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Abstract—A novel femtosecond extreme ultraviolet (EUV) ion-
imaging technique is applied to study ultrafast dynamics in elec-
tronically excited helium nanodroplets. Ion mass spectra recorded
by single-photon EUV ionization and by transient EUV-pump/IR-
probe two-photon ionization differ significantly for EUV photon
energies below and above ~24 eV, in agreement with recently
performed synchrotron measurements. Pump-probe time-delay-
dependent ion Kinetic energy (KE) spectra exhibit two major
contributions: a decaying high KE component and a rising low
KE component, which are attributed to the different excitation
regimes. A model is presented that describes the excitation energy
dependence of the relaxation and ionization dynamics within the
framework of bulk and surface states. The model is supported
by recent ab initio calculations on electronically excited states of
25-atom clusters. An intraband relaxation mechanism is proposed
that proceeds on a ~10-20-ps time scale and that corresponds to
the transfer of electronic excitation in the Rydberg n = 2 manifold
from bulk to surface states.

Index Terms—Photochemistry, physics, photonics, UV sources.

I. INTRODUCTION

HE ADVENT of femtosecond extreme ultraviolet (EUV)
laser light sources has enabled a new class of time-domain
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experiments. Laboratory-based high-order harmonic generation
(HHG) driven by intense femtosecond infrared (IR) lasers is em-
ployed to study the evolution of UV-excited molecular states [1],
[2], to disentangle the quantum state distribution in strong field-
ionized systems [3], [4], and to monitor the ionization and relax-
ation dynamics of EUV-excited atoms and molecules [5]-[10].
Here, we combine a HHG light source with state-of-the-art
3-D momentum-resolved ion mass spectrometry to investi-
gate the relaxation dynamics of electronically excited helium
nanodroplets. A similar experimental approach facilitated fem-
tosecond time-resolved EUV electron and ion-imaging exper-
iments on diatomic molecules by the group of Kapteyn and
Murnane [6], [7], [11]. However, to the best of our knowledge,
this is the first time that such a method has been applied to dis-
entangle ultrafast EUV-induced dynamics in a complex system
comprising ~2 x 10° atoms.

These droplets distinguish themselves from other noble gas
clusters by their unique thermodynamic properties. Formed in a
supersonic expansion through a cryogenically cooled nozzle, the
droplets reach an equilibrium temperature of 0.37 K within mil-
liseconds by means of an evaporative cooling mechanism [12].
At this temperature, helium is in its superfluid (He II) phase,
which results in helium nanodroplets with a remarkable set of
characteristics. They form, for example, an ideal matrix for
high-resolution spectroscopy studies on molecular systems that
comprise several dozens of atoms [13] and for the controlled as-
sembly of clusters and molecules with structural properties that
are not achieved in any other environment [14], [15]. Dopant
species are rapidly cooled to the sub-Kelvin equilibrium tem-
perature of pure droplets, while their physical properties are
only very weakly perturbed by the superfluid environment. This
capability has been beautifully demonstrated by the seminal ex-
periments of Toennies et al. who recorded rotationally resolved
IR absorption spectra of SF; and carbonyl sulfide molecules
residing in ‘He clusters comprising 60-6000 atoms [16]-[18].
Most recently, it has been demonstrated that sufficiently large
droplets can host entire proteins in the size range of 12000
atomic mass units [19]. These findings are encouraging for
plans to employ helium nanodroplets in experiments that will
determine the structures of biomolecules that cannot be crystal-
lized [20] and as vehicles for soft-landing surface deposition of
nanostructures [14].

The excitement about the opportunities that arise in fun-
damental and applied sciences through the use of helium
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nanodroplet matrices is contrasted by the limited knowledge
of their fundamental physical properties. Since Moller et al.
recorded the EUV absorption spectrum of helium clusters in
the early 1990s [21], little progress has been made in under-
standing the nature of the two major electronic bands at ex-
citation energies of ~21.6 and ~23.8 eV. The droplet relax-
ation dynamics after electronic excitation are even more poorly
understood. Synchrotron-based energy-resolved EUV fluores-
cence measurements of the Moller group identify the emission
of electronically excited helium atoms and helium dimers as an
important de-excitation mechanism [22]. Photoionization and
photoelectron imaging studies in the groups of Toennies and
Neumark provide evidence for an indirect ionization process at
excitation energies beyond ~23 eV [23], [24].

Most recently, Kornilov et al. employed femtosecond time-
resolved EUV-pump/IR-probe photoelectron imaging spec-
troscopy to directly monitor the de-excitation dynamics of
large, electronically excited helium nanodroplets in the time
domain [25]. This study provides evidence for initial rapid relax-
ation on a time scale of 0.2—0.3 ps along with efficient interband
relaxation from the upper (~23.8 eV) to the lower (~21.6 eV)
electronic band of the droplet on a time scale of 2-3 ps. The
physical nature of the transiently populated states, however, and
the pathway of the indirect droplet ionization process remain
elusive. A unique identification of the relaxation dynamics is
in part hampered by uncertainty about the nature of the ion-
ized species. From the photoelectron spectrum alone, it is not
possible to uniquely associate every observed dynamics chan-
nel with probe—pulse ionization of the initially excited droplet,
a partially relaxed droplet, or excited cluster fragments. The
transient ion-imaging study presented here is motivated by the
expectation that different ionization channels lead to different
ion mass spectra and different kinetic energies of the emitted
ions.

The measurements are performed using two different exci-
tation spectra defined by the transmission functions of an alu-
minum filter and a tin filter, respectively. Pump—probe time-
delay-dependent (i.e., transient) ion kinetic energy (KE) dis-
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Experimental setup for femtosecond time-resolved and 3-D-momentum-resolved EUV ion mass spectrometry.

tributions facilitate the distinction of decaying and rising ion
yield contributions, thus providing complementary information
to the photoelectron experiments. The ion mass spectra differ
dramatically for experiments with the Al filter and the Sn fil-
ter, respectively. The dynamics of the partial ion yields recorded
with the Al filter depend critically on the ion mass. The different
dynamic trends are explained in a model that distinguishes be-
tween bulk and surface excitations. The model is supported by
recent ab initio calculations of Closser and Head-Gordon [26].
An intraband relaxation mechanism in the lower electronic band
of the droplets at ~21.6 eV is proposed that corresponds to the
transfer of electronic excitation in the Rydberg n = 2 manifold
from bulk to surface states on a time scale of ~10-20 ps.

II. EXPERIMENT

Fig. 1 shows the experimental setup. A detailed description
of the laser system, the high-harmonic generation setup and
the optical routing has been given earlier [25]. Briefly, a fem-
tosecond EUV light source based on HHG is interfaced with a
molecular beam end-station that produces helium nanodroplets.
Femtosecond EUV pulses (20 pJ, pump beam) are generated by
focusing intense femtosecond IR (785 nm) laser pulses into a
gas cell filled with krypton at a stagnation pressure of 2.5 torr.
The copropagating fundamental IR light is removed from the
EUV beam path by a two-stage silicon dichroic mirror [27]
followed by either a 100-nm-thick aluminum filter or a 200-nm-
thick tin filter. In a second beam branch, a small fraction of the
IR laser light (probe beam) with a pulse energy of ~1 uJ (at the
interaction volume) is routed through a retroreflector mounted
on a computer-controlled translation stage, allowing for the ad-
justment of the relative time delay between the EUV and the
IR pulses. The IR beam is recombined with the EUV beam by
means of an annular mirror, positioned at a 45° angle relative
to the EUV beam propagation direction. The EUV beam passes
through the center hole of the mirror, while the IR beam is re-
flected off the mirror in a donut-shaped spatial mode. A curved
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Fig.2. EUV pump spectra filtered by an Al foil (gray) and an Sn foil (black).
Spectra were recorded before reflection off the ML mirror. The spectra are
compared to the EUV fluorescence excitation spectrum of Joppien et al. (red,
dashed) and the energy dependent total ionization yield of Peterka et al. (blue,
dotted). The vertical bar marks the IP of atomic helium.

multilayer (ML) mirror focuses both beams onto the gas target.
The overlap of the two focal volumes is optimized by adjusting
the position of a concave lens in the IR beam path upstream
from the beam combiner, establishing the same effective focal
length for both beams.

The Mg/SiC multilayer structure of the focusing mirror is
optimized to reflect at ~iv = 23.7 eV (15th harmonic) and to
suppress other EUV components in the vicinity of this photon
energy. However, because of the finite bandwidth and periodic
spacing of multiple maxima in the ML mirror reflectivity curve,
multiple higher harmonics (17th, 19th, ...) are also reflected,
albeit with reduced efficiency. Additionally, lower harmonics
are reflected due to the finite specular reflectivity of SiC below
24 eV [28]. Due to the multiband reflectivity characteristic of the
ML mirror, the filter material used in the EUV beam path has a
major impact on the EUV spectrum that is incident on the target
gas. The transmission of the aluminum filter in the photon energy
range 15-70 eV is ~80%, leading to contributions from many
harmonics in the pump step of the experiment. In contrast, the
tin filter has a narrow transmission window between ~14 eV and
~24.5 eV with a theoretical maximum of ~23 % transmission
at21 eV and ~10 % transmission at 23.7 eV.

Fig. 2 shows sections of two high-order harmonic spectra
within the spectral region of interest recorded with a home-built
spectrometer [29] before the EUV beam is reflected by the ML
mirror. The gray and black solid curves are measured using the
Al filter and Sn filter, respectively, in the EUV beam path. The
fluorescence excitation spectrum of Joppien et al. (red, dashed,
>10° atoms/cluster [21]) and the photoelectron yield spectrum
of Peterka et al. (blue, dotted, ~10* atoms/cluster [24]), both
recorded with tunable synchrotron radiation light sources, are
shown for comparison. The Sn filter transmission curve effec-
tively eliminates pump beam contributions with photon energies
>24 eV. The difference in the intensity of the 13th harmonic
(~20.5 eV) is caused by the filter materials and slightly dif-
ferent HHG conditions in the two measurements. Due to the
aforedescribed effects, reflection off the ML mirror is expected
to modify the peak ratios of the EUV pump beam spectra in a
noticeable way, but the general characteristics remain the same.

In particular, strong contributions above 24 eV photon energy
in the Al-filtered spectrum distinguish it markedly from the
Sn-filtered pump beam spectrum.

The helium droplet apparatus is described in detail else-
where [30]. Briefly, helium droplets are generated by expand-
ing helium gas (Airgas, 99.9999% purity) at temperatures of
10-20 K and pressures of 20-80 bar through a 5-pm orifice
into a vacuum chamber. After expansion and droplet forma-
tion, the beam passes through two skimmers with 2-mm orifice
diameters before entering the interaction volume. For the ex-
periments presented here, the nozzle stagnation pressure and
temperature are set to 80 bar and 13 K, respectively. Under
these conditions, the average droplet size is expected to be
~2 x 108 atoms/cluster [12].

In order to record transient ion yields and transient ion KE
distributions, the helium droplet apparatus is equipped with an
ion spectrometer with imaging capabilities (see Fig. 1). The
spectrometer comprises a standard Wiley—McLaren ion time-
of-flight (TOF) setup [31] combined with a microchannel plate
(MCP) equipped delay-line detector [32]. The active area of
the detector has a diameter of ~80 mm. The spectrometer con-
sists of four sections: two 10-mm-long acceleration regions, a
285-mm-long field-free drift tube, and a 10-mm-long additional
acceleration region in front of the detector. The electric poten-
tials on the spectrometer electrodes are set to 0 V (ion repeller),
—100 V (ion extractor), —300 V (drift tube entrance and exit),
and —2500 V (front of the MCP). Two deflector plates mounted
parallel to the spectrometer axis inside the drift tube may be used
to deflect the ion trajectories along the gas beam propagation
direction. This facilitates the detection of large cluster ions that
would otherwise miss the detector due to the combined effect of
their long TOFs and the longitudinal velocity of the gas beam.

The ion spectrometer is operated in counting mode, i.e., the
TOF and the detector hit position of every single detected ion are
stored for post-processing during the data analysis. From these
data, the complete 3-D momentum vector of every single mass-
selected ion at the moment of its emission from the cluster can be
reconstructed. This enables the femtosecond time-resolved de-
termination of EUV-pump/IR-probe-induced ion kinetics, such
as ion momentum distributions, ion KE distributions, and ion-
emission angular distributions [11], [32]. Typical benchmark
characteristics of the setup are a mass resolution of m/Am ~500
and a resolving power of E/AE ~ 100.

For each pump—probe time-delay, two datasets are recorded:
one with only the pump beam incident on the target (“pump-
only”’) and immediately afterward, a second set with both pump
and probe beams incident on the target (“pump + probe”). All
pump—probe data presented here are corrected for pump-only
contributions by subtracting the pump-only intensities from the
pump + probe signals. In order to minimize the influence of
systematic experimental drifts on the measured transients, mul-
tiple pump—probe time-delay scans with opposite scan direc-
tions are averaged. The functionality of the ion-imaging setup
and the associated calibration procedures are tested by measur-
ing the well-known momentum of He™ ions due to the mean
velocity of an atomic helium beam over a wide range of nozzle
temperatures.
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Fig. 3. (a) Single-photon mass spectra of Hey droplets (~2 x 10% atoms/
cluster) recorded with EUV pump beams filtered by an Sn foil (solid)
and an Al foil (striped). (b) Single-photon mass spectra of Hey droplets
(~10* atoms/cluster) recorded at the Advanced Light Source with photon ener-
gies of 23.25 eV (solid), 24.00 eV (open), and 24.75 eV (striped), respectively.
The partly transparent mass peaks are contaminated by signals from residual
gas in the experimental chamber.

III. RESULTS
A. Single-Photon Ion Mass Spectra

Fig. 3(a) shows two mass spectra of He droplets (~2 x
10% atoms/cluster) generated by single-photon ionization with
the pump beam only (no probe beam). The solid and striped
features are recorded using the Sn filter and the Al filter, respec-
tively. The Al filter mass spectrum is marked by an abundance
of large mass peaks that are absent in the Sn filter spectrum. The
pump beam spectrum as defined by the different filter materials
obviously has a crucial impact on the cluster ion distribution.
For comparison, Fig. 3(b) shows mass spectra of He droplets
(nozzle pressure/temperature: 60 bar/16 K, ~10* atoms/cluster)
recorded at the Chemical Dynamics Beamline of the Advanced
Light Source at photon energies of 23.25 eV (solid), 24.00 eV
(open), and 24.75 eV (striped) [33]. All spectra in Fig. 3 are
normalized to the same intensity of the He; peak, which is set
to 1. Note the logarithmic scale of the ordinate. Mass peaks that
are contaminated by signals from residual gas in the experimen-
tal chamber are plotted as partly transparent. The monomer ion
mass peak is not included, since it contains contributions from
atomic helium background gas.

The photon-energy-dependent trend in the synchrotron mass
spectra is illustrated in more detail in Fig. 4, which shows the
ratio of the sum of all HeJ\r intensities with N = 12, 13, ..., 20
to the He; peak. The ratio rises by a factor of ~20-50 between
23.25 and 24.75 eV and stays constant within the precision of
the experiment between 24.75 and 25.50 eV.

B. Pump—Probe lon Mass Spectra

Fig. 5(a) and (b) shows pump—probe-induced mass spectra
measured with the Al filter and the Sn filter, respectively. Rep-
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Fig. 4. Photon-energy-dependent ratio of large-to-small cluster fragments.
The solid circles show the ratio of the sum of all Hej{v intensities with N = 12,
13, ..., 20 to the dimer ion signal. The circles are connected by lines to guide
the eye.
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Fig. 5.  EUV-pump/IR-probe mass spectra recorded at pump—probe time de-
lays of 0.2 ps (solid), 10 ps (open), and 500 ps (striped) for (a) Al-filtered and
(b) Sn-filtered pump beam. The partly transparent mass peaks are contaminated
by signals from residual gas in the experimental chamber.

resentative spectra are shown for pump—probe time delays of
0.2 ps (solid), 10 ps (open), and 500 ps (striped). All mass
spectra are normalized to a dimer ion intensity of 1. Due to
the pump-only subtraction procedure, the intensities shown in
Fig. 5 do not include signals from one-photon ionization. The
probe-induced fraction of change in the Hey ™ signal [(pump
+ probe)—pump-only)]/(pump-only) for pump—probe time de-
lays of 0.2/10/500 ps is 0.37/0.67/0.76 for the Al filter data [see
Fig. 5(a)] and 3.63/3.13/3.88 for the Sn filter data [see Fig. 5(b)],
respectively.

The pump—probe spectra for Al and Sn filters at short time
delays resemble the respective one-photon spectra in Fig. 3(a).
For long time delays, however, the Al mass spectrum resembles
that obtained with the Sn filter in that large mass peaks disappear.
In the following, extensive datasets for multiple pump—probe
time delays recorded with the Al filter in the EUV pump beam
are presented. Extensive time-dependent Sn filter datasets will
be the subject of a future publication.

C. Transient lon Yields and Kinetic Energy Distributions

Fig. 6 shows the partial ion yields versus pump—probe delay
of He]f, ions with N =2, 3, 5, 7, and 12, normalized to the same
maximum intensity at ~0.2 ps time delay. The dynamics for all
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Fig. 6. Transient partial ion yields of different He} ions, normalized to the
same maximum intensity at ~0.2 ps. The inset shows the curves for l—[e:;r (solid,
black) and Hef2 (dashed, gray) for pump—probe time delays up to 100 ps,
normalized to the same maximum intensity. The data were recorded with the Al
filter in the EUV pump beam.
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Fig.7. (a)—(c) Transiention KE distributions for H<:2+ s Hegr ,and Hel*2 ,respec-
tively. The transients [(d)—(f)] are derived by integrating (a)—(c), respectively,
over KE ranges of 0-0.4 eV (black, solid) and 1.5-5 eV (gray, dashed). The
data are recorded with the Al filter in the EUV pump beam.

masses N < 7 differ significantly, while the transient behavior
of all masses with N > 7 is very similar as exemplified by the
dashed gray curve (N = 12). The inset of Fig. 6 shows the
pump-probe time-delay-dependent intensities of He; (solid,
black) and He{, (dashed, gray) ions over an extended delay
range up to 100 ps. The He;, transient is representative of the
evolution of the Al filter spectrum from a broad mass distribution
to a truncated spectrum that is very similar to the Sn filter
spectrum. Comparison of the He; and He7,, curves shows that
the long-term rise of the former and the long-term decay of
the latter proceed on the same time scale of ~10-20 ps, thus
suggesting that the underlying dynamics may be linked by a
common physical process.

Employing the 3-D-momentum resolution of the experimen-
tal setup, the transient partial ion yields are energy dispersed as
presented in Fig. 7. Fig. 7(a)—(c) shows the pump—probe time-
delay-dependent KE distributions of He; , He7 , and He7, ions,
respectively. The curves in Fig. 7(d)—(f), are derived by integrat-
ing Fig. 7(a)—(c), respectively, over all KEs above 1.5 eV (gray,
dashed) and below 0.4 eV (black, solid).

Comparison of Figs. 6 and 7 clearly demonstrates the gain
in information that is available through the momentum imaging

capability of the mass spectrometer. The decaying component
in the He; yield that is easily identified in Fig. 7(a) and (d)
cannot be discerned in the solid black curve of Fig. 6. Con-
versely, the rising component of Fig. 7(b) and (e) cannot be
recognized in the HeZ yield of Fig. 6. Evidently, the 2-D tran-
sient ion KE maps of Fig. 7 facilitate the identification of differ-
ent processes that are hard to distinguish in energy-integrated
measurements.

From Fig. 7, it is evident that the transient ion signals shown
in Fig. 6 comprise a rising and a decaying contribution, both of
which are associated with different ion KE ranges. While the
KE:s of the decaying signal extend up to ~5 eV, the rising signal
seems to be confined to KEs below ~1 eV. All high KE curves
exhibit a characteristic instant rise near zero pump—probe delay
followed by a monotonic decay that is marked by three time
scales on the order of ~0.2-0.3 ps, ~2-3 ps, and >10 ps. The
two low KE curves in Fig. 7(d) and (e), in contrast, rise on a ps
time scale starting from zero pump—probe delay. Only the black
low KE curve in Fig. 7(f) seems to break the general pattern by
exhibiting an instant rise followed by a slight decay. However,
the reason for this behavior is evident from Fig. 7(c), which
shows that the rising low-energy component is simply missing
in the transient signal of the large He{, cluster ions. A tail of
the decaying high-energy component extends into the low KE
range leading to the black trace in Fig. 7(f).

IV. DISCUSSION

A. Impact of Excitation Energies on Droplet
lonization Dynamics

Mass spectra taken using femtosecond HHG and synchrotron
radiation in Fig. 3 show that the ratio of the large ion signal
(N > 3) to the smaller ion signal critically depends on the exci-
tation photon energy. While excitation below 24 eV (Sn-filtered
EUV spectrum) leads almost exclusively to He}, fragments with
N <3, ionization with higher photon energies leads to significant
contributions from higher masses. Fig. 4 suggests that the tran-
sition between the two regimes proceeds continuously across
the energy range from 23.25 to 24.75 eV. The smooth evolution
of the mass spectrum is supported by the data of Frochtenicht
et al. [23]. The peak ratios of their threshold photoelectron
photoion coincidence (TEPICO) spectrum recorded at 24.2 eV
are located between the extreme ratios displayed in Fig. 4. A
continuous transformation of the ionization behavior below the
ionization potential (IP) of atomic helium (24.6 eV) is some-
what surprising. The photoelectron spectra of Peterka et al. do
not exhibit any changes across the photon energy range starting
from the droplet IP at ~23 eV to the IP of atomic helium [24].
However, the photon energy dependence of the total electron
yield in [24] exhibits a rise with increasing photon energy start-
ing at ~24.2 eV that cannot be explained by the onset of atomic
helium ionization alone. Both the excellent energy resolution
of the Chemical Dynamics Beamline cited in this study and the
comparison with the atomic excitation spectra in [24] suggest
that the rise of the electron yield beyond 24.2 eV is, to a sig-
nificant extent, the result of a change in the droplet ionization
behavior. In experiments performed here with the Al filter, light
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above this energy can arise from the high energy side of the 15th
harmonic or from higher harmonics.

We conclude that the ionization dynamics of helium droplets
with more than ~10?% atoms/cluster change markedly with exci-
tation energy throughout the photon energy range that extends
from the droplet IP at ~23.0 eV to the atomic helium IP at
24.6 eV. In particular, above ~24.0-24.2 eV, the total ioniza-
tion yield and the production of HefV clusters with N > 12
increase rapidly toward higher photon energies. The photoelec-
tron spectrum, however, is virtually unaffected by changes in the
excitation energy (below the atomic IP), which severely limits
the amount of information that can be gained on the varying
ionization dynamics from static single-photon measurements.

The dramatic differences between the pump-probe time-
delay-dependent mass spectra recorded with Al and Sn filters
(see Fig. 5) indicate that information on the varying relaxation
dynamics that result in the excitation-energy-dependent ion for-
mation is contained in the transient ion data. Large fragments
(N > 5), which only appear in relevant intensities for excita-
tion above ~24 eV, exhibit a monotonic decay that proceeds
on three time scales (see Figs. 6 and 7), eventually leading to
vanishing signal intensities by time delays of several hundred
picoseconds [see Fig. 5(a) and Fig. 6 (inset)]. From Figs. 6 and
7, it is evident that the signal decay is the only dynamic channel
observed for these ions. Although the transient ion signals of
the smaller fragments contain an additional rising component,
the decaying component is also clearly visible in the transient
energy maps [see Fig. 7(a), (b), (d), and (e)]. Apart from a slight
shift to higher KEs and some broadening in the KE distribu-
tion, this component closely resembles the transient ion signal
of the higher masses. This resemblance suggests that the decay-
ing signal components in the transients of the smaller ions have
predominantly the same origin as the dynamics observed for the
higher masses, namely, excitation with photon energies above
~?24 eV. This inference is supported by the fact that the decay-
ing component extends to very large KEs that require a pump
photon energy beyond 24 eV in order to fulfill energy conser-
vation between the deposited photon energy and the potential
and kinetic energies of the products (ion + photoelectron). We
conclude that the decaying component of all ion transients is
dominated by dynamics that are induced by droplet excitation
beyond ~24 eV. Conversely, excitation below ~24 eV in the
pump—probe scheme leads predominantly to a rise of masses
N < 3 and produces virtually no larger masses. Excitation above
~24 eV, however, may also contribute to the rising components
of the mass spectrum.

B. Direct Versus Indirect lonization Channels

Fig. 8(a) shows a comparison of the transient ultraslow
(ZEKE) photoelectron signal from Kornilov et al. (gray, dashed
[25]) and the rising dimer ion signal from Fig. 7(d) (solid,
black). Fig. 8(b) compares the transient photoelectron signal
of Kornilov et al. that is associated with an isotropically emitted
broad photoelectron band (~0.7-1.1 eV KE, gray, dashed) and
the high-KE ion signal of the He{, fragments in Fig. 7(f). The
similarities between the electron and ion curves in Fig. 8 sug-
gest that the transients may be dominated by similar physical
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Fig. 8. Comparison of ion (black, solid) and electron (gray, dashed) transient
signals. See text for details.

processes. The differences between the electron and ion curves
in Fig. 8, on the other hand, indicate that there is no one-to-one
correspondence between the respective electron and ion signals,
and that both types of measurements provide complementary in-
formation. The curves in Fig. 8 can be approximated by either
one or the sum of two exponentially rising/decaying contribu-
tions with time scales on the order of 0.14 ps, 2.5 ps for electrons
and 12 ps for ions in Fig. 8(a); in Fig. 8(b), these are 0.28 ps,
2.8 ps for electrons, and 0.7 ps and 18 ps for ions.

The comparison of the photoelectron and ion data presented in
Fig. 8 suggests that the decaying ion signal component is mainly
associated with direct ionization of excited droplet states by the
probe pulse, and the rising ion signal component is mainly asso-
ciated with the re-excitation mechanism that is proposed in [25].
In the re-excitation model, the probe pulse does not ionize the
droplet directly, but it excites a neutral, partially relaxed droplet
from the lower electronic band, centered around ~21.6 eV, into
the upper band, centered around ~23.8 eV, which enhances
the overall probability for indirect ionization and, therefore, the
production of ultraslow photoelectrons.

The ZEKE electron signal in Fig. 8(a) rises faster during the
first ~10-20 ps after excitation than the rising component of
the He; signal. This suggests that indirect ionization by the
probe pulse within ~10-20 ps after droplet excitation leads to
other ions in addition to He;r , and that the ratio of the yields
for different ions that result from indirect ionization varies with
pump—probe time delay. If the ratio of all ion yields from in-
direct ionization would be constant, all these partial ion yields
would exhibit the exact same transient behavior as the ZEKE
electrons. Energy conservation does not allow for the gener-
ation of monomer ions in the indirect ionization scheme. We
conclude that ions larger than He; must be generated by in-
direct probe-pulse ionization during the first ~10-20 ps, and
that the yield of these larger ions must decline with increasing
pump-probe delay compared to the yield of Hej ions produced
by indirect ionization. This conclusion is corroborated by the
rising component in the He yield [see Fig. 7(b) and (e)] and the
asymptotic yields of all ions in Figs. 5 and 6, in particular, the
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inset in Fig. 6. The conclusion is also consistent with the slower
decay of the He7,, signal compared to the electron signal from
direct probe-pulse ionization in Fig. 8(b) provided that part of
the He, signal stems from indirect probe-pulse ionization and
that this component decays on a ~10-20-ps time scale.

C. Physical Picture

The excitation and relaxation dynamics of helium droplets are
commonly discussed in terms of perturbed atomic and molecular
states [22], [24], [34]-[42]. We note that, in particular, recent
calculations by Closser and Head-Gordon indicate that this is an
oversimplification [26]. Nevertheless, concentrating on excited
states of helium atoms and dimers provides a good starting
point for a qualitative description of the physics that underlie
the results presented here.

The transition energy of ~24 eV for the onset of a pro-
nounced large ion production is ~1 eV above the IP of large
droplets and also above the energy of the lowest singlet excited
atomic state (1s3p, 23.1 eV) that is associated with the electronic
band centered around ~23.8 eV. It is known that the energies
of excited atomic states are blue shifted by ~1-1.6 eV in a
bulk liquid helium environment and in large droplets [43]-[46].
About the same energy is needed to inject an electron into
bulk liquid helium, and strong indications for the onset of
a ~1-eV barrier for photoemission from within large helium
droplets (~250 000 atoms/cluster) have been observed by Wang
et al. [47]. This barrier is sometimes interpreted in terms of a
conduction band edge [44], [46] in the sense that electrons with
energies beyond this barrier may propagate unperturbed inside
the droplet, while the motion of electrons with less energy is
more restrained.

The differences in the dynamic trends observed for excita-
tion above and below 24 eV may be associated with the onset
of excitation into perturbed, localized atomic states and/or the
possibility for an electron to reach the conduction band of large
droplets. In the latter case, however, a change in the photo-
electron spectrum would be expected at the transition energy
between a strongly hampered and a weakly perturbed propaga-
tion regime for electrons inside the cluster, but this is not the
case [24]. The model of an onset of a perturbed atomic state ex-
citation, in contrast, opens an interesting possibility to explain
the different ionic products. Large clusters are known to have a
~6-A-thick surface region across which the density of helium
atoms rises from the free gas limit to the bulk liquid limit [48].
The ~1-eV blue shift of atomic states is the limiting value in the
bulk environment. In the low-density surface region, the shift is
expected to be much less. This qualitative picture has recently
been confirmed for excited states of 25-atom helium clusters
by the ab initio calculations of Closser and Head-Gordon [26].
Their analysis of cluster states that emerge from the atomic
Rydberg n = 2 manifold indicates that the ratio of bulk-state
absorption to surface-state absorption increases with increas-
ing energy across the absorption band centered at ~21.6 eV.
By translating these findings to the absorption band centered
around ~23.8 eV, a high ratio of surface-state excitations would
be expected for energies below ~24 eV, while above this en-
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Fig. 9. Schematic of interband and intraband relaxation/re-excitation mech-
anisms in the bulk and surface regions of helium nanodroplets. A sequential
relaxation model is proposed that transfers electronic excitation in the Rydberg
n = 2 manifold from the bulk region to the surface region within a time scale
of ~10-20 ps. See text for details.

ergy, perturbed 1s3p states (and other Rydberg states at higher
energies) in the bulk become accessible.

For photon energies above the atomic IP, droplet ionization
is often described by a multistep process initiated by an atomic
ionization event that is followed by hole migration and even-
tually hole localization upon formation of an ionic dimer [23],
[39]-[41]. Several authors have already pointed out that ioniza-
tion near the cluster surface predominantly leads to the emission
of dimer ions, while larger cluster fragments may be formed
upon ionization in the cluster bulk [39], [41]. This trend is
a consequence of an impulsive Hey ' ejection mechanism in
combination with a reduced hole mobility in the low-density-
surface region [39], [41]. Due to the large average distance of
helium atoms in the droplets (3.6 A [33)), any newly formed
dimer ions are highly vibrationally excited. Coupling of the
dimer vibration into vibrational modes of the droplet is strongly
disfavored due to the significant mismatch between the vibra-
tional level spacings of the dimer ions and the low-frequency
modes of the droplet. Cooling of the dimer vibrational motion
and formation of stable dimer ions by evaporation of atoms
from the droplet surface is, therefore, considered a minor pro-
cess. Instead, bound dimer ions are probably formed in a series
of 3- and 4-body collisions during which vibrational excitation
is efficiently transformed into translational and rotational exci-
tation [39], [40], eventually leading to the emission of ions from
the droplet. If a dimer ion is originally formed in the droplet
bulk, it may pick up more atoms on its way out, leading to the
emission of larger fragment ions. In contrast, a dimer ion that
is formed in the low-density surface region is most likely emit-
ted from the droplet before significant fragment cluster growth
sets in.

These findings can be directly applied to the pump—probe data
presented here if one takes into account the intraband—interband
relaxation scheme presented in our earlier publication [25] and
that excited neutral atoms and molecules generated by the pump
pulse are eventually expelled by the droplet in the form of Ryd-
berg atoms and dimers [22].The following picture emerges (see
Fig. 9). Excitation with the Sn-filtered pump beam leads pre-
dominantly to excitations in the surface region of the droplet.
Ionization in this region of the droplet leads almost exclusively
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to dimer and trimer ion fragments as discussed by Callicoatt
et al. [39] and Seong et al. [41], which is in agreement with
the data in Figs. 3 and 5. For measurements with the Al fil-
ter, pump-pulse excitation of the droplet that does not lead to
direct ionization generates atomic Rydberg states in both bulk
(>24 eV) and surface (<24 eV) regions. If the probe pulse is
incident before relaxation mechanisms have lowered the elec-
tronic energy of the excited states significantly, it can directly
ionize the atoms. The location of the pump—probe-induced di-
rect ionization within the droplet at small pump—probe time
delays (<200 fs) is, therefore, directly related to the location of
the initial excitation. In the case of the Al-filtered pump beam,
this results in a significant contribution of ionized bulk states
and consequently to the formation of larger ionic fragments.
As interband relaxation to the lower electronic band (~21.6 eV)
and/or migration of the excited atoms toward the droplet surface
proceed, direct ionization by the probe pulse becomes energet-
ically inaccessible. Instead, re-excitation into the upper elec-
tronic band below 24.6 eV by the probe pulse leads to enhanced
indirect ionization. As long as the probe pulse can re-excite the
system to energies beyond ~24 eV, indirect ionization will lead
to small and large ionic fragments. However, once intraband re-
laxation and/or migration of excited atoms to the droplet surface
have lowered the electronic energy below ~22.4 eV, the probe
pulse does not efficiently populate bulk states anymore, leading
to a pump—probe ion spectrum that closely resembles the one
recorded with the Sn-filtered pump beam. The data presented in
Figs. 6 and 8 and the discussion in IV-B suggest that the relax-
ation to states below ~22.4 eV is completed after ~10-20 ps.

Based on the simple model of density-dependent blue shifting
of atomic states and supported by the calculations of Closser and
Head-Gorden [26], the ~10-20 ps intraband relaxation in the
lower electronic band is interpreted as a transfer of electronic
excitation from bulk to surface states, i.e., as a “surfacing” pro-
cess of bulk excitations that emerge from the n = 2 Rydberg
manifold. The physics of this excitation migration process is cur-
rently under investigation. Taking into account the average size
of the droplets (~40 nm diameter), the apparent mean velocity
of the excitation migration is ~1000-2000 m/s. This value ex-
ceeds estimated “bubble”” migration speeds by about two orders
of magnitude [34] and the speed of sound in bulk liquid helium
at 0.4 K (~240 m/s [49]) by almost one order of magnitude. It
is also significantly higher than the Landau critical velocity in
bulk liquid helium (~60 m/s), which is commonly regarded as
an upper limit for travel speeds of impurities in large *He clus-
ters [34], [50]. The high apparent velocity may indicate that the
excitation transport reported here is facilitated by a mechanism
that has not yet been considered in related work on charge and
energy transport in helium nanodroplets.

We note that the aforedescribed model does not readily pro-
vide an explanation for the high KEs of the ionic fragments that
are assigned to ionization of bulk states. Transfer of vibrational
into translational energy alone cannot account for the highest
observed energies [51]. In the absence of significant vibrational
excitation energies of the droplet environment, it is likely that
the transfer of electronic into translational energy contributes
to the observed KE distributions. This may be facilitated, for

example, by repulsive interaction of the electronically excited
neutral atoms with neighboring atoms and/or by release of en-
ergy gained in electrostrictive compression of the immediate
environment of an ion inside a droplet. The former can, in prin-
ciple, provide energies on the order of the maximum blue shift
of atomic Rydberg states (1-1.6 eV [43]-[46]), the latter has
been estimated by Buchenau ef al. to provide up to 0.5-1.0 eV
[42]. Either of these processes may be accompanied by partial
breakup of the original cluster prior to emission of the final,
detected ionic fragments. The available data do not provide ev-
idence for or against this scenario. The distinction, however,
between surface and bulk excitation and ionization as the root
cause for the observed differences between the Sn filter and the
Al filter results is compatible with both alternatives. Note that
earlier experimental studies have argued for an impulsive frag-
ment ion-emission mechanism based solely on the absence of
a clear signature of evaporative cooling [39]. In contrast, to the
best of our knowledge, this is the first time that the KE provided
by impulsive ion-emission mechanisms in pure helium droplets
is directly quantified. We, therefore, hope that this study stim-
ulates further theoretical work that is urgently needed to gain a
deeper understanding of the relaxation and ionization dynamics
in helium nanodroplets based on an extended set of available
experimental data.

D. Future Plans

The ion measurements presented here clearly indicate strong
variations in the relaxation and ionization dynamics of elec-
tronically excited droplets in the excitation energy range
23.25-24.75 eV. No distinction is made between different ex-
citation energy regimes in [25], leading to the possibility that
more relaxation channels may have contributed than originally
anticipated. In order to gain a more detailed picture of the droplet
de-excitation mechanisms, a new study is in preparation that
concentrates on transient photoelectron spectra and transient
ion KE distributions for excitation energies below 24 eV only.

V. CONCLUSION

A novel ultrafast EUV-pump/IR-probe photoion-imaging
technique is applied to monitor the relaxation dynamics of elec-
tronically excited helium nanodroplets. The structure and the
dynamics of the mass spectra depend critically on the pump
photon energy. Ion mass spectra recorded with pump photon
energies above ~24 eV exhibit rich dynamics and differ sig-
nificantly from ion mass spectra recorded at lower excitation
energies.

The capability to record pump—probe time-resolved ion KE
distributions proves to be instrumental to highlight different
dynamic pathways in the complex relaxation scheme of the
nanodroplets. Two major contributions to the de-excitation dy-
namics are identified: 1) A high KE component that is instantly
populated within the time resolution of the experiment and that
decays with the involvement of three timescales (~0.2-0.3 ps,
~2-3 ps, and ~10-20 ps) and 2) a low KE component that rises
with the involvement of two time scales (few ps and ~10-20 ps).
The asymptotic trends of large and small ionic cluster yields for
pump—probe time delays up to ~100 ps are complementary.
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A model is presented that explains the excitation-energy-
dependent relaxation dynamics by differences between surface
and bulk excitations. The model is supported by recent ab initio
calculations by Closser and Head-Gordon on 25-atom clusters
that indicate that surface and bulk states dominate lower and
higher excitation energy ranges, respectively. An intraband re-
laxation mechanism in the lower electronic band of the droplets
is proposed that proceeds on a ~10-20 ps-time scale and that
corresponds to the transfer of electronic excitation from bulk to
surface states in the Rydberg n = 2 manifold.
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