> 100 kHz) laser systems which improve statistics while avoiding saturation
of optical transitions and detectors.

The phase modulation technique is shown in Fig. 10.19. Precise phase beatings
are imprinted in the optical pulse sequence which transfers to a characteristic ampli-
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Fig. 10.19 Phase modulation scheme to improve phase stability and sensitivity in 2D spectroscopy
experiments. A sequence of four laser pulses excites the sample. Four acousto-optical modulators
(AOMs) shift the carrier envelope phase φi of the individual laser pulses in each laser cycle by a
well-defined value, which results in a continuous modulation of the quantum interference signals.
A lock-in amplifier is used for demodulation. An optical interference signal is coupled-out from
the optical setup for referencing the lock-in demodulation process

tude modulation of the interference signals in the time domain. Background signals
are not modulated or appear at other modulation frequencies, enabling selective,
highly efficient lock-in amplification of the interference signals. Moreover, hetero-
dyne detection with an optical interference signal is implemented which leads to a
cancellation of the optical phase jitter and rotating frame detection. The latter results
in a downshift of quantum interference frequencies by several orders of magnitude.

The advantages of the phasemodulation technique are demonstrated in Fig. 10.20,
showing a comparison between conventional and phase-modulated WP interfer-
ometry of a rubidium-doped helium nanodroplet sample [37]. With the spectral
bandwidth of the femtosecond laser, the 5S1/2 → 5P3/2 (D2 line) as well as the
5P3/2 → 5D5/2,3/2 atomic transitions in Rb are resonantly excited and detected by
1+2 REMPI combined with mass-resolved ion detection. The quantum interference
signals in the time domain exhibit rapid oscillations corresponding to the construc-
tive and destructive interference of excitation pathways induced as a function of the
pump-probe delay.As a striking feature, the oscillation period in the phase-modulated
WP interferometry measurements is more than a factor of 100 larger compared to the
conventional technique (Fig. 10.20a,b), which is due to the rotating frame detection.
Hence, much sparser sampling of the signal is possible while deducing the same
amount of information.

A Fourier transform yields the absorption spectrum revealing a drastic differ-
ence in the signal-to-noise performance of both experiments. In the conventional
WP interferometry, the atomic resonances can only be qualitatively identified due
to the strong phase jitter on the signal. In contrast, the phase modulation approach
delivers a highly resolved spectrum with excellent signal-to-noise ratio. Obviously,
the frequency spectrum precisely resembles the signature of free gas-phase Rb
atoms without any sign of droplet-induced perturbations, implying that the current
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Fig. 10.20 Performance comparison between phase-modulated and conventional WP interferome-
try. Time domain WP interferometry signals obtained with the phase modulation technique (a) and
without (b) showing the first 4ps of the signal. (c), (d) Respective Fourier transforms of the full data
set (50ps length). In (c), the scales on the top/bottom show the rotating frame and the up-shifted
frequency axis, respectively. Dashed vertical lines indicate the atomic resonances: 5S1/2 → 5P3/2
and 5P3/2 → 5D3/2,5/2. Adapted from[37]—Published by the PCCP Owner Societies. Licensed
under CC BY 3.0

experiment is predominantly sensitive to already desorbed atoms. As mentioned
above, this is explained by the high laser repetition rate (80MHz), supporting the des-
orption of the atoms and subsequent probing in the gas phase in the same experiment.
Quantum interference experiments with lower repetition rate are presented further
below in Sect. 10.6.4. In summary, the phase modulation experiment in Fig. 10.20
featuring a great signal-to-noise improvement for highly dilute helium droplet sam-
ples marks an important milestone and opened-up the door for CMDS experiments
of helium nanodroplet samples.

10.6.3 High Resolution Wave Packet Interferometry

The previous example indicates the prospective of using the phase modulation
technique for high resolution spectroscopy. In WP interferometry, the frequency-
resolution limit �ν of the experimental apparatus is directly connected with the
scanned pump-probe delay range�τrange by�ν = 1/�τrange.Withmechanical delay
stages scanning ranges of < 2ns are realistic [36] which corresponds to a resolution
limit of 500MHz. Frequency-comb-based approaches can in principle extend the
scanning range to reach a frequency resolution of≈ 100MHz[263]. This option how-
ever rises considerably the demands on the laser source and is not further discussed

https://creativecommons.org/licenses/by/3.0/
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Fig. 10.21 Rb and RbHe
energy levels along with the
pump probe scheme used in
the WP interferometry
experiments. The shape of
atomic Rb (yellow) and He
(blue) orbitals is sketched.
Adapted
from[37]—Published by the
PCCP Owner Societies.
Licensed under CC BY 3.0

here. In general, much higher spectral resolution is achieved with continuous-wave
lasers. However, the advantage of WP interferometry is a flexible time-frequency
resolution to study spectral and temporal aspects of the target system. Moreover,
the intense femtosecond pulses improve the signal strength in multiphoton probing
schemes. This applies to photoionization schemes but also to some exotic molecules
such as alkali-helium (AkHe) exciplexes.

As already discussed above (Sect. 10.2.1, 10.3.1), AkHe molecules exhibit an
anti-bonding ground state whereas some excited electronic states support bound con-
figurations. As an example, the Rb atomic levels along with the RbHe pair potentials
are given in Fig. 10.21. Upon electronic excitation of the AkHeN system, exciplexes
may form and desorb from the droplet. Desorbed metastable AkHen complexes up
to n ≤ 4 have been observed with mass spectrometry [10]. The formation, probing
and detection thus requires a multiphoton experiment which is highly favorable with
femtosecond laser sources, making WP interferometry the ideal spectroscopic tool
to study the level structure of these systems.

Despite many experimental and theoretical studies devoted to these peculiar
molecules [8–10, 13, 14, 21, 24, 126, 127, 264, 265] some questions about the for-
mation mechanism and associated formation times remain unsolved[14, 21, 127].
Moreover, until recently high resolution spectral data has not been available, partly
due to the difficult accessibility by standard absorption/emission spectroscopy [8, 9]
and the limited resolution given by other techniques [24, 126, 127]. The first highly
resolved vibronic spectrum of an AkHe molecule has been obtained with the phase
modulation technique [37].

In the RbHe molecule, WPs between the electronic states correlated to the 5P
and 5D atomic asymptotes of rubidium were induced and probed via subsequent

https://creativecommons.org/licenses/by/3.0/
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Fig. 10.22 High resolution Rb∗He spectrum recorded with phase-modulated WP interferome-
try (black) [37] along with femtosecond-pump, picosecond-probe photoionization measurements
(red) [127]. Beat frequencies deduced from conventional WP interferometry (blue) [24] are shown
on the top. Vertical dashed lines indicate the atomic 5P3/2 → 5D3/2,5/2 transitions. The asterix
marks an artificial peak coming from low frequency noise. Adapted from[37]—Published by the
PCCP Owner Societies. Licensed under CC BY 3.0

photoionization (Fig. 10.21). The resulting Fourier transform spectrum is shown in
Fig. 10.22, revealing a clean, highly resolved vibronic spectrum with a resolution
of 0.3cm−1. In contrast to the vibrational WP studies (Sect. 10.4) probing purely
vibrational modes, the experiment here detects vibronic resonances between differ-
ent electronic states. The strong spin-oribit coupling in the RbHe system results in
a complex manifold of many closely spaced electronic states which explains the
highly structured spectrum in Fig. 10.22. Reasonable good agreement with a the-
oretical model is found [37] which is remarkable considering the high degree of
spectral details and the experimental resolution being clearly beyond the precision
of current models. The spectroscopic potential of the novel WP interferometry tech-
nique is shown by a comparison with previous experiments based on picosecond
pulse shaping and conventional WP interferometry. While good agreement is found
between the different experimental techniques, the new method provides a factor of
≥ 10 higher resolution. This example hence underlines the advantage of femtosecond
spectroscopy techniques in the spectral study of metastable molecules and provides
new benchmark spectroscopic data for the development of ab-initio methods.

https://creativecommons.org/licenses/by/3.0/
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10.6.4 Ultrafast Droplet-Induced Coherence Decay in Alkali
Dopants

The peculiarities of the alkali-heliumdroplet interaction have been already discussed.
The repulsive character ofmost excitedAkHeN states induces a line-broadening in the
order of 10–100 wavenumbers [125]. Accordingly, ground-excited state coherences
are expected to decay on the order of 0.1–1ps. Quantum interference spectroscopy
should provide a real-time analysis of this process. In fact, time resolved quantum
interference studies were among the first femtosecond experiments of doped droplet
species [20]. In these early attempts, insufficient phase stability prohibited a Fourier
analysis of the transient interference signals. Instead, indications about the droplet
interaction were directly deduced from the coherence decay times which were in the
order of few hundred femtoseconds for low excited states in KHeN .

With the novel phase-modulated WP interferometry technique a high resolu-
tion study of the decoherence process becomes possible. While the experiment
in Fig. 10.20 had probed already desorbed Rb atoms and thus renders insensitive
to droplet-induced dynamics, Fig. 10.23 shows data from the same target system
using a modified experimental setup, now clearly revealing the ultrafast decoherence
induced by the guest-host interaction [266]. The experimental modifications com-
prise of a lower laser repetition rate (80MHz → 200kHz) and a separate, delayed
ionization laser (λ = 520 nm, delay ∼ns) to ionize the species after full desorption.
Moreover, very broad bandwidth femtosecond pulses (FWHM=1600cm−1) are used
to simultaneously cover the absorption lines of Rb atoms and Rb2, Rb3 molecules
adsorbed to the droplet surface.

The timedomain signal reveals an extremely fast coherence decaywithin≈ 150 fs,
followed by a much weaker but persistent interference signal extending beyond

(a) (b)

Fig. 10.23 Droplet-induced decoherence in Rb atoms and Rb2, Rb3 molecules tracked by phase-
modulated WP interferometry. (a) Pump-probe transient in the time domain, effusive atomic back-
ground is subtracted. The pronounced spike at 0 fs stems from the optical pump-probe cross-
correlation mapped to the continuum by three-photon ionization. (b) Fourier transform. Labels
indicate the excited resonances in the Rb molecules. Dashed vertical lines mark the atomic D1,2
transitions
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delays of 1.5ps. A Fourier transform uncovers a rich absorption spectrum show-
ing the absorption bands of the Rb trimer: 1 4A

′
2 → 2 4E

′
at 11600cm−1, the

dimer: a 3�+
u → 1 3�g at 13500 cm−1 and monomer: 5s 2�1/2 → 5p 2�1/2,3/2 at

12600cm−1 and 12830cm−1, 5s 2�1/2 → 5p 2�1/2 at 12850cm−1. These features
are in good agreement with previous steady-state absorption spectroscopy [9, 267,
268]. In particular, the monomer response now resembles the blue-shifted strongly
broadened absorption profile characteristic for the pseudo-diatomicmodel [125]. The
broad blue shoulder of the Rb3 resonance (11800–12600cm−1) was also observed
in femtosecond absorption mass-spectrometry, where a clear correlation to the Rb+

3
ion yield was determined [25].

This example shows the sensitivity ofWP interferometry to the guest-host interac-
tion in doped droplet beam experiments and the capability to probe complex spectra
extending over a broad spectral range and many resonances from different species.
The experiment serves as precursor study for 2D spectroscopy on these samples.
An extension to 2D spectroscopy facilitates the direct correlation of absorption and
emission of each spectral feature/dopant species and allows to follow their dynamical
evolution in real time as discussed below.

10.6.5 Coherent Multidimensional Spectroscopy of Doped
Helium Nanodroplets

The unique properties of 2D spectroscopy render it a powerful tool for the study of
ultrafast dynamics and guest-host interactions in doped helium droplet samples. The
latter effect is particularly pronounced for alkalis, which hence provide an ideal test
system for 2D spectroscopy experiments. Figure 10.24 shows 2D spectroscopy data
for rubidium-doped helium droplets. In these experiments, a four-pulse sequence
induces the 2D signal (cf. Figs. 10.18, 10.19) which is detected via photoioniza-
tion. The ionization step is performed either by an additional interaction with the
fourth laser pulse or by a delayed fifth pulse and is combined either with electron
(Fig. 10.24a,b) or ion detection (c). The different ionization and detection schemes
explain the different appearance of peak amplitudes in the spectra. The 2Dmaps show
clear, pronounced peakswell separated from the noise floor,which is remarkable con-
sidering the challenging signal-to-noise conditions in these experiments. These mea-
surements constitute the first 2D spectroscopy study of isolated coldmolecules [269].

The 2D spectra directly disclose the correlations between the absorption and
emission of the Rb2 and Rb3 molecules, revealing various cross peaks and ESA
signals, which were not observed in previous experiments. For the Rb2 molecule,
exemplary the excitation and probing scheme is shown in Fig. 10.24d. The Rb2 data
exhibits two strong ESA features (labeled ESA1, ESA2) which extend into the com-
plex Rb2 Rydberg manifold, featuring a high density of electronic states (not shown
in Fig. 10.24d). Despite the complex level structure, some clear conclusions can be
drawn with the help of 2D spectroscopy. The position of the ESA peaks along the
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Fig. 10.24 CMDS results for Rb2 andRb3 molecules formed on the surface of heliumnanodroplets.
2D spectra detected via photoelectrons (a), (b) and photoions (c) for different evolution times
T = 0 , 200 , 700 fs as labeled. X-axis: absorption, y-axis: detection frequency. Labels indicate the
molecular transitions and spin-orbit splittings. Two distinct ESA features (ESA1,2) and a cross peak
(CP) are marked, as well. (d) Ab-initio Rb2 potential energy curves and concluded photodynamics.
Labels of probe-transitions correspond to the ones in (a-c). The helium perturbation on the 0+

g state
is schematically drawn as dashed curve. (e) Time evolution of the ESA amplitudes reveal coherent
vibrational WP oscillations with a phase shift of π between the traces. Adapted from[269]—
Published by Springer Nature, licensed under CC BY 4.0

https://creativecommons.org/licenses/by/4.0/
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detection axis show the spectral position of the Frank-Condon windows to the Ryd-
berg states. At the same time, the coherent vibrational WP oscillations reflected in
the ESA peaks (Fig. 10.24e) pin down the location of the Frank-Condon windows.
From the clear π -phase shift between both traces the existence of two Frank-Condon
windows located at the inner and outer turning point of the excited state potential,
respectively, becomes apparent (see sketch Fig. 10.24d).

The 2D data also permits a refined interpretation of a Stokes shift observed in
the Rb2 emission (cross peak red-shifted by 600cm−1, labeled CP in Fig. 10.24c).
This feature was previously interpreted as the emission from vibrationally relaxed
free gas-phase Rb2 molecules [268]. In contrast, the high time-frequency resolution
in the 2D spectroscopy experiment uncovers an ultrafast intra-molecular relaxation
within< 100 fs (not shown) into the outer potential well of the 1 3�g state, catalyzed
by the helium perturbation (sketched in Fig. 10.24d) [269].

While the Rb2 molecule offered rich intra-molecular dynamics on femtosecond
time scales, theRb3 molecule serves as a sensitive probe for the dynamics of the quan-
tumfluid droplet.Manyof the abovediscussed ultrafast dynamics studies investigated
guest-host interactions in doped droplets with the goal to deduce properties about the
quantum fluid itself. To avoid less available femtosecond XUV light sources, often
impurities are embedded as probes that are optically accessible. In time-resolved pho-
toionization studies of impurities, the droplet response is inferred from the transient
energy shift between the neutral excited and ionic state of the guest-host interaction
potential (Fig. 10.8). 2D spectroscopy offers an alternative approach which probes
the matrix-shift along the ground and excited states of the purely neutral interaction
potential (Fig. 10.25a).

For the large inertia of mass of the Rb3 molecule, any short-time dynamics along
the interaction coordinate may be solely attributed to the response of the helium den-
sity. Hence the molecule provides an ideal probe for the dynamics of the quantum
fluid at the droplet surface. Upon impulsive excitation of the molecule with the fem-
tosecond laser pulses, the helium density will repel and the system will relax along
the interaction coordinate (Fig. 10.25a). The process can be followed in real time in
the 2D spectroscopy data (Fig. 10.25b). Here, a pronounced dynamic Stokes shift is
observable, which stems from the SE signal probing the system’s relaxation along
the excited state of the interaction potential. The energy shift reaches an asymptotic
value of (150 ± 19) cm−1 within ≈ 2.5ps which marks the time-scale for the ultra-
fast rearrangement of the helium density to reach equilibrium. In comparison, the
desorption of Rb atoms and molecules for the lowest excitations commonly takes
place on much longer time scales (Sect. 10.3.1). A similar dynamic is expected for
the Rb2 molecule, which is, however, covered by the persistent ESA2 peak.

These 2D spectroscopy experiments have demonstrated the power and added
value of applying CMDS to doped helium droplet species. Ak molecules attached to
He droplets have been extensively studied in recent years, both with high-resolution
steady-state spectroscopy and time-resolved pump-probe experiments. Yet, the high
time-frequency resolution and the ability to directly correlate absorption and emis-
sion spectra in 2D spectroscopy has still brought new insight into these systems
which shows great promise for future studies on other systems. In particular, the
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Fig. 10.25 Real-time observation of the helium surface repulsion. (a) Sketch of the Rb3–HeN
interaction potentials. Steps 1–3 show the repulsion of the helium density following the impulsive
molecular excitation. The excited state relaxation process is traced by the SE signal. The GSB
probes the ground state where no system-bath dynamics occur. (b) Time-evolution of the spectra
showing the cut-out of the Rb3 1 4A

′
2 → 1 4A

′′
1,2 excitation. A clear dynamic Stokes shift (spectral

splitting of SE and GSB signals) is visible, which converges to a constant red-shift of 150cm−1

within ≈ 2.5 ps. Adapted from[269]—Published by Springer Nature, licensed under CC BY 4.0

spectra of many organic molecules dissolved inside helium nanodroplets show only
weak perturbation [270, 271]. Hence, high-resolution 2D spectroscopy of organic
compounds are at hand which would provide invaluable complementary information
to condensed phase studies. Very recently, Bruder and Stienkemeier et al. have per-
formed the first CMDS experiments of an organic molecule fully dissolved in helium
droplets [272] which marks the highest resolution so far achieved in a molecular 2D
spectrum and thus underlines this potential.

https://creativecommons.org/licenses/by/4.0/
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10.7 Conclusions and Outlook

The various ultrafast spectroscopy methods presented in this chapter have uncov-
ered a rich variety of structural and electronic dynamics in pure and doped helium
nanodroplets with unique features that are not found in other quantum systems. On
the one hand, helium nanodroplets offer the possibility for high resolution studies
of species dissolved in a weakly-perturbing environment which is in stark contrast
to studies in the condensed phase. Naively, high spectral resolution is associated
with continuous-wave laser spectroscopy. However, as has been discussed in this
chapter, femtosecond laser pulses open-up the preparation and study of coherent
WPs which can provide high spectral information through Fourier analysis with
comparable resolution to steady-state methods. Moreover, the direct WP analysis in
the time-domain provides access to phase information and decay processes which
may not be accessible in steady-state spectroscopy. These aspects have been well
demonstrated in the observation of extremely long-lived vibrational WPs in alkali
molecules attached to the helium droplet surface (Sect. 10.4.1), the recurrence of
vibrational revivals in ejected In2 molecules (Sect. 10.4.2) or in the identification
of multiple ionization pathways from phase shifts in the WP motion (Sect. 10.6.5).
Intense femtosecond pulses also open-up nonlinear multiphoton experiments which
provide access to strong-field effects, to the study of higher-lying states, and the
properties of metastable species. Examples were the formation and high-resolution
study of metastable exciplex molecules (Sect. 10.6.3), or nanoplasmas ignited inside
helium nanodroplets with remarkable efficiency (Sect. 10.5.3). These studies, how-
ever, also demonstrate that the interaction with high-intensity or/and high photon
energy laser pulses in most cases leads to the deposition of large amounts of energy
into almost all degrees of freedom, in this way wiping out the low-temperature quan-
tum properties of superfluid droplets.

On the other hand, time-resolved experiments have provided insight into the
dynamics of the droplets themselves. Novel coherent XUV light sources have for
the first time enabled the direct study of the multifaceted relaxation dynamics inside
helium nanodroplets in real-time (Sect. 10.5.1). Ultrafast electronic relaxation, bub-
ble formation and ejection of metastable He atoms from the droplets were directly
measured. Furthermore, insight into structural dynamics of the helium density have
been gained from time-resolved studies with impurities embedded inside the droplets
or attached to their surface. The experiments have uncovered a general behavior of
the quantum fluid which can be categorized into a fast change of the helium sol-
vation shell and a somewhat slower transport dynamics. The primary, fast response
of the helium density in the local environment of the impurity (solvation shell)
takes place on a few hundred femtoseconds to a few picoseconds as a response
to the impulsive electronic excitation of the impurity. While this process is accu-
rately predicted by theory (Sect. 10.2.6), only very recently TRPES (Sect. 10.3.2)
and 2D spectroscopy experiments (Sect. 10.6.5) have provided the first experimental
access to these dynamics. The experiments permit a comparison of the time scales
for the helium repulsion inside and at the surface of the droplets, revealing a slower
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equilibration at the surface.While a different behavior of the quantum fluid inside the
droplet compared to surface states is expected, the complex aspects of the dynamics
with respect to the dopant properties and density modes of the droplet will require
further experiments in this direction for more general conclusions.

The secondary transport dynamics often occur on a longer time scale in the
picosecond to nanosecond domain. As a typical feature of helium nanodroplets,
electronic excitation of impurities almost always triggers a propagation along the
impurity-droplet interaction potential leading to the ejection of the dopant from the
droplet or to the trapping of the dopant inside snowball structures in the droplet core.
These dynamics directly manifest themselves in pump-probe measurements of alkali
atoms and molecules which first desorb from the droplet surface when being reso-
nantly excited, and then fall back into the droplet when being ionized (Sect. 10.3.1).
The impurity transport and detachment may be accompanied by helium density
oscillations which are observable in TRPES measurements (Sect. 10.3.2). Time-
dependent density functional simulations nicely visualize the full evolution of the
dopant-droplet system, and even reproduce the experimentally observed dynamics
quantitatively (Sect. 10.2.6). In addition, the dynamics of the quantum fluid super-
impose and interplay with the intra-molecular and inter-molecular dynamics of the
impurities which may comprise of intra-molecular vibrational energy redistribution
(IVR), spin and electronic relaxation as well as dissociation and charge transfer pro-
cesses (Sect. 10.4.2, 10.3.1, 10.5.2, 10.6.5) and often take place on a comparable
time scale as the dynamics of the helium density.

This interplay of dopant and helium bath dynamics makes helium nanodroplets a
challenging, however at the same time, a fascinating target system for spectroscopic
studies. While pure and doped helium droplets form an enclosed nanosystem which
is still amenable to theoretical models, these systems feature intriguing aspects of
fundamentalmolecular dynamics, system-bath interactions and unique quantumfluid
properties as it is not found in any other system. The here discussed time-resolved
studies have provided a first glimpse into the ultrafast dynamics of these systems
and have founded the experimental and theoretical basis for further exploration. In
this view, two major routes are identified which concern the vast synthesis abilities
provided by helium nanodroplets as well as the rapid technological developments in
XUV light sources and XUV spectroscopy methods.

First, the ability of He droplets to generate microsolvation environments [273,
274] will provide new options to the field of femtochemistry. Flexible pickup possi-
bilities allow to design the environment around amolecule of interest in terms of num-
ber of solventmolecules and their interaction strength (polarizability, dipolemoment,
hydrogen bond). The advantages provided by time-domain spectroscopy, including
coherence phenomena and phase information, can now be applied to these systems.
In particular, building up the solvation shell piece-by-piece will allow to track ultra-
fast dynamics as the environmental conditions bridge from isolation to full solva-
tion, shedding light on the gap between accurate gas-phase studies and real-world
systems in solution. Furthermore, the repertoire of time-domain techniques rang-
ing from pump-probe to multidimensional spectroscopy, can be applied to droplet-
specific systems that have previously evaded time-domain investigations, including
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tailor-made complexes [275, 276], fragile agglomerates [11, 277], or highly reactive
species [278]. For example, diverse combinations of donor-acceptor pairs can be
prepared for charge-transfer studies, where the time-domain approach will be essen-
tial to disentangle nuclear and electronic dynamics. Another field of interest would
be the investigation of exciton dynamics in molecular aggregates [279], including
migration, fission and annihilation mechanisms. In view of fundamental photophys-
ical reactions and the development of efficient photo-switches, the real-time study of
isomerization inside the quantum fluid [280] and insidemicrosolvation environments
would contribute new insights.

Second, the novel developments in ultrafast XUV light sources open up fascinat-
ing perspectives in the time-resolved study of pure and doped helium nanodroplets
as they offer direct access to the optical properties of superfluid helium. The static
and dynamics properties of helium droplets have been studied in recent years using
all types of XUV light sources [64, 66, 184, 192, 215]. Still, questions remain, in
particular, about collective phenomena such as correlated electronic decay processes
observed in these systems. As one example, a variety of highly efficient ICD pro-
cesses in doped and pure droplets have been evidenced in recent years. To capture
the full kinematics and dynamics of such processes, covariance and coincidence
detection methods are instrumental. With the advent of high-repetition-rate intense
femtosecond lasers and XUV radiation sources, combining coincidence detection
with femtosecond time-resolved spectroscopy of helium nanodroplets is in reach.

Furthermore, CMDS and related coherent nonlinear spectroscopy methods pro-
vide selective probes for collective properties [243] and variations in the local envi-
ronment of many-body quantum systems [244, 254]. As such, XUV-CMDS exper-
iments would shed new light on the inhomogeneity and many-body nature of the
helium droplet absorption spectrum. Furthermore, with a transfer of coherent non-
linear methods to the X-ray domain, localized core resonances would be accessible,
thus facilitating the study of dopant complexes inside helium droplets with unprece-
dented atomic sensitivity. Recently, XUV-WP interferometry of helium atoms was
demonstratedwhich shows that the phase stability issue inXUVquantum interference
experiments can be solved [281]. Moreover, coherent XUV and X-ray wave mixing
experiments were established detecting nonlinear mixing signals with nanometer
resolution and site-specificity [282–284]. These developments open-up the perspec-
tive for XUV and X-ray coherent nonlinear and even multidimensional spectroscopy
experiments.

Yet, the most direct probing of the structural dynamics of nanoparticles is
achieved through the new technique of X-ray single-shot coherent diffraction imag-
ing (CDI) [198]. Currently, this technique relies on radiation provided by one of the
few existing XUV and X-ray FEL facilities. However, tremendous progress is being
made in generating intense and femtosecond and even attosecond pulses in the XUV
and X-ray ranges [285]. New radiation sources such as high-harmonic generation
based on high-power table-top femtosecond lasers will make it possible to directly
visualize the structural dynamics of helium nanodroplets and other nanoparticles
using pump-probe and possibly more sophisticated CDI schemes [235, 286].
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