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ABSTRACT: Ultrafast relaxation of electronically excited pure He
droplets is investigated by femtosecond time-resolved photoelectron
imaging. Droplets are excited by extreme ultraviolet (EUV) pulses with
photon energies below 24 eV. Excited states and relaxation products are
probed by ionization with an infrared (IR) pulse with 1.6 eV photon
energy. An initially excited droplet state decays on a time scale of 220 fs,
leading predominantly to the emission of unaligned 1s3d Rydberg
atoms. In a second relaxation channel, electronically aligned 1s4p
Rydberg atoms are emitted from the droplet within less than 120 fs.
The experimental results are described within a model that approximates electronically excited droplet states by localized, atomic Rydberg
states perturbed by the local droplet environment in which the atom is
embedded. The model suggests that, below 24 eV, EUV excitation
preferentially leads to states that are localized in the surface region of the droplet. Electronically aligned 1s4p Rydberg atoms are
expected to originate from excitations in the outermost surface regions, while nonaligned 1s3d Rydberg atoms emerge from a deeper
surface region with higher local densities. The model is used to simulate the He droplet EUV absorption spectrum in good
agreement with previously reported ﬂuorescence excitation measurements.

1. INTRODUCTION
Helium droplets attract signiﬁcant interest from many scientiﬁc communities owing to their unique properties. Their low
equilibrium temperature (0.37 K1), superﬂuidity,2 and large pickup cross sections make them ideal hosts for ultracold rotational,
vibrational, and electronic spectroscopy of embedded species.36
In these studies, all the He atoms are in their ground state, and
the interactions involving these atoms are very well described by
weak van der Waals forces. In contrast, the stronger interactions
in droplets in which He atoms are electronically excited lead to
novel electronic and nuclear dynamics that thus far are not well
understood. Electronically excited helium droplets have been
studied by several groups using ﬂuorescence emission
spectroscopy,79 photoion10 and photoelectron11,12 spectroscopy, and electronic structure calculations.13,14 Most recently, timeresolved photoelectron15 and photoion16 imaging experiments
using novel femtosecond EUV laser light sources have been
performed. The work by B€unermann et al.16 as well as earlier
experiments employing spectrally resolved ﬂuorescence8 demonstrate that the relaxation dynamics of droplets excited below and
above 24 eV diﬀer dramatically. Here, we examine the dynamics
induced by excitation below this critical energy by carrying out
femtosecond time-resolved photoelectron spectroscopy experiments on large He droplets with ≈2106 atoms, which are excited
at extreme ultraviolet (EUV) photon energies restricted
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below 24 eV. We compare our results to previous work15 in
which a broader pump-photon range was used that extended
signiﬁcantly beyond 24 eV. A quantitative model for electronic
excitations is proposed based on a picture of perturbed Rydberg
states of individual atoms.
The ﬁrst experimental investigation of electronic excitations in
neutral He droplets was carried out by Joppien et al.7 who
detected EUV ﬂuorescence after excitation with synchrotron
radiation. The results revealed two broad excitation bands
centered at about 21.6 and 23.8 eV. A follow-up study that
spectrally resolved the emitted light8 showed that relaxation of
the droplets excited above 23 eV led to emission of Rydberg
atoms and molecules with the fraction of emitted molecules
increasing at larger excitation energies. At energies above 24 eV,
emission from triplet states was observed, suggesting that the
character of the excited states was diﬀerent from those below
24 eV. Photoionization measurements by Fr€ochtenicht et al.10
showed that, above 23 eV, the ﬂuorescence relaxation channel
was complemented by ionization of the droplet leading to the
formation of small ionic fragments (Heþ
N , N e 17) as well as very
large ions (N > 103). This study suggested that, below the
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ionization threshold of atomic He (24.59 eV), the droplets were
ionized indirectly via an autoionization mechanism. This channel
was further investigated by Neumark and co-workers using photoelectron imaging.11,12 They found that photoelectron spectra of He
droplets at excitation energies below the atomic ionization
potential (IP) consisted of a single peak of ultraslow electrons
with average kinetic energies of less than 1 meV. These spectra were
interpreted as evidence for a strong interaction of the photoelectrons with the droplet environment during the autoionization
process. In contrast, the photoelectron spectrum for excitation
energies above the atomic IP was dominated by direct ionization,
with only a small contribution from ultraslow photoelectrons.
To gain a deeper understanding of the electronically excited
droplet states and their relaxation dynamics, real-time studies
have been performed using femtosecond time-resolved photoelectron and photoion imaging spectroscopy.1519 This line of
research has recently been enabled by the development of bright
femtosecond light sources in the EUV photon energy range.2022
These sources are based on high-order harmonic generation,
which partially converts the energy of intense femtosecond
infrared pulses to high harmonics via nonlinear interaction with
gaseous media. Using this capability, He droplets were investigated in a femtosecond pumpprobe experiment in which the
upper band in the droplets was excited by a broad EUV pulse
centered around 23.7 eV and ionized with a 785 nm probe pulse.
The resulting photoelectron images yielded time-dependent
electron kinetic energy and angular distributions,15 which
showed evidence for time-resolved decay of the initially excited
state via emission of He* Rydberg atoms and by interband
relaxation to the lower droplet electronic band at 21.6 eV. Two
time constants were identiﬁed. A faster 280 fs time constant was
associated with an intraband relaxation within the upper electronic band, while a slower 2.8 ps time scale was attributed to the
interband relaxation. The results suggested that the probe pulse
re-excited population from the lower to the upper band, resulting
in up to a 70% enhancement of ultraslow electron emission
compared to single-photon ionization. Another study employing
momentum-resolved photoion detection16 concentrated on differences in photoion mass spectra and kinetic energy distributions
for excitations above and below 24 eV. The results suggested that
illumination of droplets with photon energies below 24 eV leads
predominantly to surface excitations, while at higher energies
electronically excited bulk states become accessible.
From a theoretical perspective, the groups of von Haeften and
Head-Gordon have investigated the electronic structure of He
droplets by ab initio methods for small clusters of 7 atoms13,14
and 25 atoms.14 While the electronic spectra for such small
clusters have not been studied experimentally, ref 14 demonstrates
remarkable agreement between the calculated lower band for
He25 and the experimental band23 for He300.
In this paper, the experimental method of ref 15 is employed
using a Sn ﬁlter in the EUV pump beam to restrict excitation
energies to less than 24 eV. The time-, energy-, and angularresolved photoelectron imaging experiments exhibit clear diﬀerences compared to our previous work that was performed using a
wider range of excitation energies extending beyond the atomic
IP. The decay of the initially excited droplet state population and
the emission dynamics of excited He atoms in 1s4p and 1s3d
Rydberg states are observed in real-time. Based on the present
observations as well as previous experimental8,23 and theoretical14
studies, a model is formulated that describes electronic excitations
of He droplets in the framework of perturbed Rydberg states of
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individual He atoms. This model supports the previous suggestions16 that excited states with energies below 24 eV are primarily
located in the diﬀuse surface region of the droplet rather than
within the droplet interior. The results of the modeling are in
good agreement with experimental observations.7,11

2. EXPERIMENTAL SECTION
The experimental setup is described in detail elsewhere.15
Brieﬂy, helium droplets are produced by expanding 99.9999%
pure helium gas through a 5 μm diameter nozzle at a source
temperature of 13 K and a source pressure of 80 bar, leading to
the formation of droplets with an average size of 2106 atoms.3
A beam of He atoms is obtained by switching oﬀ the cryogenic
cooling and warming up the nozzle to temperatures above 100 K
where condensation of He atoms to droplets becomes negligible.
Infrared (IR) light is produced by a two-stage ampliﬁed Ti:
sapphire laser system (KMLabs Red Dragon), which generates
25 fs pulses (fwhm) with a central wavelength of 775 nm at a
repetition rate of 3 kHz. The output is split by a wedged fused
silica window into an intense transmitted beam (≈2 mJ pulse
energy) that drives the high-order harmonic light source and a
weaker probe beam with ≈1 μJ pulse energy at the interaction
volume. The intense beam is focused into a gas cell ﬁlled with Kr
at a stagnation pressure of 4 Torr to produce high-harmonic
(HH) radiation. The EUV beam is reﬂected by a pair of Si
mirrors that are positioned at Brewster’s angle for 775 nm light,
and passes through a thin metal ﬁlter. This setup removes the
fundamental IR light used for the HH generation (HHG) from
the EUV beam.24
The time delay between the HH pump pulse and the IR probe
pulse is controlled by routing the probe beam through a retroreﬂector mounted on a computer-controlled linear translation
stage. The probe beam is reﬂected by an annular mirror and
recombined with the pump beam that passes through the center
hole of the same mirror. Both beams are focused by a curved
multilayer mirror and intersect the helium droplet beam in the
center of a velocity map imaging (VMI) spectrometer. The
multilayer mirror is optimized to reﬂect the 15th harmonic
(24.5 ( 1.5 eV), but has non-negligible reﬂectance for higher
order harmonics.
In the present work, a 200 nm thick Sn ﬁlter is used, which has
a transmission window between 15.5 and 24 eV with a maximum
transmission of 10%.25 This photon energy range is much
narrower than in our previous work,15 where a 100 nm thick
Al ﬁlter transmitted HH light up to 38 eV. The resulting EUV
spectrum of the pump pulse is centered at 23.6 eV before the
multilayer mirror and has a full width at half-maximum (fwhm) of
0.4 eV.16 The upper limits for ﬂuence of the pump- and probebeams in the interaction volume are estimated to 0.2 mJ/cm2 and
250 mJ/cm2, respectively. The full-width-at-half-maximum (fwhm)
of the cross-correlation signal between the pump and probe
pulses is 120 fs.
The polarization of the laser light is perpendicular to the VMI
spectrometer axis. Photoelectrons are extracted using an electric
ﬁeld of about 1 kV/cm and imaged onto a detector that consists
of two microchannel plates (MCPs) and a phosphor screen. This
setup provides both kinetic energy spectra and angular distributions of the emitted electrons. The VMI images represent the
Abel transform of the 3D velocity distributions of emitted
electrons.26 The original velocity distributions are recovered by
carrying out an inverse Abel transformation. In this work a
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Figure 1. Photoelectron velocity map images for He droplets with ÆNæ = 2  106 (top row) and He atoms (bottom row) for several pumpprobe
time delays. Diﬀerences between images for pumpþprobe and pump-only measurements are plotted, except for the images at the negative time delay
of 250 fs, where pump-only images are shown. The white arrows indicate the polarization of the pump and probe pulses.

modiﬁed version of the BASEX method27 is used to invert the
images. The modiﬁcation consists of replacing the Tikhonov
regularization27,28 procedure with a non-negative minimum
least-squares regression,29 which insures that only non-negative
distributions are produced. This procedure helps to reduce noise
for images recorded over short integration times by applying the
physical non-negativity constraint.
Data collection is performed by an automated data acquisition system that records VMI images with (“pumpþprobe”)
and without (“pump-only”) the probe pulse for every time
delay of a scan. The delay step width is 100 fs for scans
spanning a range of 10 ps and 25 fs for scans spanning a range
of 1 ps. For each measurement, the sequence of time steps is
repeated several times in opposite scan directions to minimize
the impact of long-term drifts in the experimental setup.

3. RESULTS
3.1. Overview. Figure 1 shows raw photoelectron images for
He droplets (top row) and He atoms (bottom row) for several
time delays between the EUV pump and the IR probe pulses.
Photoelectrons at larger radii correspond to higher electron
kinetic energy. The polarization of both the pump and probe
pulses are vertical. The negative time-delay of 250 fs
corresponds to a “pump-only” image, because the probe pulse
does not interact with ground-state droplets or atoms. For
positive time delays, the difference between the pumpþprobe
signals and the pump-only signals is plotted, thus, the images
comprise photoelectron signals resulting from ionization by
the IR probe pulse of transient neutral excited states created
by the pump pulse or, at later times, the decay products from
these states.
The results for He atoms in Figure 1 are well-understood:30
the EUV pump pulse excites the 1s4p Rydberg state at 23.74 eV,
which is subsequently ionized by the IR probe pulse. The resulting photoelectron angular distributions (PADs) are strongly
anisotropic.
The droplet data in Figure 1 exhibit more complex dynamics.
At 250 fs, only a central point-like feature corresponding to
near zero electron kinetic energy (ZEKE) electrons is observed,
closely resembling the results of the synchrotron-based
experiments.11 At short time delays, photoelectron emission is

mainly concentrated in a broad isotropic ring, while the ZEKE
signal is depleted. With increasing pumpprobe delay, the
intensity of the broad isotropic ring decreases, leaving a narrow
anisotropic distribution at large radii similar to that observed for
He atoms. For pumpprobe delays beyond 500 fs, an anisotropic
distribution appears at smaller radii, partly overlapping with the
ZEKE peak. The ZEKE signal increases beyond its pump-only
value for time delays beyond 500 fs. Hence, the images show that
one droplet relaxation channel involves emission of He*(1s4p)
Rydberg atoms, but there is also a lower energy electron signal
that is not seen in the atomic images.
An inverse Abel transform of the raw VMI images followed by
integration over all emission angles leads to the photoelectron
energy distributions shown in Figure 2a as a function of
pumpprobe
time delay. The distributions are plotted on a
√
E scale, which is proportional to the electron velocity, to make
the slow electron features more visible. Figure 2b shows photoelectron spectra at selected time delays. The energy distribution
at zero time delay is shown as a dark gray shaded area. The dashed
curve represents the distribution at 0.2 ps delay. The kinetic
energy distribution remains relatively unchanged for delay times
longer than 5 ps. Hence, for improved statistics, the solid curve in
Figure 2b is derived by averaging the spectra of Figure 2a from 5
to 9 ps. The light gray shaded area shows the kinetic energy
distribution of photoelectrons produced by two-photon
(EUVþIR) ionization of He atoms. All curves for He droplets
are plotted on a common scale so that the intensities of features
recorded at diﬀerent time delays can be quantitatively compared.
The curve for He atoms is scaled to match the solid curve at a
kinetic energy of 0.76 eV.
In Figure 2b, the three main features of the spectrum are
marked as “A”, “B”, and “ZEKE” for ease of reference. In the
following, the dynamics of the three features are analyzed in
detail. It is shown that feature A has two contributions: an
anisotropic contribution with PADs similar to those of He atoms,
which instantly rises and remains constant, and an isotropic
contribution, which decays on a time scale of 220 fs. Feature B is
characterized by a 200 fs rise time and has an anisotropic PAD.
The ZEKE feature is depleted at zero time delay, but quickly
recovers and continues growing over a time scale of 1.5 ps.
3.2. Dynamics of Feature A. Figure 2b shows that at zero time
delay (dark gray), feature A is broad with a fwhm of 0.45 eV. At a
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Figure 3. Time dependence of anisotropy parameters β2 (solid) and β4
(circles) for feature A. Arrows indicate experimentally determined values
at
of anisotropy parameters βat
2 = 3.02 and β4 = 1.64 for ionization of He
1s4p Rydberg atoms with 800 nm radiation.30

Figure 2b as a double arrow. For each pumpprobe delay,
the PAD of feature A is ﬁt to the standard expression for twophoton ionization:31,32
I ¼

Figure 2. (a) Time-dependent
√ kinetic energy distributions of
photoelectrons plotted on a E scale. (b) Photoelectron kinetic
energy distributions at zero time delay (dark gray area), at 0.2 ps
time delay (dashed) and at time delays longer than 5 ps (solid,
averaged over 59 ps). The spectra are normalized to the maximum
of the solid curve. The light gray shaded area shows a distribution
for two-photon EUVþIR ionization of He atoms normalized to the
maximum of feature A at 5 ps. Double arrows indicate energy ranges
used in the analysis of transient behavior of features A, B, and ZEKE
(see text).

small positive time delay of 0.2 ps (dashed), the spectrum in this
region is more structured with a narrow (fwhm = 0.15 eV) peak at
0.76 eV on top of a broad pedestal that stretches over the entire
spectrum and overlaps with feature B. For longer time delays
beyond 45 ps, the broad part disappears, leaving only the
narrow peak (solid line) that corresponds to ionization of the
1s4p Rydberg states of He atoms by the 1.6 eV probe pulse (light
shaded area). Figure 2 shows that the kinetic energy distributions
for delays below ≈1.5 ps extend to high kinetic energies beyond
those observed for ionization of He atoms.
To obtain further insight into the dynamics of the electron
signals contained in feature A, the associated PADs are
analyzed. For improved statistics, the velocity maps are
integrated over the energy range from 0.58 to 0.91 eV
covering the maximum of feature A. This range is shown in

σ
ð1 þ β2 P2 ðcos θÞ þ β4 P4 ðcos θÞÞ
4π

ð1Þ

where σ is the relative ionization cross section, P 2 and P 4 are
the Legendre polynomials of second and fourth order,
respectively, and β2 and β 4 are the anisotropy parameters
of the PAD. In the least-squares ﬁt, σ, β2 , and β 4 are treated
as free parameters. The resulting values of the anisotropy
parameters β2 and β 4 are plotted in Figure 3 as a function of
the delay. At small delays, they are close to zero, corresponding to the isotropic emission shown in Figure 1 (0 fs). Both
values increase over time, reaching their respective maxima
of β2 = 2.4 and β4 = 1.3 by about 1.5 ps and remaining
constant for longer time delays within the scatter of the data
points.
Remarkably, the asymptotic ratio β2/β4 = 1.85 is equal to the
at
ratio of the anisotropy parameters βat
2 = 3.02 and β4 = 1.64 for
two-photon ionization of He atoms via the 1s4p state.30 The
evolution from an initially isotropic (β2 ≈ β4 ≈ 0) to an
asymptotically anisotropic PAD marked by an atomic-like ratio
of the anisotropy parameters can be modeled by describing
feature A as a sum of two independent contributions with timedependent intensities. The ﬁrst contribution corresponds to
photoemission from droplet excited states and is assumed to
have an isotropic PAD. The second contribution corresponds
to two-photon ionization of free He atoms. This sum is
expressed as
I ¼

σ dr σat
þ ð1 þ βat2 P2 ðcos θÞ þ βat4 P4 ðcos θÞÞ
4π 4π

ð2Þ

where σdr and σat are cross sections for two-photon ionization of
at
droplets and atoms, respectively, and βat
2 and β4 are the atomic
30
PAD anisotropy parameters.
Comparing the experimentally derived anisotropy parameters according to eq 1 with the PAD modeling according
to eq 2, the intensities of the atomic and droplet contributions
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dx.doi.org/10.1021/jp2004216 |J. Phys. Chem. A 2011, 115, 7891–7900

The Journal of Physical Chemistry A

ARTICLE

Figure 4. Time dependence of the atomic σat (solid line and circles)
and droplet σdr (dashed) contributions to the signal of feature A. The
partial cross sections σat,dr are calculated by separating the timedependent PADs of feature A into an isotropic (σdr) and an anisotropic
(σat) component according to eq 3.

Figure 5. Time dependence of feature B (solid) and an exponential ﬁt
function (dashed).

can then be obtained as
σ at ¼ σ

β2
β4
at ¼ σ at ,
β2
β4

σ dr ¼ σ  σat

ð3Þ

Figure 4 shows the resulting temporal behavior of the two
contributions. The isotropic part σdr rises instantly within the
apparatus function and decays with a time constant of about
220 fs. These dynamics suggest that it is associated with the
initially excited state of the He droplet. The atomic contribution
σat appears within the time resolution of the experimental setup
(120 fs) and remains constant for all positive time delays.
According to eq 3, the atomic contribution can be calculated
using either the β2 or the β4 anisotropy parameters. The results
of both calculations are shown in Figure 4 as a solid line and as
circles. The agreement between the two curves conﬁrms that the
at
ratio βat
2 /β4 of the PAD of the feature A corresponds to the ratio
β2/β4 of the PAD of atomic 1s4p ionization for all pumpprobe
time delays (eq 3). This supports the assumption that the
anisotropic component of feature A originates from the ionization
of orbitally aligned 1s4p atoms; the electronic alignment produced
by the linearly polarized pump pulse is apparently retained.
3.3. Dynamics of Feature B. Feature B of Figure 2b appears at
low photoelectron energies that approximately correspond to
ionization of the 1s3p and 1s3d Rydberg states of He atoms. Its
transient intensity is shown in Figure 5 after integration over the
photoelectron kinetic energy range from 25 to 210 meV (indicated
by the double arrow in Figure 2b). The signal quickly rises and
remains constant for time delays up to 9 ps. The corresponding fit
curve is shown in Figure 5 as a dashed line. A small depletion of the
signal near zero time delay might be caused by the overlap between
feature B and the tail of the ZEKE distribution; however, coherent
artifacts can also influence this region and might cause the
depletion. The rise time of feature B is about 200 fs, essentially
the same as the 220 fs decay time of the isotropic part of feature A
discussed in the previous section. This agreement suggests that
feature B is a decay product of the transient droplet excited state
associated with the isotropic component of feature A.
Transient angular anisotropy parameters of feature B are
obtained using eq 1 and are plotted in Figure 6. Below 100 fs, the

Figure 6. Time dependence of anisotropy parameters β2 (solid) and β4
(circles) for feature B. The inset shows the anisotropic PAD of feature B
at 9 ps time delay with the corresponding ﬁt to eq 1.

signal of feature B is too small to extract the anisotropy
parameters reliably and, therefore, these data points are omitted
from the plot. We ﬁnd that β4 is equal to zero for all delays within
the scatter of the data points, while β2 is essentially constant, with
a value of about 0.75. A vanishing β4 parameter occurs when the
probe pulse ionizes an unaligned target, that is, the alignment of
electronic orbitals that is induced in the excitation step is not
apparent in the ionized products associated with feature B. To clarify
the character of the relaxation products, the measured β2 value is
compared to theoretical predictions of PADs from unaligned 1s3p
and 1s3d states of He atoms. Following Bethe, Cooper, and
Zare,33,34 the anisotropy parameter β2 can be expressed through
the radial matrix elements and scattering phase shifts of the partial
waves that describe the emitted photoelectron after ionization of
atomic 1s3p or 1s3d states. The radial matrix elements and
scattering phase shifts are calculated in the range of photon energies
from 1.5 to 3.7 eV by numerical integration of the two-electron
Schr€odinger equation in a single active electron approximation.
They are then used to calculate the anisotropy parameters β2 and
the results are plotted in Figure 7. For the current experiment, the
7895
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Figure 7. Photon energy dependence of the β2 anisotropy parameter
for one-photon ionization of unaligned 1s3p (solid) and 1s3d (dashed)
Rydberg states of He atoms. The ﬁlled square shows the experimental
value for He droplets (present work). The ﬁlled diamond shows the
experimental value for the 1s3p state of He atoms.30.

values of interest are at the ionization photon energy of 1.6 eV (IR
photon energy). The value for photoemission from unaligned 1s3p
atoms can also directly be derived from the experimental results of
ref 30. This value is shown in Figure 7 as a ﬁlled diamond and is in
very good agreement with the calculation.
The experimentally observed value of β2 = 0.75 is shown in
Figure 7 as a ﬁlled square with the error bars determined from the
scatter of points in Figure 6. The value is lower than both the
anisotropy parameter for the 1s3d state, β2 = 1.1, and for the 1s3p
state, β2 = 1.75. However, it is signiﬁcantly closer to the value of
the 1s3d state, suggesting that feature B originates predominantly
from ionization of atoms emitted from He droplets in an
unaligned 1s3d Rydberg state.
3.4. Dynamics of ZEKE Electrons. To probe the dynamics of
the ZEKE electrons, the photoelectron distributions are integrated over the range of energies from 0 to 10 meV (shown by an
arrow in Figure 2b) and over all emission angles. The resulting
transient behavior is shown in Figure 8 as a ratio between the
pumpþprobe and pump-only signals.
At zero time delay, when the pump and probe pulses overlap,
the signal is reduced by about 15% compared to the pump-only
intensity. It recovers by 200 fs and eventually overshoots the
pump-only value by up to 45%. The transient can be well described
by two exponentially rising components, while one exponentially
rising component fails to describe the trend (see inset in Figure 8).
The time constants of the two components are estimated to be
about 200 fs and 1.5 ps, although the scatter of the data points
limits the precision of this estimate to about (30%.
3.5. Comparison with Previous Measurements. The timedependent photoelectron kinetic energy distributions of the present
experiments have four distinct features. (i) The isotropic part of
feature A decays on a time scale of 220 fs and is linked to the states
initially excited by the EUV pulse. (ii) The anisotropic part of feature
A rises very fast (within the experimental resolution) and remains
constant for the whole range of scanned time delays (9 ps). The
PAD of this channel is the same as that of free He atoms. (iii)
Feature B has an anisotropic PAD and rises within 200 fs. (iv) The
ZEKE signal is depleted at zero time delay, recovers in about 200 fs,
and continues to rise with two time scales of 200 fs and 1.5 ps.
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Figure 8. Time dependence of the ZEKE feature (solid) and a twoexponential ﬁt function (dashed). The inset shows the result of a high
resolution measurement in the vicinity of zero time delay. A one
exponential ﬁt function (dotted) fails to describe the depletion and
recovery of the ZEKE signal.

The results of the present study diﬀer from those previously
reported with the same apparatus15 owing to the Sn ﬁlter used
here, which resulted in a spectrally narrower pump pulse that is cut
oﬀ above 24 eV. The PADs of the previous work also exhibited an
energetically broad, isotropic component. The decay of this
component, however, was accompanied by the emergence of
two anisotropic rings, which were identiﬁed as contributions from
ionization of 1s4p and 1s5p Rydberg states of He atoms. Under the
conditions used here, the 1s5p state at 24.05 eV cannot be excited
as illustrated by the atomic images in Figure 1.
The general shapes of the transients are similar in the two
experiments, but the time scales are diﬀerent. In the previous
work, the decay of the broad isotropic distribution associated
with initially excited droplet states was marked by two time scales
on the order of 280 fs and 2.8 ps. Here, only the short time scale
of 220 fs is observed.
A signal similar to that of feature B also appeared in the
previous results, albeit it was much weaker than other observed
contributions and its anisotropy or transient behavior could not
be extracted reliably.
The dynamic trends of the ZEKE electron signal are similar in
both experiments, but the extent of the signal variations and the
time scales diﬀer quantitatively. The magnitude of the overshoot
in the previous study was 70% compared to 45% observed here.
The rise time in both cases can be described by two time
constants: 140 fs and 2.5 ps seen previously and 200 fs and
1.5 ps reported here. The diﬀerence between the fast time scales
is not signiﬁcant within the experimental uncertainty, but the
diﬀerence between 1.5 and 2.5 ps is signiﬁcant.

4. PERTURBED RYDBERG STATES MODEL OF He DROPLET EXCITATIONS
The diﬀerences between the dynamics recorded with diﬀerent
EUV ﬁlter materials must arise from the diﬀerent pump pulse
spectra used in the two experiments. The results of a recent
femtosecond EUV-pump IR-probe photoion imaging study have
been interpreted as an indication that, within the electronic band
7896
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centered around 23.8 eV, excitation below 24 eV leads predominantly to surface states while excitations above this value may
also access bulk states.16 In this section, a simple model is
formulated that quantitatively supports this assertion based on
a description of excited droplet states in terms of atomic Rydberg
states perturbed by the He droplet environment.
The model is based on a single-electron picture of an excitation
localized on one He atom and a mean-ﬁeld eﬀect of other He atoms
surrounding it. The excited atom is assumed to be in a spherical
cavity with a radius rnn equal to a distance to the nearest neighboring
atom in the droplet. This approach is in many respects similar to the
one taken by Dobrosavljevic et al. to describe the electronic structure
of molecules dissolved in a hard-sphere liquid.35 The rnn distribution
is peaked at about 3 Å in neutral helium clusters.12 The potential for
a Rydberg electron is modeled by the sum of the Coulomb potential
of a hydrogen-like ion and a repulsive potential, which represents the
eﬀect of the surrounding He atoms:
1
r , RÞΘðr  rnn Þ
V ¼  þ V0 ð B
r

ð4Þ

where Br is the radius vector of the electron referenced to the ion,
Θ(r) is the Heaviside step function, and V0(r
B,R) is the eﬀective
repulsive potential imposed by the droplet environment for the
excitation located at a distance R from the center of the droplet. The
presence of the ion is assumed to have no inﬂuence on the
interaction between the electron and the surrounding neutral He
atoms, eﬀectively leading to an approximation of the potential V0 by
that of a free electron in liquid He. The latter has been previously
determined to ≈1 eV (0.037 au) in bulk helium,36,37 and indications
for a similar potential in helium nanodroplets have been recorded.38
Diﬀerent local densities F in the surface region of the droplet are
modeled by varying the value of V0 between 0.037 au (bulk limit)
and 0 (free atom limit): V0(Br ,R) = 0.037  (F(Br ,R)/Fbulk), where
Fbulk = 22 nm3. Experiments at variable densities of liquid
He support this linear scaling.37 Thus, taking into account the
expression for the droplet density proﬁle of Harms et al.,39 the
repulsive potential is expressed as



1
r cos θ þ R  R0
r , RÞ ¼ 0:037  1  tanh 2
V0 ð B
2
γ
ð5Þ
where θ is the angle between the vectors Br and R
B, R0 is the
radius of the droplet, and γ ≈ 5 Å is the parameter deﬁning the
thickness of the droplet surface region.39 The dependence on θ
in eq 5 reﬂects the fact that near the surface the droplet density
is anisotropic. A section of the model potential is shown in the
inset of Figure 9.
The Schr€odinger equation is solved by diagonalizing the
model Hamiltonian within a basis of hydrogenic Rydberg states.
We approximate the helium Rydberg wave functions by hydrogen wave functions, but use the literature values for their
energies.40 The cylindrically symmetric repulsive part of the
potential lifts the degeneracy of the levels within Rydberg state
manifolds with the same principal quantum number n and mixes
states with diﬀerent orbital quantum numbers l , but the same
magnetic quantum number m. In the vicinity of the droplet
surface, the n = 3 manifold is split into 6 levels and the n = 4
manifold is split into 10 levels. In the bulk, where the density is
approximately constant, the problem is spherically symmetric
and the splitting reduces to 3 and 4 levels, respectively.

Figure 9. Energies of perturbed Rydberg state manifolds for the principal
quantum numbers n = 3 (black) and n = 4 (red) calculated for the value
rnn = 3 Å. The gray band indicates the spectral intensity proﬁle of the
EUV pulse centered at 23.6 eV. The black arrows mark positions of
the n = 3 and n = 4 levels of isolated He atoms. The dashed blue curve is
the helium droplet density proﬁle plotted for comparison. The inset shows
the shape of the model potential used in the calculations.

Energies of perturbed n = 3 and n = 4 states are plotted in
Figure 9 as functions of the location of the excitation with respect
to the droplet surface. The zero of the abscissa corresponds to the
position of the equimolar surface. This surface is deﬁned as the
boundary of a virtual hard sphere with a uniform density equal to
the droplet bulk density, which contains the same total number of
atoms as the droplet. For helium droplets,39 it closely corresponds
to the radius, at which the local density is 50% of the bulk value.
The blue-shifts that result from this model for Rydberg states
in the bulk limit are on the order of the maximum repulsive potential
of 1 eV. In the surface region, the energy of the n = 4 states
changes from 23.74 (unperturbed) to 24.7 eV (bulk limit). The
pump photon energy shown by the gray shaded band restricts
excitation within the n = 4 Ry manifold to very weakly perturbed
atoms. The n = 3 manifold changes in energy from 23.09 eV at
zero density to almost 24 eV in the bulk limit. The spectral range
containing 90% of the pump pulse energy leads to excitations of
the n = 3 band in the surface region, where the local density varies
between 10 and 85% of the bulk density. The radial range, where
the excitation predominantly localizes, is estimated to extend
from 7 to þ5 Å relative to the equimolar surface. Thus, the
photon energy is mostly insuﬃcient to excite the perturbed
Rydberg states of this band within the droplet interior, which
supports the assertion that below 24 eV the excitation is
predominantly localized in the surface region of the droplet.
Using this model, one can calculate the absorption bands of
He droplets arising from Rydberg states of the n = 24 manifolds.
It is assumed that the excitation is localized on a random atom in
the droplet. For each possible location, the energy of the
perturbed Rydberg state depends on the parameters of the
model: the nearest-neighbor distance rnn and the local density
F. Because droplets are liquid and have a diﬀuse surface, these
parameters vary for diﬀerent locations. The local environment of
excited atoms is modeled taking into account the following
properties of He droplets:
(i) Local densities F depend on density proﬁles of He droplets,
which in turn depend on the droplet size. Here the proﬁles are
modeled according to the measurements of Harms and coworkers39 and a log-normal droplet size distribution is applied
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Figure 10. Comparison of ﬂuorescence excitation spectrum7 (solid,
black) and total photoelectron yield11 (shaded area) with excitation
bands based on perturbed 1s2s (magenta), 1s2p, n = 3, and n = 4 (all red)
Rydberg states. The intensities of the bands are arbitrarily scaled to aid
comparison. Arrows mark the positions of atomic excitation energies.

with a mean value of 2  106 atoms3,41 per droplet. The width
of the log-normal distribution is taken to be maximal.42
(ii) The radius of the cavity rnn is approximated by the
nearest-neighbor distribution calculated by Peterka et al.12
with a mean value of 3 Å and fwhm of about 1 Å. The use
of the nearest-neighbor distribution provides an upper
bound on the perturbed Rydberg state energies.
(iii) Rydberg electrons experience repulsive interaction not
uniformly, but in a number of localized spots, where
surrounding He atoms are located. This means that
variations of local density outside of the cavity (i.e.,
variations of the number of involved atoms) results in
proportional variations of the repulsive potential V0.
These variations lead to a large inhomogeneous broadening of the excitation bands and are taken into account
in the calculation. An estimate of the local density
variations is given in the Appendix.
The resulting absorption spectrum is shown in Figure 10 and
is compared to the ﬂuorescence excitation spectrum of Joppien
and co-workers7 and the total electron yield spectrum of Peterka
et al.,11 both recorded with ÆNæ = 104 atom clusters. Joppien et al.
also published a spectrum for 106 atom clusters but pointed out
that it is distorted by saturation eﬀects and suggested that the
spectrum for 104 atom clusters is a better approximation for
absorption in large droplets and bulk He. The current level of
calculations does not provide information on relative oscillator
strengths of the electronic states. Therefore, all bands are
arbitrarily scaled to aid comparison with the experimental data.
The overall agreement between the calculated and the measured absorption spectra in Figure 10 is remarkable. The model
reproduces the position of the 1s2s band and the major portion
of the 1s2p band. The maximum position and the high energy
slope of the upper band at 23.8 eV are well reproduced, too.

5. DISCUSSION
The analysis of section 4 indicates that, under the conditions
of this experiment, at an excitation energy of 23.6 eV with a fwhm
of 0.4 eV, electronic excitation of the droplet occurs primarily in
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the diﬀuse surface region of the droplet. As shown in Figure 9, the
excitation of the n = 4 band mostly occurs in the outer regions
away from the equimolar surface, where the states are weakly
perturbed. The more strongly perturbed n = 3 band is excited
deeper in the droplet surface region. This picture can be used to
explain many aspects of our results, as it appears that relaxation
pathways depend on the location of the initial excitation with
respect to the surface of the droplet.
We ﬁrst consider the anisotropic contribution of feature A,
which corresponds to photoionization of aligned 1s4p Rydberg
atoms. From Figure 4, this signal appears faster than the time
resolution of the current experiment. The fast appearance time and
the preservation of orbital alignment suggest that this contribution
originates from atoms excited at the outer surface layer of He
droplets, which have nearly unperturbed Rydberg states energies
of the n = 4 manifold. The only states, which would be excited in
this case are the 1s4p states, which have prevailing oscillator
strength. The emission of these atoms proceeds on a sub-100 fs time
scale and the interaction with the droplet is not suﬃcient to
modify the alignment of the electronic orbital induced by the
excitation pulse. Experiments with improved time resolution are
required to identify the relevant rates of emission of these
Rydberg atoms. We note that major contributions to the 1s4p
pumpprobe signal from residual atomic helium gas are ruled
out by the results of a complementary ion imaging study; a
corresponding manuscript is currently in preparation.
The instant rise of the isotropic component of feature A at
zero time delay suggests that it arises from IR ionization of states
initially populated by the EUV pulse (dark gray area in
Figure 2b). Its fwhm of 0.45 eV roughly corresponds to that of
a convolution of the pump (0.4 eV) and probe (0.15 eV) pulses.
This signal decays with a time constant of 220 fs. Based on the
results of Figure 9, this component is assigned to excitation of the
surface part of the band emerging from perturbed n = 3 Rydberg
states. This picture is consistent with the isotropic PAD of this
component because photoelectrons emerging from the (inner)
surface region of the droplet are expected to be subject to
signiﬁcant scattering on surrounding helium atoms.
The ≈200 fs rise time of feature B in Figure 5 is consistent with
the ≈220 fs decay time of the isotropic part of feature A. Feature
B is energetically compatible with the ionization of either the
1s3p or the 1s3d Rydberg state of He* atoms. The analysis in
section 3.3 attributes feature B primarily to unaligned He*(1s3d)
atoms based on the PAD of this feature. Hence, it appears that
these atoms are a decay product of the droplet states that emerge
from perturbed atomic n = 3 Rydberg states and that are responsible
for the isotropic component of feature A.
Our assignment is consistent with the spectrally resolved
ﬂuorescence measurements of von Haeften et al. who found that
the most intense signals are associated with 1s3d f 1s2p
transitions subsequent to droplet excitation at 23.1 eV. It is likely
that, in both experiments, excitation of droplet states that emerge
from the atomic n = 3 manifold leads predominantly to ejection
of 1s3d Rydberg atoms with no obvious electronic alignment in
the laboratory frame. These dynamics would have to occur within
≈200 fs of the excitation pulse. Note that the radiative life times
of atomic helium Rydberg states with principal quantum numbers n = 3, 4 are on the order of 1.73.9 ns and, therefore, have
no impact on the subpicosecond dynamics discussed here.43,44
While the droplet excited state can also decay via emission of
He*(1s3s), this state has an energy of 22.920 eV and cannot be
ionized by the IR pulse in our experiment. However, the previous
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ﬂuorescence study8 showed relatively little signal from transitions involving the 1s3s state.
The analysis in section 4 also provides a rationalization for
the diﬀering results here compared to ref 15, as summarized in
section 3.5. The higher photon energy range in that work not
only accesses states at the droplet surface that decay by prompt
ejection of He*(1s5p), but can also excite n = 4 and n = 3 states
deeper within the droplet. Hence, for example, the longer decay
of 2.8 ps seen in ref 15, but not in the current study, most likely
reﬂects the diﬀering electronic character of the initially excited
states in the two experiments.
The interband relaxation channel discussed in ref 15 is also
observed for the excitation regime of the present experiment via
dynamics of the ultraslow ZEKE electrons shown in Figure 8. It is
described by a re-excitation picture, in which the probe pulse
transfers population from the lower band back into the upper
band. This mechanism results in an additional production of
ultraslow electrons leading to the overshoot in Figure 8
(correspondingly, in Figure 6a of ref 15). In agreement with
the previous results, the ZEKE signal in the present experiment
overshoots its pump-only intensity at large delays. Because the
overshoot constitutes up to 45%, signiﬁcant population must
relax to the lower electronic band in the vicinity of 21.6 eV.
The present and the previously published results diﬀer in the
magnitude of the overshoot and the time constants of the
transients. While in the case of the Al ﬁlter measurements a
70% overshoot of the ZEKE signal was observed, here the
overshoot is only 45%. The rise time of the overshoot is 1.5 ps
compared to the 2.5 ps reported earlier. A shorter relaxation time
and a smaller population of the lower band in the present
experiment (expressed in the magnitude of ZEKE overshoot)
suggest competition of bulk and surface relaxation channels.

6. CONCLUSIONS
Time-resolved pumpprobe photoionization experiments of
large He droplets are carried out using a femtosecond HHGbased light source. The EUV pump spectrum is ﬁltered by a Sn
ﬁlter to limit the excitation energies to less than 24 eV. Experimental results demonstrate relaxation of the initial excitation on a
time scale of 220 fs, leading either to emission of unaligned 1s3d
Rydberg atoms or to states at the bottom of the upper droplet
band that subsequently decay via interband relaxation to the
lower electronic band. Aligned 1s4p Rydberg atoms emerge
within the time resolution of the experiment (120 fs). Enhanced
emission of ultraslow electrons is observed similar to previous
experiments,15 albeit at a shorter time scale of 1.5 ps.
Based on a model of perturbed atomic Rydberg states,
excitation below 24 eV is proposed to be predominantly localized
in the surface region of the He droplet. It is suggested that the
relaxation dynamics depend on the position of the initial excitation. Atoms excited in the outermost region of the droplet are
relatively unperturbed by the droplet and are emitted in an
aligned 1s4p Rydberg state. Excitations localized deeper in the
droplet surface lead partially to emission of the unaligned 1s3d
Rydberg states and partially to interband relaxation or emission
of ultraslow ZEKE electrons. The results of the modeling suggest
that, at photon energies above 24 eV,15 excitations are preferentially localized in the bulk of He droplets leading to diﬀerent
relaxation dynamics. The model of perturbed atomic Rydberg
states is used to simulate the absorption spectrum of the droplet.
The results are in remarkable agreement with experimental
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observations7,11 and suggest that a large fraction of the upper
excitation band of He droplets can be assigned to a combination
of perturbed atomic n = 3 and n = 4 Rydberg manifolds. The
achievements of this simple model are encouraging for an
extended modeling of the electronic structure and dynamics of
He droplets on the basis of perturbed Rydberg states. We expect
that the inclusion of anisotropy eﬀects and hole delocalization
will capture details of the experimental results that are currently
not included in the theoretical description. The concept of
distinguishing surface and bulk excitations in pure helium
droplets has very recently been discussed in the work of von
Haeften and co-workers.9

’ APPENDIX
Local density ﬂuctuations can be estimated using a model,
which represents interaction of the Rydberg electron with neutral
atoms as delta-functions. Assume that the Rydberg electron is
described by a spatially localized normalized wave function Ψ(r),
which is fully contained in a large volume Ω. Further assume that
the volume Ω contains N randomly distributed He atoms such
that N/Ω = F, the local density. A part of potential energy of the
Rydberg electron, related to repulsive interaction with He atoms,
can be expressed via a sum of individual potentials:
V ¼R

∑N jΨðrN Þj2

ð6Þ

where rN are positions of the He atoms and R is the coeﬃcient of
proportionality between the repulsive contribution of one atom
and the electron density. If positions of all He atoms are completely
random and uncorrelated, then the value of the repulsive potential
averaged over all possible conﬁgurations of He atoms is expressed
via the N-fold integral of the Rydberg electron wave function
ÆV æ ¼ R

∑N Ω ¼ RΩ ¼ RF
N

1

ð7Þ

Since the average potential in the bulk He is equal to 1 eV, R =
1 eV/Fbulk.
The variation of the local density can be calculated by using
the conventional formula for dispersion D(V) of a random
variable V:
DðV Þ ¼ ÆV 2 æ  ÆV æ2

ð8Þ

where Æ 3 æ means averaging over random uncorrelated positions
of all He atoms. Using the deﬁnition of the repulsive potential,
the dispersion is expressed as
*
!2 +

∑N jΨðrN Þj2

DðV Þ ¼ ÆV 2 æ  ÆV æ2 ¼ R2
¼ R2

 R2 F2

∑ ÆjΨðrN Þj2 jΨðrM Þj2 æ  R2 F2

N, M

¼R

2



∑

1
2þ
N 6¼ M Ω

∑N ÆjΨðrN Þj æ  F

NðN  1Þ N
þ
Ω
Ω2
Z
 R2 F jΨðrÞj4 dr
¼ R2

4

!

2



Z

jΨðrÞj4 dr  F2

ð9Þ

The last equality is essentially exact if the inﬁnite volume Ω
is taken.
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Therefore, the variation of the local density can be expressed
via the integral of the fourth power of the wave function. In the
calculation of the absorption bands, the variation of the local
repulsive potential is approximated by a Gaussian distribution with
the dispersion D(V).
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