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nanodroplets probed with high resolution,
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Superfluid helium nanodroplets are often considered as transparent and chemically inert nanometer-
sized cryo-matrices for high-resolution or time-resolved spectroscopy of embedded molecules and
clusters. On the other hand, when the helium nanodroplets are resonantly excited with XUV radiation, a
multitude of ultrafast processes are initiated, such as relaxation into metastable states, formation of
nanoscopic bubbles or excimers, and autoionization channels generating low-energy free electrons.
Here, we discuss the full spectrum of ultrafast relaxation processes observed when helium nanodroplets
are electronically excited. In particular, we perform an in-depth study of the relaxation dynamics
occurring in the lowest 1s2s and 1s2p droplet bands using high resolution, time-resolved photoelectron
spectroscopy. The simplified excitation scheme and improved resolution allow us to identify the relaxa-
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tion into metastable triplet and excimer states even when exciting below the droplets’ autoionization
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1 Introduction

Helium (He) nanodroplets are fascinating quantum fluid clus-
ters with distinct properties compared to other types of atomic
and molecular clusters. The constituent He atoms are loosely
bound to one another by extremely weak attractive London
dispersion forces and their light mass implies a large zero-point
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threshold, unobserved in previous studies.

energy, i.e., the emergence of collective quantum behavior.
Notably, He nanodroplets evaporatively cool to the ultralow
temperature of 0.37 K, where they exhibit microscopic
superfluidity.'™ Although considered inert, upon excitation or
ionization, He nanodroplets can become a highly reactive
environment where numerous interatomic processes can occur.’

In general, electronic excitations in nanodroplets are loca-
lized on single He atoms (He*) which tend to form void cavities
(‘bubbles’) due to the repulsive interaction between the excited
electron and the surrounding He.® ® This leads to a broadening
of the excited states in absorption spectra,” although they
largely retain their atomic character. We will refer to these
broadened features as ‘bands’ but we label them with their
corresponding atomic electronic configuration. He,* excited
dimers may form, but the fraction of those directly formed by
ultrafast association of an excited He* atom and a ground state
He atom is very small."®* The main formation mechanism
of He,* in large He droplets as well as in bulk superfluid He,
tunneling into excited vibrational states of He,*, is much
slower (~15 ps) than any dynamics probed in the present
experiment.'>"?

Quasi-free electrons in an excited nanodroplet occupy states
in a ‘conduction band’ =1 eV above the vacuum level.***®
The corresponding electronic wavefunctions are localized in
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the interstitial spaces between He atoms.'® Autoionization of
these highly-excited states then leads to the emission of small,
singly-charged He clusters He,', n = 2, 3,... and low-energy
electrons.'”'®

The precise electronic structure of excited He nanodroplets
still remains to be fully resolved.”' In particular, the dynamics
of electron localization, relaxation, and atomic rearrangements
induced by the electronic excitations are subjects of ongoing
research."’ The ultrafast dynamics of excited He nanodroplets
has been studied in several femtosecond pump-probe experi-
ments employing both laser-based high-harmonic generation
(HHG) sources™ and extreme-ultraviolet (XUV) free-electron
lasers (FELs).'*? Essentially, ultrafast localization of the excitation
on single atomic sites was confirmed, followed by the electronic
relaxation into metastable states, and the formation of nanoscale
bubbles around the excited atoms on the timescale of ~1 ps.
In the first HHG-based experiments where near-infrared probe
pulses were used, ejection of He* excited atoms was observed.®
Subsequent experiments by the same group showed that UV pulses
are better suited for probing the full He droplet dynamics and
that the ejection of a He* atom is actually a minor relaxation
channel.'®*! The lowest excited atomic state of He, 1s2s°S, has
only been observed at photon energies hv 2 23 eV, where He
droplets autoionize and optically inaccessible states can be popu-
lated through electron-ion recombination.’>** Static measure-
ments have shown that even highly excited He droplet states
efficiently relax into the lowest excited 1s2s™*S atomic states.”®
Eventually, He,* excimers form at the He droplet surface, detach-
ing from the droplets over the course of vibrational relaxation.'***

In this article, we present an overview of the XUV-pump, UV-
probe dynamics of resonantly excited He nanodroplets over a
wide range of excitation energies and electron energies. Subse-
quently, we focus on the electronic relaxation processes occurring
in the lowest 1s2p and 1s2s droplet bands.” Our previous
measurements’®*° have been limited by the spectrometer resolu-
tion and by experimental noise from XUV/UV stray light. Here,
with improved resolution and a higher signal-to-noise ratio, we are
able to observe new features due to relaxation in the time-resolved
photoelectron spectra. In particular, when exciting the system to
the lowest optically allowed droplet states, 1s2s'S and 1s2p'P, we
observe efficient relaxation into triplet atomic states, indicating
droplet-induced spin-relaxation, as well as relaxation into the first
excimer state of He,*. Compared to previous work at higher
excitation energies,'>*° the relaxation process discussed here is
simpler since it only involves intra-band relaxation as opposed to a
combination of inter- and intra-band relaxations. Thus, with a
simpler excitation scheme and improved resolution, we are able to
better distinguish weak features in the photoelectron spectrum
and to probe their ultrafast dynamics on femtosecond timescales.

2 Experimental methods

The pump-probe experiment was performed at the Low Density
Matter (LDM) endstation®* of the seeded FEL FERMI in Trieste,
Italy.”>*® The FEL pump pulse, operated at a repetition rate of
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50 Hz, was primarily tuned to a photon energy s, near the 1s2p
droplet resonance (21.6 eV)° via the seed laser and undulator
gaps, yielding a pulse length £, ~ 100 fs (full width at half
maximum, FWHM).?” The FEL pulse intensity was adjusted to
limit the effects of multiphoton ionization*®*° with typical
values of Iyyy &~ 1 x 10"° W ecm™?, as derived by the pulse
energy measured upstream by gas ionization, taking into
account the nominal reflectivity of the optical elements in the
beam transport system.>' The UV probe pulse was obtained
from a frequency-tripled Ti:Sapphire laser (hv, = 4.65 eV) with a
pulse intensity of Iyy & 1 x 10" W cm™ 23> A tin filter of
200 nm thickness was used to suppress contributions from
higher order harmonic radiation whenever the pump photon
energy hv; was tuned to 21.0 eV and 21.6 eV. The cross
correlation between the FEL and the probe laser was 200 fs
FWHM, measured by resonant (1 + 1") two-photon ionization of
atomic He, where 1’ indicates one-photon absorption by the
probe pulse.*

A supersonic jet of He nanodroplets was produced by
expansion of high pressure He gas (50 bar) through a pulsed,
cryogenically cooled (14 K) Even-Lavie-type nozzle (50 um).
From the expansion conditions (backing pressure and nozzle
temperature), the mean droplet size was estimated to Ny, =
10° He atoms per droplet.**** After expansion, the nanodroplet
beam passed through a 1 mm skimmer and traversed approxi-
mately 90 cm to the interaction region. The nanodroplet beam
was perpendicularly crossed by the FEL and UV beams at
the center of a high resolution (E/AE ~ 50) magnetic bottle
electron spectrometer.*

3 Results and discussion

When a He nanodroplet is resonantly excited by an intense
XUV pulse, a wide variety of dynamic processes is initiated,
including internal relaxation, interatomic energy transfer, and
multiphoton ionization. To probe the dynamics, we use a time-
delayed UV laser pulse which directly ionizes the excited
nanodroplets and we measure the energy of emitted electrons.
In this way, we track the dynamics of the various processes as a
function of the pump-probe delay. Fig. 1(a) shows representa-
tive raw electron kinetic energy distributions measured for He
nanodroplets that are resonantly excited into the lowest opti-
cally allowed droplet state 1s2s'S at hv; = 21.0 eV for selected
pump-probe delays. Fig. 1(b) shows a map of the electron
kinetic energy distributions (x-axis) as a function of the pump-
probe delay time (y-axis). To better understand the spectral
features, Fig. 1(c) shows an energy-level diagram of He atoms
(horizontal black lines) and He droplets (gray shaded areas). The
vertical arrows depict photo-excitation (red) and photo-ionization
steps (black). The horizontal pink arrow indicates autoionization
of two excited He atoms in the same droplet, which is discussed in
detail below.

Overall, numerous dynamic features can be observed in
the spectrum in different ranges of the electron energy. At low
electron energies < 2 eV, we observe prominent features shifting
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Fig. 1 Overview of the time-resolved photoelectron spectra of He nanodroplets measured with XUV-pump and UV-probe pulses. The pump photon
energy is hvy = 21.0 eV and the probe photon energy is hv, = 4.65 eV. Panel (a) shows photoelectron spectra at selected pump—probe delays on a
logarithmic scale; panel (b) shows a map composed of 28 spectra at different pump—probe delays. The shaded areas in (a) indicate the regions in the
electron spectrum where 1-2 UV probe photons are absorbed by the XUV-excited He droplets. The vertical dashed lines mark the energies of electrons
created by ICD in He nanodroplets assuming atomic excitation energies, and 3’ + 1’-photoionization of N,. Panel (c) shows an energy level diagram
illustrating transitions induced by the pump pulse (hvy, red vertical arrows) and the probe pulse (hv,, blue arrows). The ICD process, where one excited
He* atom decays to the ground state and another He* is ionized, is depicted by the horizontal pink arrow. The ATI process, where an electron is
promoted to high kinetic energies by absorption of one or more photons in the ionization continuum, is represented by the upper blue vertical arrow.

to even lower energies as the delay increases. These are generated
by 1 + 1’ photoionization through singly excited states of the
droplets. The shifting of the peaks reflects the relaxation of the
excited states into low-lying, metastable states, as previously
studied for the 1s2p band"® and the 1s3p band.*’ Additionally,
we observe a similar feature at slightly higher kinetic energies
around 5 eV, which is due to the excited state absorbing two
UV photons from the probe pulse resulting in 1 + 2’ ‘above-
threshold ionization’ (ATI) in the excited system. ATI of multi-
ply excited He nanodroplets by near-infrared or visible probe
pulses has recently been found to be strongly enhanced com-
pared to isolated excited He atoms, pointing at a collective
coupling effect.>® At electron energies around 3 eV, there is a
time-independent peak, which we attribute to the photoioniza-
tion of background nitrogen molecules by the probe pulse
through a 3’ + 1’ REMPI scheme. Note that the peak cancels
out when the background gas spectrum is subtracted; therefore,
it is not related to the He nanodroplet beam.

The feature at electron energies around 16 eV is due to
autoionization of pairs of excited He atoms in one droplet
according to a process known as ICD.>”*® For this particular
case, ICD occurs via the process He* + He* — He + He' + ejcp
which manifests itself in the emission of electrons e;cp~ with a
characteristic energy. For the given experimental parameters,
we estimate the number of resonantly excited He* atoms per
He droplet to be N* = Nycoxuvtplxuv/hvy = 700, where oxyy ~
25 Mbarn.?®?° This leads to an estimated number of photo-
electrons emitted out of the lowest-lying He excited states N5 =
N*oyvtplyv/hv, = 100, given that the photoionization cross
sections, ayy, of these states range 4 to 7 Mbarn.*® The number
of electrons created by ICD can be estimated based on the pre-
viously measured ICD efficiency, picp & 30%, for a droplet excita-
tion rate of N*/Nye & 0.7%," yielding Ni°° = N* x picp/2 & 100.

28846 | Phys. Chem. Chem. Phys., 2022, 24, 28844-28852

The factor 1/2 accounts for the fact that it takes a pair of He*
atoms to create an eicp . Thus, we expect to observe roughly an
equal number of photoelectrons and ICD electrons, in agree-
ment with the experimental finding (Fig. 1).

At positive pump-probe delays this ICD process is partly
quenched because the probe pulse depletes the population of
He* excited states prior to their decay. From the rise of the ICD
signal at delays 2 0.2 ps we previously inferred an ICD lifetime
on the order of a few hundred fs.** We observed only a weak
dependence of the ICD lifetime on the degree of He droplet
excitation which is controlled by the photon flux Ixyy/Ar; and
the droplet size Ng.. This finding was rationalized by a model
in which the bubbles forming around He* excitations can
merge, thereby accelerating two nearby He* atoms toward each
other.*® Thus, the detected ICD lifetime is mainly determined
by the quantum fluid dynamics of the merging bubbles, rather
than by the distance-dependent ICD rate for a bare pair of
He* atoms. When the He nanodroplet is strongly excited with
more intense FEL pulses, it can spontaneously evolve into a
nanoplasma state by ‘collective autoionization’ (not shown in
these spectra).”®° In that case the electron spectrum is domi-
nated by a distribution of low-energy electrons due to thermal
emission.

For the remainder of this article, we will specifically focus on
the relaxation dynamics of resonantly excited droplets, which
are observed via 1 + 1’ photoionization at low electron energies.
These measurements were performed with a high-resolution
magnetic bottle spectrometer enabling us to distinguish new
features, which previously remained unobserved.'® Fig. 2 shows
the electron spectra (y-axis) as a function of pump-probe delay
(x-axis) for two photon energies, Av; = 21.0 eV and 21.6 eV in (a)
and (c), respectively. The zero of the pump-probe delay, ¢, is
determined from the falling edge of the integrated ICD signal

This journal is © the Owner Societies 2022
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Fig. 2 Time-resolved photoelectron spectra of He droplets measured with XUV-pump and UV-probe pulses at photon energies hvy = 21.0 eV (a and b)
and hyy = 21.6 eV (c and d). The maps (a and c) are composed of 28 and 31 spectra at different pump—probe delays, respectively. The white dashed lines
indicate the expected electron energies for direct 1 + 1’ photoionization. Panels (b and d) show the electron spectra at fixed delays of 1.7 ps and 1.1 ps,
respectively. The black horizontal lines indicate the expected electron energies for photoionization of specific excited states of quasi-free He* atoms and
He,* excimers. The gray line is the multi-Gaussian fit to the experimental spectra. See the main text for additional details. Panel (e) shows the He droplet
absorption spectrum from Joppien et al.° and the energy levels populated in the course of relaxation. The red and blue arrows represent the pump and

probe pulses, respectively, and the green arrows represent the relaxation channels.

as it is quenched by the probe pulse. Fig. 2(e) shows the
absorption spectrum of He droplets recorded by Joppien et al.’
by means of fluorescence detection along with He* energy
levels and arrows indicating the relaxation pathways following
excitation. The two pump photon energies, s, = 21.0 eV and
21.6 eV, correspond to excitation into the low-energy shoulder
on the main absorption band and to the maximum of this
absorption band, respectively. The droplet excitation at hv; =
21.0 eV correlates with the 1s2s'S atomic state,””® which is
inaccessible by electric dipole transition in the atom. It is more
likely to occur near the surface of the droplet where the
inversion symmetry is broken.'® Excitation into the main
absorption peak (hv; = 21.6 €V) can mostly be associated with
the 1s2p'P atomic state.”® Additionally, Fig. 2(b) and (d) display
electron spectra at longer delays when the fast relaxation
dynamics have subsided. For these spectra, as well as the
results in Fig. 4, we have subtracted the background to better
observe the dynamic features. Specifically, we subtract, for each

This journal is © the Owner Societies 2022

time delay, the electron spectrum produced by the FEL pulse
alone, i.e. in the absence of the UV pulse.

We observe some similar features for the two photon ener-
gies. Near zero delay, the electron energy is at its highest and
matches the combined photon energies of the XUV-pump and
UV-probe pulses reduced by the ionization energy of He, Av; +
hvy, — TPye = 1.1 eV for hv; = 21.0 €V (white dashed line in
Fig. 2a) and 1.7 eV for hv; = 21.6 eV (white dashed line in c). For
positive delays we observe a fast relaxation to lower energies.
For hv; = 21.0 eV, the relaxation is so fast that it appears as an
almost vertical band, meaning relaxation proceeds within the
experimental time resolution (200 fs). For hv, = 21.6 €V, the
relaxation is slower resulting in a clearly visible shift from 1.7 to
1.3 eV over about 300 fs. This shift is attributed to intraband
electronic relaxation towards the lower edge of the droplet band
correlating to the 1s2p'P state of He. Interestingly, we see a
significant narrowing of this band at delays =200 fs converging
toward a sharp peak whose position matches the 1s2p'P He

Phys. Chem. Chem. Phys., 2022, 24, 28844-28852 | 28847
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atomic state, see Fig. 2(d). Simultaneously, new sharp features
appear at lower electron kinetic energies. The most prominent
one is an intense, nearly horizontal band at electron kinetic
energy exg &~ 0.6 eV in Fig. 2(c). It was observed in our previous
work'® and was attributed to relaxation into the 1s2s'S droplet
state. This relaxation is likely mediated by a crossing of
potential energy curves of the He,* excimer.*' It is accompa-
nied by the formation of a void bubble around the localized He*
excitation.”” At later times, this bubble migrates to the droplet
surface and releases an excited He* atom or a He,* excimer
which either remains weakly bound to the droplet surface or
fully detaches into the vacuum."® These species have previously
been detected by static fluorescence measurements.>*

Besides the 1s2s'S atomic state, additional features are
clearly visible, which were not observed in our prior work."?
To gain a better understanding of the origin of these features
we offset the vertical right axes in Fig. 2(a) and (c) to correspond
to the excitation energy of the system. In this way, we can
visually assign the two horizontal bands at higher kinetic
energies to the 1s2p®P and 1s2p'P atomic states, respectively.
Note that in a different experiment where we studied the
relaxation dynamics in He nanodroplets excited to the 1s3p
band,>® we did observe a shoulder on the 1s2s'S atomic peak,
which we now fully resolve and attribute to the 1s2p®P atomic
state. For the static measurements, shown in Fig. 2(b) and (d),
horizontal lines are added to visualize the different excited
states. These peaks are most prominent for Av; = 21.6 eV. For
21.0 eV, the lower intensity of the 1s2p"'P atomic state could be
due to its nominal excitation energy being slightly higher than
the FEL photon energy.

We additionally observe another feature at lower kinetic
energy, which we attribute to the *Z; state of the He,* excimer
photoionized into the lowest vibrational state v = 0 of the He,"
dimer ion. For photoionization into the first excited vibrational
state v = 1 of He," we expect the electron energy to be exp =
0.17 eV, which roughly matches the position of the asymmetric
feature peaked around egg = 0.1 eV in the electron spectrum at
hvy = 21.6 eV excitation. This feature may also have contribu-
tions from autoionization of superexcited He droplets;** quasi-
bound states <1.1 eV above the ionization energy of atomic He,
E; =24.59 eV, or states bound by <1.6 eV below Ej;, populated by
‘re-excitation’ out of the dark state 1s2sS, can decay by emis-
sion of low-energy electrons.>*® However, we refrain from a
conclusive assignment of this feature.

To quantify the time evolution of the spectral features
shown in Fig. 2, we fitted the delay-dependent photoelectron
spectra with a multi-Gaussian function. The smooth thin lines
show the best fits in Fig. 2(b) and (d). The resulting peak areas
of each Gaussian component are depicted in Fig. 3(a) and (b)
for the two photon energies s, =21.0 and 21.6 eV, respectively.
In total, the fit function at 21.0 eV is the sum of 6 individual
Gaussian functions to account for 3 sharp atomic lines (1s2sS,
1s2p°P, 1s2p'P), two He,* molecular lines (v =0, v = 1), and one
broadened droplet spectral feature present in the photoelectron
spectra shown in Fig. 2(b). At Av; = 21.6 eV (Fig. 2(d)), one
additional peak accounting for near-zero Kkinetic energy
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Fig. 3 Results of peak fits to the delay-dependent electron spectra
recorded at pump photon energies hyy = 21.0 eV (panel a) and hv, =
21.6 eV (panel b). Shown are the integrated areas of Gaussian peaks fitted
to the individual components in the electron spectra, labeled in Fig. 2. The
largest ‘Droplet’ peak corresponds to the bright feature dominating the
electron spectra around zero delay. The smooth lines depict fits of the data
with egn (3) and (4) from which characteristic time constants for the
appearance of the individual components are inferred.

electrons generated by autoionization is added to the fit. For
the Gaussian functions representing the atomic components,
the energy fit parameters are constrained to narrow intervals
around their well-known excitation energies. Since the photon
energy of the probe pulse is insufficient for photoionizing the
lowest excited atomic state of He, 1s2s’S, by one-photon
absorption, this state remains undetected in the present study.

The resulting peak areas are plotted in Fig. 3 and fitted with
the following simple model functions. For the droplet feature,
we assume the model function

J(®) = 0(t — t)[A + Bexp(—(¢ — t)/7)], 1)

where A and B are adjustable constants, ® is the Heaviside step
function, and 7 is the decay time constant of the signal at
positive delays, ¢ > ¢,. For all other peaks, the model is

S0 =0(t — t)C[1 — exp(—(t — to)/7)]. (2)

These functions are convoluted with a Gaussian cross-
correlation function with a FWHM of 200 fs to account for the
finite duration of the pump and probe pulses. This convolution
can be carried out analytically and the resulting formulas are
given explicitly in the appendix (eqn (3) and (4)). The best fits of
the resulting fit functions to the experimental data are shown
in Fig. 2(b) and (d) as smooth gray lines. At hv; = 21.0 eV,

This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp03335f

Published on 15 November 2022. Downloaded on 4/11/2026 9:35:17 PM.

Paper

the 1s2p'P atomic state signal is small for all delays and is
therefore omitted in the figure. At Av; = 21.6 eV (Fig. 2(b)), the
1s2p'P atomic state coincides with the lower edge of the broad
droplet feature and is thus treated as a combined effect from
both processes. The local maximum of the 1s2p®P peak area
around 0.3 ps delay is due to a crosstalk from the dominant
1s2p'P droplet signal to the 1s2p>P signal at delays <0.6 ps.
As such, these data points are excluded from the fit of the
1s2p°P signal.

From these fits we infer the characteristic time constants for
each component which are summarized in Table 1, where
droplet and atomic states are indicated with the superscripts
(D) and (A), respectively. Overall, we observe both similarities
and clear differences in the time evolution of the individual
components in the electron spectra at the two photon energies
hvy; = 21.0 eV and 21.6 eV. First, the excited droplet state is
populated within the range of overlapping pump and probe
pulses and subsequently decays within a few hundred fs.
At hy; = 21.0 eV, the droplet excitation, which correlates to
the 1s2s'S state, reaches its maximum nearly at the zero-point
of the delay (tnax & 20 fs). Subsequently, it rapidly decays to
zero (t ~ 280 fs) and evolves mostly into a well-separated
narrow atomic state of the same symmetry (1s2s'S), cf:
Fig. 2(a), which has a corresponding rise time v &~ 210 fs.
These dynamics can be compared to time-dependent density
functional (TDDFT) simulations of the dynamics of a 1s2s'S
excited He* atom inside superfluid He.* In these simulations,
a void bubble forms around the He* whose radius was found to
increase with an exponential time constant of 0.25 ps, in good
agreement with the experimental values measured here. In our
previous experiment where He droplets were resonantly excited
into the higher-lying droplet absorption band at Av; = 23.7 eV,
relaxation out of the 1s2s'S droplet excitation into the 1s2s'S
atomic state was observed as a secondary process in a step-wise
relaxation starting from a broad excitation correlating to the He
1s3p and 1s4p droplet states.?® There, a longer relaxation time
~780 fs was measured. We ascribe the slower relaxation
measured in those experiments to a weaker coupling of the
1s2s'S excitation to the surrounding He* when this state is
populated indirectly by relaxation out of a higher level. In other
words, as a high-lying state is excited, a bubble opens up

Table 1 Time constants obtained by fitting peaks in the delay-dependent
experimental electron spectra with a multi-Gaussian model function (third
column). The first column labels the individual components in the electron
spectra measured at hy; = 21.0 eV and 21.6 eV (second column). The
reference values in the fourth column are from the literature

Transition hvy (eV) 7 (ps) Tref (PS) (Avy = 23.8 €V)
Decay of 's® 21.0 0.28 £0.02  0.78 + 0.16*°

1), 3p®) 21.0 0.64 £ 0.17

1gM) _, 1g(4) 21.0 0.21 + 0.02

15P) _, 3x 21.0 0.19 + 0.01

Decay of 'PP/® 216 0.27 £ 0.03  0.59 + 0.06,2° ~0.45%
1p(d)°_, 3p(A) 21.6 1.07 £ 0.45

1pD) _, 16(4) 21.6 0.34 + 0.03

1pd) _, 35+ 21.6 0.73 £ 0.06
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around the He* over the course of electronic relaxation, thereby
reducing the orbital overlap of the He* with surrounding
He atoms.

At hvy = 21.6 eV, where the He 1s2p'P droplet state is excited,
the maximum intensity of the corresponding photoelectron
signal is reached at a later delay time ¢y, = 150 fs before
dropping with a similar decay time 7 ~ 270 fs as compared to
the dynamics at Av; = 21.0 eV. Subsequently, the droplet state
evolves continuously into the atomic 1s2p'P state which
appears as a narrow band at the lower edge of the droplet
feature in Fig. 2(c). The most abundant atomic state populated
by relaxation is 1s2s'S with a corresponding rise time t & 340 fs.
Relaxation into this state requires a decrease of the electron
energy by up to 1 eV and a change of symmetry of the electronic
state from 1s2p"P to 1s2s'S. This explains the wide gap between
these two bright features in the time-resolved electron spectra,
see Fig. 2(c), and the slower relaxation dynamics as compared
to the direct excitation of the 1s2s'S droplet state at hv; =
21.0 eV Fig. 2(a). In previous experiments where the higher
1s3p/1s4p droplet band was excited, relaxation from the 1s2p'P
droplet excitation to the 1s2s'S atomic state was measured to be
slower, T &~ 590 fs.>' In another experiment using XUV pulses
generated by HHG at nearly the same photon energy, t &~ 450 fs
was measured.” This confirms the trend that secondary steps
within a relaxation cascade are slower, as the coupling of the
excited state to the droplet weakens over the course of electro-
nic relaxation and simultaneous bubble formation.

The emerging atomic-like triplet states 1s2p®P and the
excimer state Y} have considerably longer rise times, see
Table 1. Only the 3% state at kv, = 21.0 eV appears to be
populated at the same rate as the initial relaxation of the 1s2s'S
state. This may be due to its strong overlap with the 1s2sS state
in the electron spectra which introduces a large uncertainty in
the peak fitting procedure. The large uncertainty of the 1s2p°P
time constant at both photon energies is due to the spectral
overlap of this component with the low-energy tail of the broad
droplet feature at short time delays. The slower appearance
time of triplet states is likely related to the fact that a spin flip is
needed since optically excited states have singlet symmetry.
Previous fluorescence measurements have suggested that tri-
plet states are only formed by electron-ion recombination
when exciting into the autoionizing states at hv > 23 eV.*
However, indications for the population of triplet states by
relaxation even out of the lower-lying 1s2s and 1s2p states have
been found; Penning ionization of alkali metal atoms attached
to He nanodroplets occurred from both the He 1s2s'S state
and, to a small extent, the 1s2s>S state, after excitation into the
lower absorption band of the droplet at v = 21.6 eV.>* Spin
quenching was also observed for barium atoms attached to the
surface of argon clusters.** Thus, we conclude that He droplets
are capable of inducing spin quenching of excited states to
some degree as well, and the time scale is 600-1100 fs.

Additionally, we have performed similar measurements at
hvy = 24.5 eV which is near the He atomic ionization threshold.
The results are shown in Fig. 4. The most prominent feature in
the electron spectra at this photon energy for all delays is a
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Fig. 4 Time-resolved photoelectron spectra recorded at hyy = 24.5 eV
composed of 13 spectra at different pump—probe delays. The dashed line
indicates the expected electron energy for direct 1 + 1’ photoionization.

distribution of low-energy electrons which falls off exponen-
tially in the range exg = 0-2 eV (not shown). This electron
distribution is generated by the XUV pump pulse and is due to
the autoionization of He droplets excited above their adiabatic
ionization energy.***> The low-energy part of this distribution
appears as a negative signal in Fig. 4 since the pump-only
spectrum is subtracted from all shown photoelectron spectra
and the probe pulse efficiently depletes this channel by photo-
ionizing the excited-state electrons into the continuum.

On top of this large signal, we detect photoelectrons emitted
by 1 + 1’ photoionization with energies exy = 4.5 €V. As it is a
weak positive signal on a large background, the signal-to-noise
ratio is low and experimental artifacts are seen in the spectra as
horizontal stripes. The energy resolution may have been some-
what compromised having used an additional retarding voltage
near the interaction region in the attempt to reduce the con-
tribution of low-energy electrons in the spectra. Nevertheless,
a few trends are clearly discernible. Similar to the time-
dependent spectra recorded at Arv; = 21.0 eV and 21.6 eV
discussed above, as well as the ones previously recorded at
hvy = 23.7 eV,*° the initially excited droplet state (bright red
distribution around ¢ = 0, exg = 4.5 eV) relaxes into lower-lying
states, in particular the 1s2s'S band around exz ~ 0.7 eV,
within ~ 150 fs. However, in this case, a substantial amount of
population remains in higher-lying states at exg > 3 €V.
As these excited states continue to undergo autoionization,
depletion of these states by the probe pulse quenches the
autoionization process in the entire shown range of delays
(negative signal near exg = 0). In our previous measurement
at kv, = 23.7 eV,?® depletion of the autoionization signal was
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only visible in the range of overlapping pump and probe pulses
around ¢ = 0, in line with the observation of fast relaxation of
electron energies to states with exg < 3 eV. Such a fast
reappearance time of the autoionization signal following deple-
tion of excitation at Av; = 23.7 eV was also seen in experiments
using XUV pulses generated by HHG.'**® Thus, we conclude
that droplet excitation at Av, > 23 eV (correlating to He atomic
states with principal quantum numbers n > 3)® relax more
slowly if populated by prior relaxation from even higher excited
states. It is likely that bubble formation initiated by the
electronic excitation reduces the coupling of the excited state
to the droplet over the course of relaxation, thereby gradually
slowing down any subsequent electronic relaxation steps.

4 Conclusions

In summary, we have performed time-resolved, high-resolution
photoelectron spectroscopy of resonantly excited He nanodro-
plets. In the XUV-pump and UV-probe electron spectra, we
observed various distinct features due to two-color photoioni-
zation, ATI, and autoionization of multiply excited droplets by
ICD. In particular, thanks to the improved resolution and a
higher signal-to-noise ratio compared to previous measure-
ments of electron spectra, we could observe new, ultrafast
relaxation channels of the excited droplets into triplet atomic
states, indicating efficient droplet-induced spin-relaxation, as
well as the formation of the first excimer state of He,*. The
convergence of these features to atomic-level energies on a
timescale of a few 100 fs indicates ultrafast localization of the
excitation at quasi-free He* atoms and He,* excimers residing
in void bubbles or ejected from the droplets. From multi-
Gaussian peak fits of the delay-dependent spectra, we inferred
the relaxation-time constants for the individual final states.
Significantly different relaxation dynamics were seen for excita-
tion of the two lowest optically accessible He droplet states
1s2s'S and 1s2p'P, despite them overlapping in the static
absorption spectrum.’ In both cases, we find that excited He
droplets partially relax into previously unobserved triplet states,
indicating efficient He droplet-induced spin relaxation.

Thus, He nanodroplets were found to turn into highly reactive
and dissipative systems upon resonant excitation, featuring
complex ultrafast relaxation dynamics including electronic-state
hopping and spin flipping, the formation of bubbles and excimers,
and few-body autoionization. Future time-resolved high-resolution
photoelectron spectroscopic measurements of other types of pure
or doped noble-gas clusters and nanodroplets will shed more light
onto the peculiar properties of superfluid He nanodroplets on the
one hand, and on more general aspects of the relaxation dynamics
of nanoparticles irradiated by resonant UV or XUV radiation on the
other hand.
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Appendix

The fit functions used for modelling the experimental data
shown in Fig. 1 are given by the convolution of the model
functions eqn (1) and (2) with a Gaussian function that
accounts for the cross-correlation of the pump and probe
pulses,

M(t)

=——=
2no

The standard deviation ¢ is related to the FWHM, which is 200

fs, by ¢ = FWHM/v/8 In 2. For model function (1) the convolu-
tion can be written out as

(1) :r f(t/)M(Z/—t—i-lo)le:g[l+€rf(\/va)}

—0o0

B o —2t(t — tg) o? —1(t—ty)
+§exp( 72 )erfc( - )

For model function (2) it is

10 =5 ver(0)]

C 6% —2t(t —to) o> —1(t—to)
— EeXp< 72 )erfc( ot )

?)dt/y/n denotes the error function

(3)

Here, erf(z) = 2[ exp(—1
and erfc(z) = 1 — erf(z).
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