Three dimensional molecular alignment inside helium nanodroplets
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Synopsis Three-dimensional laser-induced molecular alignment has been demonstrated at a high repetition rate for molecules doped into helium nanodroplets. The cold environment leads to better alignment than can be obtained in an isolated
environment.
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We demonstrate that three-dimensional spatial
alignment of molecules embedded in helium nanodroplets can be achieved using nonresonant elliptically polarized 160 ps laser pulses at a 1 kHz repetition rate. Using Coulomb explosion imaging, the 3D
confinement of 3,5-dichloroiodobenzene in helium
droplets is compared to that of isolated molecules.
Ion-ion covariance mapping reveals that the primary
differences in the observed Coulomb explosion ion
images are due to scattering off of helium atoms inside the droplet. When this non-axial recoil is taken
into account, we find that a higher degree of 3D
alignment can be obtained inside the droplets than in
the isolated environment.
The 3D alignment follows the alignment laser
pulse adiabatically in the gaseous environment, however in the helium environment a delayed response
is observed, opening the possibility of field-free 3D
alignment. This technique should pave the way for
next-generation molecular dynamics and diffraction
experiments, performed within a cold helium solvent.
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Figure 1. Ion images and covariance maps for 3D
aligned 3,5-difluoroidobenzene with differing alignment ellipticities. Top: helium droplet, Bottom: gas
phase. The top rows show I+ images, the middle row
Cl+ images, and the bottom row Cl+ - Cl+ covariance
maps.
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Selective multiphoton excitation of molecules on helium droplets
by tailored laser pulses
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Synopsis Pulse shaping is reported for selective multiphoton processes of molecules in solution and on superfluid helium
droplets. Particularly phase and polarization tailored laser pulses are employed for multi-photon excited fluorescence of different dyes in a liquid and a good agreement between experiment and simulation is obtained. An improved fluorescence contrast between different dyes is achieved which is relevant for imaging applications. Moreover, the dynamics of alkali dimer
ionization on helium droplets is controlled with shaped pulses by activating or inhibiting different ionization paths due to molecular wave function interference. This is a demonstration of coherent control for molecules on helium droplet surfaces.

Control of photo-induced molecular processes
has recently gained large interest and several
successful optimal control experiments have
already been conducted in different research
fields. In order to influence the molecular dynamics, laser pulse shapers were utilized which
allow for simultaneous shaping of phase, amplitude, and polarization - hence all parameters of
the light field [1]. Tailored laser pulses particularly enable multiphoton excitation processes
for selective control of molecular systems.
In this contribution, new pulse shaping
methods for coherent control of multiphoton
processes are demonstrated. Laser pulse shaping on multiphoton excitations enables to exploit intrapulse interference effects. Here, tailored laser pulses are utilized for selective photo-induced fluorescence of dye mixtures. Special antisymmetric phase functions are applied
for scans of the excitations [2], and improved
fluorescence contrasts are reported for two and
three photon transitions, which is relevant for
microscopic imaging. Moreover, polarization
shaping is employed to increase the contrast
between different dyes, whereby one dye is selectively excited in one polarization direction
and the other dye is simultaneously excited in
the perpendicular polarization direction. The
presented pulse shaping methods will be favorable regarding novel biophotonic applications in
endoscopy and microscopy.
As a demonstration of coherent control on
doped helium droplets pump-probe scans of the
ionization of potassium dimers on helium droplets were conducted by using a pulse shaper [3],
which enables to precisely tune the phase difference between the sub pulses. A significantly
modified ion signal was observed by solely varying the phase difference between the two sub
pulses from zero to π (see figure 1). This feature
is interpreted by different ionization pathways
E-mail: lindin@physik.fu-berlin.de

via the first and second excited state [4]. When
pump and probe have the same phase, the wave
functions interfere constructively and two
pathways are observed, whereas the pathway
via the first excited A1Σu+ state is annihilated
when there is a π shift between both pulses,
which generates destructive interference.
Hence, a phase shift between different sub pulses results in a remarkably different ionization
process. The explanation based on wave function interference assumes that the molecular
wave packet inherits the phase of the laser pulse
and that coherence is maintained. The results
are regarded as evidence for interference control
of molecules on helium droplets. Finally, prospects for controlling the photoassociation of
prebiotic molecules in helium droplets are given
concerning possible routes to the origin of life.

Figure 1. Pump–probe scans of the ionization of potassium dimers on helium droplets. The phase difference between the two pulses amounts to zero (a) and
π (b). A significant change is observed by solely
modifying the phase difference [3].
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Synopsis Helium nanodroplets are ideally suited habitats for weakly bound clusters and for their formation. Two
examples will be discussed, where knowledge could be gained from such experiments in combination with computer simulations: (a) alkali ion enhanced H2 storage on C60 and (b) He-tagging spectroscopy of C60(He)n+ with
recent interpretations and discussions from theory.

The rapid cooling of the superfluid helium
environment allows for the formation of very
weakly bound molecular clusters that are bound
for example only by ion-induced dipole or van
der Waals forces. In particular, it is also possible to attach He atoms or H 2 molecules to larger
molecules and molecular clusters. In experiments together with DFT calculations we could
get a concise picture of the effect of an alkali
dopant on the hydrogen storage capability of a
carbonaceous structure by studying the case of
C60Cs(H2)n+ [1]. Enhanced ion abundance could
be seen for the first 10 H 2 adsorbate molecules
and for 32 < n < 42 for the cesium-doped fullerene. The calculations indicated strong quantum
effects that are rarely quantified and that certainly need further attention.
In a second example, the helium was employed
as a messenger for spectroscopy of C 60+. The
results of Campbell [2] were reproduced and the
shift of the electronic excitation energies was
measured for tagging with up to n ≈ 100 [3]. In
addition to this shift, the line-width of the excitations vary with n, the number of He tags attached to C60+. A report shall be given on the
ongoing theoretical study which is undertaken
to understand this systematic effect in the
broadenings and that tentatively links it to the
existence of a large number of possible isomers.
Calculations indicate that charge transfer can
occur from the region of 6-6 bonds to centers of
5-rings (Figure 1). This charge-transfer may
lead to a slightly differently balanced He-5-ring
to He-6-ring interaction. Furthermore, preliminary results from path integral Monte Carlo calculations of the ground state isomers and from
time-dependent density functional theory calculations will be presented.

Figure 1. Charge density difference map between
the ground and the excited state of C60+ as obtained
by CASSCF(19,10) calculations with a small active
space.
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The Csx -C60 reaction in superfluid helium nanodroplets:
An example for a spatially quenched electron transfer
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Synopsis An environment of superfluid helium effectively quenches the electron transfer which is intrinsic to the reaction of an
alkali-metal atom with a fullerene.

Recently, the interaction between heliophilic C60
molecules and heliophobic Cs atoms on helium nanodroplets has been studied experimentally.[2] The
experiments indicate that the subsequential doping of
a C60 -doped He-droplet with a single Cs atom does
not to lead to a reaction between the two dopants,
while a reaction between the heliophilic and the heliophobic dopants does take place in cases where Cs2
is formed on the droplet beforehand.

ture calculations and orbital-free, bosonic helium
DFT. One-dimensional potential energy scans are
generated as approximations to the reaction pathway
which describes the interaction between a single Cs
atom or an alkali metal dimer and a C60 fullerene.
These free-gas curves are then corrected for the interaction with the surrounding helium. Our studies show that the experimental findings can be interpreted in the light of a quenched electron-transfer reaction between the fullerene and the alkali dopant,
which is additionally hindered by a reaction barrier
stemming from the necessary extrusion of helium
upon approach of the two reactants.[1]
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Figure 1. Cut through a helium droplet consisting of
2000 He atoms, doped with a fullerene and a Cs2
molecule.

Here we describe this phenomenon observed by
our colleagues via a combination of electronic struc-
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Synopsis Infrared spectra of pure solvent clusters and solute-solvent complexes in helium nanodroplets are reported. Examples included pure methanol, mixed/methanol water clusters, and complexes formed between salts
and solvents such as water. The latter pose considerable challenges in assigning the spectra, even for small complexes, but broadly fit with the idea that solvent molecules, such as H2O and CH3OH, form hydrogen bonds with
the halide ion in alkali halide salts.

Alkali halides are archetypal salts. They
readily dissolve in water to form fully ionic solutions when dilute. They also dissolve in other
polar solvents, such as alcohols, but their solubility here is much less than in water.
We have used helium nanodroplets to explore the interactions between alkali halides and
common solvents and how they develop as the
number of solvent molecules is changed. Helium nanodroplets are suited to such microsolvation studies since they provide a convenient
way to bring together the salt and the solvent in
a controlled manner. Helium droplets also provide a means of recording spectra, through depletion spectroscopy, and in our case we have
used infrared depletion spectroscopy.
Although relatively large MX(S) n complexes
can be studied in this way, and might therefore
be used to address the issue of solvent-separated
ion-pair formation, our focus here is on small
complexes and trying to understand the binding
mechanism that exists between the solvent and
the non-dissociated salt molecule. Several salts
have been investigated and findings from a few
specific cases, including NaCl [1,2] and CsI,
will be presented.
For illustration Figure 1 shows an IR spectrum derived from a combination of CsI with
methanol (MeOH) molecules. This spectrum
spans both the CH (<3000 cm-1) and OH (>3000
cm-1) stretching regions and shows absorption
features in both. Each spectrum was recorded in
a specific mass channel (shown on the right
above each spectrum) to provide a degree of
discrimination between different sized complexes and therefore to help with the assignment
of bands to specific complexes. The experimental work has been supported by a series of
quantum chemical calculations which have
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sought to carefully identify all possible isomers
of the complexes and then to predict their IR
spectra.

Figure 1. IR spectra of small CsI(MeOH)n complexes in helium nanodroplets.

The strong red shifts of the OH stretching bands
relative to the free solvent molecules are indicative
of the formation of ionic hydrogen bonds between
the solvents and the salts, for both water and methanol. This has so far been found for all of the salts
investigated. Specifically, hydrogen bonds form
between OH groups in each solvent molecule and
the anion in the salt molecule. However, even for
some of the smallest complexes there are challenges
in assigning the IR spectra and these will be discussed. These will be compared with IR data for
pure and mixed solvent clusters, which have also
been recorded in our laboratory [3].
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Vortices in Helium Droplets
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Synopsis Shapes of superfluid 4He nano-droplets and imbedded quantum vortices studied by x-ray coherent diffractive imaging

Micrometer sized free helium jets and nanodroplets offer a unique platform for extending
studies of superfluid hydrodynamics and
turbulence to meso- and nano-scales. This talk
will start with a review of the corresponding
experimental techniques [1] and estimates of the
attainable vorticity. Single droplets of 200 to
2000 nm in diameter resulting from the jet
breakup in vacuum are visualized with
diffraction of femtosecond x-ray pulses from a
free electron laser.[2]
The formation of
strongly deformed droplets is evidenced by
large anisotropies and intensity anomalies
(streaks) in the diffraction images, as
exemplified in Fig. 1. The analysis of the
images shows that, in addition to previously
described axially symmetric oblate shapes,[2]
some droplets exhibit prolate shapes as shown
in Fig. 1.[3] The angular velocities of the
droplets were estimated from the centrifugal
distortion and span a range of 10 5 - 107 rad/s.

positions and shapes of the vortices with about
20 nm resolution as depicted in Fig. 2.[4]

Figure 2. 600 nm diameter superfluid He droplet
(blue) with six vortex filaments (red) obtained from the
x-ray diffraction pattern shown in the background [4].

Stationary configurations of vortices are
represented by triangular lattice in large (~2
μm) droplets and symmetric arrangements of
few vortices in smaller (~500 nm) droplets as in
Fig. 2. [2,4,5] Evidence for non-stationary
vortex dynamics comes from observation of
asymmetric formations of vortices in some
droplets.
This collaborative work was performed at
Linac Coherent Light Source, the free electron
laser within SLAC National Accelerator
Laboratory. The experiments and the full list of
collaborators are reported in Refs. [2-5].
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For visualization of vortices, Xe atoms were
added to the droplets, where they gather in
cores forming nanometer-thin filaments.[2,4,5]
A newly developed phase retrieval technique
enables the reconstruction of the instantaneous
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Electronic Spectroscopy in Superfluid Helium Droplets
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As expected from the very beginning, the
immersion of molecules in superfluid helium
droplets is accompanied by a shift of resonance
frequencies [1]. Compared to the other rare gas
matrices the solvent shift of helium is rather
small and amounts to about ±1% for electronic
as well as vibronic transitions.
Besides the solvent shift, the line shape of these
resonances is an observable which is known to
be sensitive to the helium surrounding. In this
respect the electronic origin is of particular interest. Besides singly peaked or multiple
peaked origins [2], the shape of individual resonance is of interest. This has been demonstrated impressively for Tetracene with a surprisingly rich fine structure at the electronic origin
[3]. In addition surprising modifications have
been observed upon variation of the droplet
source conditions [4].
In our first study on the line shape at the electronic origin of H2-Phthalocyanine [5] we succeeded in the simulation of the inhomogeneous
line shape and its dependence on the droplet
source conditions. In the meantime, further experimental data on this dopant species have
been obtained which are in contradiction to the
model for the simulation. Since this model is
not restricted to H2-Phthalocyanine as dopant
species, the investigation of line shapes has
been continued for other dopant species.

In these studies, the experimental parameters
are the laser power, the droplet size distribution, and the doping conditions. Observables
are the peak position, the line shape, and the
line width which all are affected by the experimental parameters. Each of these experimental
details may be a tessera in a general model for
the simulation of microsolvation of molecules
in superfluid helium droplets as expressed by
helium induced features in electronic spectra.
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Laser-induced alignment of molecules in He-nanodroplets: Long-time
coherence, revivals, and breaking-free
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Synopsis Laser-induced alignment of molecules inside helium droplets has been performed using femtosecond alignment experiments. The results indicate that at low fluence of the fs alignment pulse, the molecule and its solvation shell can be set
into coherent collective rotation lasting long enough to form revivals. With increasing fluence, however, the revivals disappear
instead, rotational dynamics as rapid as for an isolated molecule is observed during the first few picoseconds.
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Rotation of molecules embedded inside He nanodroplets is explored by fs laser induced alignment
experiments. We demonstrate that at low fluence of
the fs alignment pulse, the molecule and its solvation shell can be set into coherent collective rotation
lasting long enough to form revivals. With increasing
fluence, however, the revivals disappear instead, rotational dynamics as rapid as for an isolated molecule
is observed during the first few picoseconds. Classical calculations trace this phenomenon to transient
decoupling of the molecule from its He shell. A cartoon depicting the laser-induced rotational dynamics
for iodine molecules solvated inside helium droplets
initiated by a weak and a strong kick pulse is shown
in Figure 1. Our results open novel opportunities
for studying non-equilibrium solute-solvent dynamics and quantum thermalization.
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Figure 1. Schematic illustration of laser-induced rotation of iodine molecules inside He droplets for a weak
[(a1)-(a3)] and a strong [(b1)- (b3)] kick pulse. (a2) illustrates parameters used in the classical model.
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Electrostatic Orientation of Cold Molecules and
Deflection of Neutral Doped Helium Nanodroplets
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Synopsis We demonstrate large deflections of doped neutral helium nanodroplets enabled by the high degree of
orientation of polar dopants in the cold superfluid matrix

We show that, by applying a static electric
field to polar molecules embedded in helium
nanodroplets, we obtain nearly full orientation
of the dipoles to the external field. Moreover,
this large orientability was exploited to deflect
the host helium droplets, having masses as high
as ~40,000 Da, by up to a few millimeters. This
method has been demonstrated using helium
droplets containing single molecules of cesium
iodide, dimethyl sulfoxide, formamide and histidine [1].
The orienting and deflecting field is established by a pair of electrodes in the “two-wire”
configuration, which produces a strong inhomogeneous static electric field perpendicular to
the droplets’ direction of travel. The droplets
and their contents are detected with a crossbeam quadrupole mass spectrometer. Deflection
of the droplets is detected by placing a narrow
slit in front of the mass spectrometer entrance
and scanning the entire mass spectrometer
chamber across the droplet beam.
This technique and its extensions have many
potential applications. The broad size distribution of droplets produced by nozzle sources has
long been a complication in experiments that
employ helium droplet isolation. The very large
deflections exhibited provide a means to disperse droplets by size, by selecting a subset of
the deflected beam about a particular position. It
also offers a new way to measure electric and
magnetic dipole moments of a wide variety of
molecules that are difficult to assess by other
means. As an example, we have measured the
average electric dipole moment of isolated cold
histidine molecules.

1

E-mail: merthe@usc.edu

2

E-mail: kresin@usc.edu

Figure 1. Beam profiles of helium droplets containing single (A) cesium iodide and (B) histidine molecules at three electric field strengths. Using the wellknown permanent electric dipole moment of CsI (12
D) as a reference, we determined that the permanent
electric dipole of histidine is 5.10.2 D.
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Local overheating under physical and chemical processes in superfluid helium
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It was accepted that the coagulation of any guest particles in superfluid helium was controlled by their diffusion and
therefore was rather slow. It was also believed that the uniquely high thermal conductivity of He II eliminates any local
overheating, so any processes between these particles proceeded strictly isothermally. We have shown that both of
above mentioned “obvious” statements are fundamentally wrong. First, the presence of quantized vortices in He II provides very fast mechanism of coagulation which products are not spherical clusters but long thin filaments. Second, at
least at the initial stage of coagulation the local overheating is as high as few thousand K.

It was accepted for a long time that the rate of
mutual collisions for any guest particles introduced
into superfluid helium was controlled by their diffusion, and therefore the coagulation of these particles
was comparatively slow. It was also believed that
the uniquely high thermal conductivity of He II
eliminates any local overheating resulting from the
physical and chemical processes between these particles, and therefore the processes proceeded strictly
isothermally. Our recent studies have shown that
both of above mentioned “obvious” statements are
fundamentally wrong.
Firstly, the presence of quasi-1D quantized vortices in He II, which resulted in concentrating any
foreign particles in their core, provides a specific
mechanism of coagulation which rate is much faster
than the rate of normal, diffusion controlled condensation. Besides the coagulation products are not
spherical clusters, but the long thin filaments [1, 2] .
That allowed to propose and to realize the universal
techniques for metallic nanowires bottom-up design
[3 – 5]. Secondly, the structure and thickness of
nanowires grown of different metals in He II by this
method evidenced that nanowires were formed from
the previously melted nanoclusters [6]. In other
words, it was assumed that, at least at the initial
stage of coagulation, the local overheating is as
high as few thousand Kelvins.
To prove that unusual and important fact we have
performed the experiments on monitoring in the
visible range the thermal radiation, accompanying
the coagulation of metallic atoms in He II. For all
investigated metals such as Tungsten, Molybdenum, and Platinum, with natural exception of fusible Indium, such emission was reliably observed
and investigated [7]. It means that the huge local
E-mail: gordon.eb@gmail.com

overheating may appear during the most of physical
and chemical processes inside such “perfect cooler”
as He II.
These circumstances should be taken into account
in any study of the guest particles embedded into
the superfluid helium. Of course, this kind of effects
must be clearly expressed also in the experiments
with cold helium nanodroplets, the first evidence of
this was already published [8]. These results are as
well challenging for theorists, evidence may be find
in the recent work [9]. The prospects for the developing further experiments will be analyzed too.
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and ionic impurities: size effects and scaling laws
Florent Calvo∗1, Ersin Yurtsever†2
∗ CNRS

´ Grenoble Alpes, LIPHY, F-38000 Grenoble, France
and UniversitÃl’
University, Rumelifeneriyolu, Sariyer, Istanbul 34450, Turkey

† Koç

Synopsis The interaction of parahydrogen molecules and different molecular or ionic dopants has been theoretically modeled
using dedicated potential energy surfaces and path-integral molecular dynamics simulations. Size effects and special stabilities
corresponding to ’magic numbers’ are reported and compared with experimental measurements when available.

Parahydrogen clusters exhibit rich physics and
chemistry, even at low temperature where the possible occurence of supersolidity has been suggested
and debated. In presence of a dopant, and much alike
helium droplets, the interactions with the dopant
compete with the weak forces between hydrogen
molecules and can lead to enhanced localization.
In this contribution, we present a computational
investigation of parahydrogen clusters coating two
particular series of dopants consisting of neutral or
cationic hydrocarbon molecules, either of the polycyclic aromatic hydrocarbon (PAH) [1] of fullerene
[2] types.
Polarizable force fields have been constructed
and parametrized against electronic structure calculations to represent the interaction between parahydrogen molecules, approximated as rotationless point
particles, and the various atoms of the dopant
molecule. The equilibrium properties at cryogenic
temperatures (2 K or lower) were then determined as
a function of the number of coating molecules using path-integral molecular dynamics (PIMD) simulations, neglecting possible exchange effects and
bosonic statistics.
Combined with a careful determination of lowenergy structures, our investigation reveals fundamental properties of these heterogeneous clusters,
starting with the number of molecules required to solvate entirely the dopant and above which a second
shell arises. However, non-monotonic size effects are
also found, as usual in clusters physics, notably in the
vicinity of shell completion.

Figure 1. Density of 60 parahydrogen molecules around
C+
60 at 2 K

Repeating the PIMD simulations for a broad variety of dopants containing up to hundreds of atoms,
the properties of the solvation shell are found to exhibit approximate scaling laws with the dopant size,
with an additional but minor effects due to deuteration and, in the case of PAH dopants, both the carbon
and hydrogen numbers.
Lastly, we will present our preliminary results on
(H2 )n H− clusters, which were recently produced and
found to exhibit special stabilities interpreted as the
result of icosahedral growth [4]. For these clusters,
the united atom approximation does not hold and a
full atomistic description appears necessary to account for polarization effects at shorter distances with
the ion. Our PIMD calculations generally confirm
the icosahedral interpretation but suggest that clusters containing more than about 40 molecules exhibit
increasingly large delocalization and fluxionality, no
single structure being especially stable.
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At 2 K the parahydrogen molecules behave essentially as a (soft) solid but with significant vibrational delocalization especially away from the
dopant. Around C+
60 complete solvation is found to
occur near 50 molecules, in good agreement with
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Spectroscopic and reaction-dynamics experiments with cold molecules
F. Merkt*1

*

Laboratory of Physical Chemistry, ETH Zurich, Switzerland

Synopsis Experimental methods to prepare cold samples of the few-electron molecules H2+, H2, He2+ and He2
will be described. Spectroscopic and reaction-dynamics experiments with these samples will be presented.

Methods will be presented with which cold
samples (T < 1 K) of few-electron molecules,
such as H 2, metastable He2, H 2+ and He2+ can be
generated. With such samples, we carry out
precision spectroscopic measurements of
molecule structure and study low-temperature
phenomena in chemical reactions. Because these molecules are light, quantum-mechanical
effects play a larger role than in other
molecules. Three experiments will be presented.
In the first, we generate cold samples of metastable He2 by multistage Zeeman deceleration
and measure transitions to high Rydberg states,
from which we determine the energy level
structure of metastable He2 and He2+ with high
precision. The measurements reveal the finest
details of the interaction between He atoms in
their ground and first excited states and with
He+ ions [1].
In the second experiment, we generate cold
samples of H 2 Rydberg molecules using a
1
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surface-electrode Rydberg-Stark decelerator and
deflector and use these samples to study the
H 2 + H 2+ à H 3+ + H reaction at temperatures
below 1 K using a merged-beam technique. The
experiments rely on the fact that the Rydberg
electron does not influence the ion-molecule
reaction but shields the reaction from heating
effects by stray fields [2].
In the last experiment, we study the radiative
recombination reaction H + H + à H 2+ to quantify the effects of shape resonances in this process [3].
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Femtosecond coherent spectroscopy of doped helium droplets
Frank Stienkemeier1
Institute of Physics, University of Freiburg, Hermann-Herder-Str. 3, 79104 Freiburg, Germany

Femtosecond time-resolved spectroscopy has revealed insight into the dynamics of processes induced
by laser excitation of doped helium nanodroplets. On
the one hand, pump-probe action spectroscopy allows a direct observation, e.g. of the desorption of
dopants from the droplets’ surface or exciplex formation of alkali-doped droplets. Even XUV femtosecond pulses can be used to study the dynamics
upon electronic helium excitations. On the other
hand, coherent femtosecond methods as e.g. wave
packet interferometry or 2-dimensional spectroscopy
have opened new directions to study ultrafast dynamics in complex quantum systems. While most
experiments so far have addressed condensed phase
samples, the application of such methods to dilute
gas phase samples or doped helium droplet beams is
challenging because of the low-density targets. However, isolation in helium droplets at millikelvin tem-

1 E-mail:

stienkemeier@uni-freiburg.de

peratures provides unique opportunities to synthesize well-defined complexes, to prepare specific rovibronic states, and to study their dynamics. To account for the small densities in our samples, we implemented a phase-modulation technique in order to
reach enough sensitivity and a high spectral resolution in electronic wave packet interferometry experiments. The combination with mass-resolved ion
detection enabled us e.g. to characterize vibrational
structures of excimer molecules. By extending this
technique we have observed collective resonances in
samples of very low density. Results on multiple
quantum coherences in atomic vapors and supersonic
doped helium droplet beams are discussed in the context of weakly interacting many-body quantum systems. With a variant of this method, we are currently
elaborating the implementation of nonlinear all-XUV
spectroscopy.

New Insights into the Dynamics of Molecular Radical Reaction in
Helium Droplets
Gary E. Douberly
Department of Chemistry, University of Georgia, Athens, GA 30602

Helium-solvated peroxy radicals (ROO) are formed via the in situ bimolecular reaction
between a hydrocarbon radical and O2. The reactants are captured sequentially through
the droplet pick-up technique. Helium droplets are doped with either methyl, ethyl,
propyl, propargyl, or allyl radicals via thermolysis of organic precursors in an effusive
low-pressure pyrolysis source. Mid-infrared spectra of the peroxy radicals are recorded
with species selective beam depletion spectroscopy. Spectral assignments in the CH
stretching region are obtained via comparisons to either ab initio computations that
employ second-order vibrational perturbation theory with resonances (VPT2+K) or via
the diagonalization of an effective Hamiltonian represented in a local-mode basis. For
peroxy radical systems having multiple conformations, we find only the lowest energy
conformer in helium droplets, which is a surprising result. In previous studies of
molecular systems exhibiting multiple conformers, the conformer distribution in helium
droplets reflected the gas-phase thermal equilibrium distribution in the pick-up region.
However, these previously studied systems were not formed through bimolecular
chemistry within the droplet; rather, these systems were captured by helium droplets as
intact molecules. Computations of the ethylperoxy conformer interconversion potential
and its dependence on the extent of CO stretch excitation motivates an explanation that
is based on an adiabatic funneling mechanism that leads to the exclusive production of
the lowest energy peroxy conformer in helium droplets.

Optical detection of nano- and micrometer-scale particles in superfluid helium
Jussi Eloranta1
California State University, Northridge, 18111 Nordhoff St., Northridge, CA 91330, USA
Synopsis Laser heated plasmonic copper nanoparticles were imaged in superfluid 4 He by high-speed photography using the
shadowgraph and Schlieren techniques. In addition to the particle locations in the liquid, their sizes were determined online by
employing the developed thermodynamic model. The method was validated against the particle size distribution data obtained
independently by post-experiment atomic force microscopy. In the second part, the hydrodynamic response of superfluid
helium to fast moving micron-sized metal particles was characterized. Various dynamic cavity shapes developing around the
hot particles were captured and the observed geometries were rationalized by using the classical model of supercavitation as
well as time-dependent density functional theory. In general, it was shown that the developed experimental method can be used
to determine the optimal object shapes that minimize the hydrodynamic drag at a given velocity.

In the first part, the formation of gas bubbles
around laser heated copper nanoparticles in superfluid helium at 1.7 K is described [1]. Due to the
effective light capture by these plasmonic particles
and the subsequent heat transfer into the surrounding liquid [2], the observed gas bubbles grow within
ca. three microseconds to tens of micrometers in size
(see Fig. 1). The shadowgraph and Schlieren imaging techniques using various nanosecond backlight
sources were used to determine the spatial distribution of the nanoparticles in the liquid and the semistationary gas bubble radii were related to the parent
nanoparticle size by using the developed thermodynamic model. The presented liquid phase particle
size analysis was validated against post-experiment
atomic force microscopy measurements of nanoparticles deposited from the liquid onto a solid substrate
[1, 3]. This method allows to magnify metal nanoparticles in superfluid helium by a factor of ca. 1000
such that they can be detected optically.
100 mm

Figure 1. Gas bubbles formed around laser (355 nm; 8
ns pulse length) heated copper nanoparticles in superfluid helium at 1.7 K.

In the second part, the dynamics following laser
ablation of a metal target (e.g., Ag, Cu) immersed
in superfluid 4 He was studied by time-resolved shadowgraph photography [3, 4]. The delayed ejection
of hot micrometer-sized particles from the target surface (“explosive boiling") into the liquid was observed indirectly by monitoring the formation and
growth of gaseous cavities around the moving particles. The experimentally determined particle average velocity distribution appears similar as previ1 E-mail:

Jussi.Eloranta@csun.edu

ously measured in vacuum but exhibits a sharp cutoff at the liquid speed of sound [5]. The propagation of the subsonic particles terminates in slightly
elongated non-spherical cavities residing near the ablation target whereas faster particles reveal an unusual hydrodynamic response of the liquid. Based on
the previously established semi-empirical model for
macroscopic objects, the ejected transonic particles
exhibit supercavitating flow to reduce their hydrodynamic drag [6]. Supersonic particles appear to follow a completely different propagation mechanism as
they leave discrete and semi-continuous bubble trails
in the liquid (“bubble chamber" [7]). The relatively
low number density of the observed non-spherical
gas bubbles indicates that only large micron-sized
particles are visualized in the experiments. Although
the unique properties of superfluid helium allow a
detailed characterization of these processes, the developed technique can be used to study the hydrodynamic response of any liquid to fast propagating
objects on the micrometer-scale.
Preliminary results from time-dependent density
functional theory (DFT) calculations yield similar
semi-stationary cavity geometries that were observed
in the experiments. The cavity becomes elongated to
minimize the hydrodynamic drag and the distinct tail
structure was also faithfully reproduced by DFT as
shown in Fig. 2. The hollow cone-geometry tail
prevents the formation of turbulence in the wake by
blocking vortex ring nucleation. In practical applications, similar constructions have, for example, been
used to lower the hydrodynamic (air) drag on automobiles to reduce gasoline consumption. Since the
gaseous cavities surrounding the ejected metal particles are significantly more flexible than the liquid
around them, the presented method can be used to
determine the optimal cavity shapes as a function of
velocity, volume, and liquid viscosity.

Liquid density & velocity contours
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Investigating molecular interactions in helium with control:
impulsive alignment in the gas phase versus thermal equilibrium in the bulk
Klaus von Haeftena , Joshua Szekelyb , Tamara Seidemanb , Luis G. Mendoza Lunaa , Gediminas Galinisa ,
Russell S. Minnsc , Andrew M. Ellisd , Mirjana Mladenoviće , Marius Lewerenze , Nelly Bonifaci f ,
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Synopsis Rotational wavepackets of C2 H2 -He complexes produced in a beam were excited using impulsive laser alignment.
The time dependence of alignment was measured via Coulomb explosion of the C2 H2 molecules. The rotational spectrum of
the complex was obtained by Fourier transformation. In bulk helium fluorescence spectra of helium excimers showed that these
had cooled at a rate of at least 1010 -1011 K/s to the lowest rotational quantum state.

We explore molecular interactions in helium
while seeking novel ways of achieving control over
the molecular rotational states. In the gas phase control of the number of helium atoms in a small cluster
is important. We show that, in addition, impulsive
laser alignment is well suited to provide control of
the population of rotational level. In contrast, in the
bulk phase we achieve molecular control by establishing thermal equilibrium.
We have excited a beam of small C2 H2 -Hen clusters non-resonantly with intense femtosecond laser
radiation and probed the state of alignment of the
C2 H2 molecules as a function of time. Using
this technique it is possible to generate rotational
wavepackets and probe their propagation in the time
domain. A Fourier-transform of the time-spectrum
yielded the complete pure rotational spectrum of
C2 H2 -He in excellent agreement with theory [1]. We
show that the time-dependence of alignment of pure
C2 H2 which is always present in the beam can be
used as a diagnostic tool for the study of molecular
complexes.
In another experiment bulk helium was electronically excited using a corona discharge and the fluorescence spectrum was measured as a function of

temperature and pressure. Intense fluorescence in
the visible region showed the rotationally resolved
3
∗
d 3 Σ+
u → b Πg transition of He2 . With increasing
pressure, the rotational lines merged into single features that we attribute to fluorescent emission from
the lowest rotational quantum state, indicating that
these excimers are in thermal equilibrium .
The observed pressure dependence of linewidths,
shapes and lineshifts established that within liquid
helium excimers exist in two different environments:
they are either solvated, and cold, or they are ‘boiling’ within rotationally hot gas pockets. From the
electronic lifetime we can deduce an lower limit of
the rotational cooling time for which we found 1010 1011 K/s [2].
Both experimental methods hold great promise
for the exploration of superfluidity using molecular
probes.
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Single-photon induced Collapse of Magnesium Complexes
embedded in Helium Nanodroplets
L. Kazak∗ , S. Göde∗† , J. Tiggesbäumker∗ and K.-H. Meiwes-Broer∗
∗
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Synopsis In the present work recent results on photoelectron spectroscopy of Mg foam in He droplets probed by resonant
two-photon ionization are presented. Spectra show complex structure, which can be attributed to a fast induced collapse of a
metastable structure of Mg atoms inside the droplets.

There is evidence that magnesium atoms in helium nanodroplets form a metastable network of single atoms surrounded by a layer of helium atoms.
At the conditions where only one Mg atom is presented in droplet, resonant two-photon ionization
spectroscopy in the vicinity of 31 P1 ←31 S0 reveals a
narrow peak blue-shifted relative to the atomic transition at 278 nm. With increasing of amount of Mg
atoms, a second peak at 282 nm arise. This feature
is present for doping levels in between 2-40 atoms
and shows up irrespective of cluster size.The optical
spectra suggest that single magnesium atoms are dissolved within the droplets having an interatomic MgMg distance of about 10 Å, i.e. a magnesium foam is
formed.
By scanning the laser wavelength close to the
atomic and foam resonance photoemission probes the
electronic structure of the Mg complexes after the
excitation. Instead of a single photoemission line,
complex photoelectron spectra are obtained when
more than a single magnesium atom is present in the
droplet but almost no specific pickup dependence is
observed (Fig.1). New lines are refer to electrons
emitted from excited states of Mg atoms, which could
not be populated by absorbing of initial photon.

Similar spectra has been achieved at different
droplet sizes from 103 up to 105 atoms per droplet.
Analyzing the results with respect to the He pick-up
statistics reveals the maximum foam size Ncrit . We
found that Ncrit scales with droplet size, whereas all
main features keeps unchanged.
The behavior of electron spectra can be attributed
to highly excited atoms indicating a foam collapse
accompanied by a rapid heating of the metastable
structure.

Figure 1. Photoelectron spectrum of Mg atoms embedded in He nanodroplets after resonant two-photon ionization at laser wavelngth 282,5 nm. Mean amount of
Mg atoms N Mg =40.

From Quantum Nuclear Motion of 4 He and N2 Clusters
in Carbon Nanotubes to the Soft, 4 He Droplet-Mediated, Deposition and
Aggregation of Metallic Nanoparticles
Andreas Wolfgang Hauser† , Alexander Mitrushchenkov‡ , Ricardo Fernández-Perea∗ ,
Luis F. Gómez§ , Marti Pi¶ , Carlos Cabrillo∗ , Andrey F. Vilesov§ , María Pilar de Lara-Castells∗1
†
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∗ Institute of Fundamental Physics, IFF-CSIC, Serrano 123, 28006 Madrid, Spain
§ Department of Chemistry, University of Southern California, Los Angeles, California, United States
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As a second topic, we discuss the upscaling problem to the nanoscale of the 4 He droplet-mediated
soft-landing of metallic atoms [5]. Particularly, it will
be shown how recent experimental measurements of
Vilesov’s group on the soft-deposition of few-nm
sized metallic particles onto room temperature surfaces can be understood through our ab-initio-driven
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atomistic simulations [6].
This work has been partly supported by the
COST Action CM1405 “Molecules in Motion"
(MOLIM) and MICINN (Spain) under Grant No.
MAT2016-75354-P.
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High-surface areas and precisely tuned pores of
carbon nanotubes make them relevant materials for
applications such as in gas adsorption, selective separation of light isotopes, and nanoreactors for quasi
one-dimensional confinement of metal nanoparticles. Understanding the role of quantum nuclear effects and intramolecular interactions in the motion
of molecules in carbon nanotubes is deeply fundamental. Very recent experimental measurements at
low temperatures (2−5 K) of Ohba [1] revealed that
much more molecules of nitrogen than helium atoms
absorb in small diameter (below 0.7 nm) carbon
nanopores, despite of the larger kinetic diameter of
the former. Using the helium density-functional formulation for a large 4 He droplet containing a carbon
nanotubes inside, we first show that the experiment
can be understood by considering very large zeropoint effects in the helium motion, which includes
the formation of cavities with zero helium densities
[2]. Second, we present an ad-hoc developed nuclear
wave-function treatment to provide a detailed insight
into the effects of quantum confinement for both N2
and 4 He clusters in carbon nanotubes as a function
of the tube diameter [3]. Third, we introduce a novel
pairwise potential model [3] describing the gas adsorption to carbon materials which relies on DFTbased symmetry-adapted perturbation theory [4]. Finally, we propose an embedding approach combining
nuclear density functional and wave-function treatments [3].
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Cluster-Cluster Collisions and Cluster-Complex Formation of Helium Clusters
with Size-Selected Metal Cluster Ions
Masahiko Ichihashi* 1, and Hideho Odaka† 2
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†
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Synopsis We have built up a merged-beam apparatus of size-selected metal cluster ions and HeN in a pulsed
mode. By use of this apparatus, we demonstrate the production of the cluster complexes in the collision of cobalt cluster ions. The production efficiency of the cluster complexes is measured as a function of the relative velocity of the collision, and the incorporation process is explained on the basis of the electrostatic interaction and
the hard-sphere interaction.

Chemical reactions on inorganic clusters
have been widely studied since it is expected
that the clusters are promising catalysts. To understand and adjust the reactivity of the clusters,
it is indispensable to elucidate the structures of
the adsorbed molecules, the relevant electronic
structures of the clusters, and so on. Infrared
photodissociation spectroscopy of messengertagged clusters is a useful technique to examine
their structures. Though Ar is usually used as a
messenger, naturally He is more reliable because He has less influence on the clusters, and
gives a fine spectrum.
He nanodroplet isolation spectroscopy is one
of the ultimate methods, and this was applied to
cluster-adsorbate systems like HCN-Mgn, which
were produced in He clusters by using pickup
cells. Recently we have developed a mergedbeam apparatus to inject a mass-selected cluster
ion into a He cluster for the spectroscopy [1].
This cooling technique is applicable to the
wide-range of the cluster ions.
Further, we found that this process includes
interesting dynamics, that is, collision, deceleration and capture of a cluster ion in a He cluster.
The dissociation of the He cluster and the evaporation of He atoms from the cluster-cluster
complex also occur.
Figure 1 shows a typical mass spectrum of
Co5+Hen obtained in the collision of Co5+ with
HeN at the relative velocity of ~103 m/s. The
intensities of Co5+Hen gradually decrease with
the increase of n. We found that this distribution was roughly represented by a log-normal
function. Considering that the size distribution
of HeN follows a log-normal function, this
agreement may indicate that the sequential release (evaporation) of He atoms occurs after the
incorporation of Co5+ into HeN.

Total yield of the cluster complexes were
measured in the collision between Co2+ and HeN
as a function of the relative velocity, vrel. The
total yield increases rapidly with the decrease of
vrel in vrel < 300 m/s. This suggests that the attractive interaction between Co2+ and HeN plays
an important role in this velocity region. The
charge-induced dipole interaction, that is, the
attractive interaction between the charge of Co2+
and the dipole of He atoms in HeN induced by
Co2+, dominates the long-range interaction in
the production of the cluster complex, Co2+Hen.
In vrel > 300 m/s, the total yield of Co2+Hen once
levels off. This indicates that a hard-sphere collision occurs. In the higher relative velocity
region (vrel > 1000 m/s), the complex intensity
decreases again. Probably this is because only
Co2+ that collides with HeN at a sufficiently
small impact parameter can stop at the inside of
the helium cluster. At a grazing collision, Co2+
can break through HeN.

Figure 1. Mass spectrum of Co5+Hen.
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The Π1/2 − Π3/2 Rb and Cs desorption conundrum
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Synopsis The desorption of Rb and Cs atoms photo-excited from the ground ns state to the excited np states has been simulated within TDDFT. Arguments are presented indicating that relaxation form the 2 Π3/2 to the 2 Π1/2 excited state makes the
simulations compatible with experiments. It also provides a simple explanation for some of the experimental findings on the
sinking of Rb+ and Cs+ cations produced by photo-ionization of the photo-excited alkali atom.

The real-time dynamics of photo-excited Rb
atoms has been studied using femtosecond imaging
spectroscopy and time-dependent density functional
theory (TDDFT) [1]. A similar study is being conducted for Cs atoms; details on the TDDFT approach
can be found in [2] and references therein.
Figure 1 shows the velocity and kinetic energy
of the Rb atom excited to the 5p state as a function of time. Similar results have been found for Cs,
the velocities being smaller for this alkali. One may
conclude that within TDDFT: a) Rb excited to the
5p2 Σ1/2 state is detached. This is in agreement with
experiments. b) Rb excited to the 5p2 Π1/2 state is detached. This is not in conflict with experiments showing that Rb excited to the low energy region of the D1
line remains attached to the droplet [3], as our simulations are for the peak energy. c) Rb excited to the
5p2 Π3/2 state is not detached; it builds an exciplex in
about 10 ps that remains on the droplet surface. This
is in apparent contradiction with the experiments that
show its ejection [4].
How can the simulations be reconciled with the
experimental findings of [3, 4]? One has to distinguish the state to which the Ak is experimentally excited, that is fairly well determined by the chosen excitation energy, from the state in which the Ak atom
is being detected. Usually, this state is not determined in the experiments.
We argue that the 5p2 Π3/2 exciplex is not detached as such. Rather, it first de-excites nonradiatively to the 5p2 Π1/2 state that may be ejected
either as bare Rb∗ or as exciplex. The de-excitation
does not take Rb∗ necessarily to the low energy region of the D1 line; therefore, there is no reason why
it should remain on the droplet surface. Moreover,
Rb 5p2 Π1/2 keeps part of the de-excitation energy as
kinetic energy that helps it to be ejected.
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This explains two key experimental findings,
namely that Rb excited to the D2 line (nominally the
5p2 Π3/2 state): a) May indeed being detached, but
not from the originally excited state; rather, from the
5p2 Π1/2 state to which it has previously relaxed. b)
When photo-ionized, it does not lead to the sinking of
Rb+ , as the ejected Rb∗ is photo-ionized away from
the droplet. We will show that this also explains the
experimental findings on the sinking of Cs+ similarly
produced by photo-ionization of 6p Cs∗ .

Figure 1. Velocity (dashed lines, right scale) and kinetic energy (solid line, left scale) of the Rb atom excited to the the 5p state. The kinetic energy of the 2 Π3/2
state is not given as this state is not ejected.
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Quasiparticle approach to molecules interacting with quantum solvents
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Synopsis We show that molecules immersed in superfluid helium form recently predicted angulon quasiparticles. This allows
to substantiall simplify the theoretical problems concerned with matrix isolation spectroscopy.

(a) 1.0
0.8
0.6
0.4

Experiment:
Angulon theory:

SF6

HCCCN

(WC),

(IC)

OCS
N2O

CS2

0.0
0.01

0.02

(b) 1.0

0.03

CO 2

0.04

0.05

0.06

C2 H 2

0.8
0.6

(SC),

I2

0.2

B*/B

Understanding the behavior of molecules interacting with superfluid helium represents a formidable
challenge and, in general, requires approaches relying on large-scale numerical simulations. Here we
demonstrate that experimental data collected over the
last 20 years provide evidence that molecules immersed in superfluid helium form recently-predicted
angulon quasiparticles [1, 2, 3]. Most important,
casting the many-body problem in terms of angulons amounts to a drastic simplification and yields
effective molecular moments of inertia as straightforward analytic solutions of a simple microscopic
Hamiltonian. The outcome of the angulon theory is
in good agreement with experiment for a broad range
of molecular impurities, from heavy to medium-mass
to light species [4].
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Furthermore, we show that the angulon theory is
able to describe non-adiabatic rotation of molecules
excited by a short laser pulse, as observed in experiments of Stapelfeldt’s group [6].

These results pave the way to understanding molecular rotation in liquid and crystalline
phases in terms of the angulon quasiparticle.
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Figure 1. Renormalization of the molecular rotational
constant, B∗ /B, as a function of the coupling parameter
γ [4]. The panels correspond to (a) heavy molecules,
(b) medium-mass molecules, and (c) light molecules.
Experimental data (empty squares) are compared with
the angulon theory in the strong-coupling regime (red
circles), and the weak-coupling regime (blue triangles).
Green crosses show the intermediate-coupling interpolation between the strong- and weak-coupling theories.
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Real time excited state dynamics of alkali-doped helium nanodroplets:
A TDDFT study
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Synopsis The real-time dynamics of excited alkali metal atoms (K, Rb, Cs) attached to quantum fluid He nanodroplets is
investigated using time-dependent density functional theory (TDDFT), and comparing with available experimental results.

We report a theoretical investigation of the excited state dynamics of alkali-doped He nanodroplets
in real-time. He nanodroplets are intriguing, quantum fluid objects of finite size. Doping them with
alkali atoms makes them a particularly interesting
model to study the fate of an excited atomic or molecular system in or on them. Alkali atoms are known
to sit in a dimple at the droplet surface [2, 3], and
to usually desorb upon electronic excitation, except
for Rb [4] and Cs [5] excited close to the gas phase
D1 transition. In addition, the alkali atom can bring
along one or a few helium atoms and desorb as an
exciplex. During the past few years, several real time
dynamics experiments have been conducted on superfluid helium nanodroplets doped with alkali atoms
using femtosecond pump-probe laser techniques [6].
In particular, the combination of fs pump-probe spectroscopy with velocity map imaging has allowed to
clearly disentangle complex formation, desorption,
and ion solvation.
Helium density functional theory (He-DFT) approach and its time-dependent version (He-TDDFT)
are the best compromise between accuracy and feasibility to study the stability and real time dynamics of doped helium droplets with a size comparable to experiments.[7, 8]. We have used He-DFT and
He-TDDFT [9] to model the photodissociation dynamics of Rb and Cs, for which fs pump-probe spectroscopy combined with velocity map imaging experiments have been conducted [10]. The results of the
simulation can therefore be directly compared with
experiments. For Rb excited to 5p and 6p, desorption occurs on strikingly different time scales (∼100
vs ∼1 ps, respectively). The comparison between
theory and experiment indicates that desorption proceeds impulsively for 6p excitation, whereas it is intermediate between impulsive dissociation and complex desorption for 5p excitation [10].
We have also applied He-DFT and He-TDDFT to
study the photodissociation of potassium atoms from
helium droplets. The desorption lifetimes obtained
experimentally appear to be contradictory [11, 12].
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In addition, potassium is very interesting limiting
case between classical and quantum behavior. We
will show results for K(4p) excitation in an attempt
to solve the controversy, and for (5s) excitation in order to explore quantum effects in the desorption.
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Visualizing the femtosecond emergence and picosecond evolution
of an anisotropic nanoplasma
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Synopsis The dynamics of strong-field induced plasmas in helium nanodroplets are studied using femtosecond
time-resolved X-ray coherent diffractive imaging at the Linac Coherent Light Source (LCLS). Intense near-infrared laser pulses are employed to initiate nanoplasma formation. Plasma emergence and evolution dynamics are
probed by ultrashort x-rays pulses across timescales ranging from a few femtoseconds to hundreds of picoseconds.
Surface softening and droplet shape changes are monitored with femtosecond temporal resolution and nanometer
spatial sensitivity. Strong anisotropies are observed that are directly related to the laser polarization axis.

Extensive efforts are being invested in understanding intense laser-induced plasmas in nearsolid density, nanoscale atomic clusters, which
serve as finite, replenishing model systems to
study the complex correlated electronic and nuclear dynamics of highly ionized systems. Here,
we create helium nanoplasmas by exposing helium nanodroplets (diameter ~600 nm) to intense
(~3-5x1015 W/cm 2, ~50 fs) near-infrared (NIR)
laser pulses with peak intensities reaching the He
double ionization threshold. The plasma evolution is monitored in real-time by recording single-shot X-ray diffraction patterns employing
~100 fs long X-ray pulses from the LCLS
(hν=600eV) at NIR/X-ray pulse delays ranging
from a few femtoseconds to 10s of picoseconds
(Figure 1).
The experiments give access to both the overall shape of the expanding nanoplasma and the
density profile of the surface region that connects
the plasma core with the surrounding vacuum.
The evolution of the core/vacuum boundary from
a (quasi-)step function to an extended, continuous density profile is monitored with femtosecond temporal resolution and nanometer spatial sensitivity. The data reveal the very fast
emergence of an anisotropic surface profile that
is established within tens of femtoseconds and
continues to evolve on hundreds of femtosecond
timescales, i.e., much longer than the duration of
the ionizing laser pulse (~50 fs). These findings
1
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are qualitatively consistent with recent theoretical predictions for the evolution of strong-field
ionized hydrogen clusters.1

Figure 1. Ultrafast X-ray coherent diffractive imaging setup to monitor the temporal evolution of a
strong-field induced helium nanoplasma.

The core size and shape evolution of the helium nanoplasma on longer, picosecond timescales, reveal even stronger anisotropies than
what could be accounted for by the anisotropic
surface softening. The findings are discussed
within the framework of an anisotropic plasma expansion model that provides new insight into strongfield induced nanoplasma formation and relaxation
dynamics.
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Laser spectroscopy of Dy atoms in superfluid helium:
Zero-phonon lines and phonon wings
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Synopsis By observing optical spectra of dysprosium atoms in bulk superfluid 4 He we investigate the scattering of phonons on
atomic nano-bubbles in a quantum fluid.
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shell transitions display ZPL and PW features. In
the emission spectrum, ZPL has a resolution-limited
linewidth (FWHM ≈4 cm−1 ) and strongly overlaps
with PW, with no gap between them. In the excitation spectrum, we obtain a significantly narrower
ZPL (FWHM ≈ 0.1 cm−1 ) and a well-resolved gap
with a width ∆ ≈ 5.5 cm−1 between ZPL and PW
(see Fig. 1). Due to its narrow linewidth and a large
transition dipole, the laser-excited transition can be
easily saturated, which leads to a distorted excitation
lineshape with a strongly broadened and suppressed
ZPL. This effect may explain the missing gap between ZPL and PW in earlier studies [2]. By applying a hydrodynamic bubble model we calculate the
spectrum of the atomic bubble oscillations and the
rate of phonon scattering by the bubble at rest. The
former is related to the PW lineshape and the latter is
responsible for the temperature-dependent broadening of ZPL. The results agree well with the measured
width of ZPL in the excitation spectrum.

ZPL
Fluorescence yield (arb. u.)

When a metal atom is injected into superfluid helium, it resides in the center of a nanometer-sized
cavity formed in the surrounding quantum fluid that
is known as atomic bubble. Elementary excitations
of superfluid He, such as phonons couple to various
electronic properties of the impurity atom via the vibrations of the bubble surface. Of particular interest are optical transitions within the inner electronic
shells of the embedded atom that are screened from
the surrounding He by the valence electrons. In that
case the kick on the bubble interface produced by the
sudden change of the impurity electron configuration
is rather small and the spectrum typically consists of
two parts: a zero-phonon line (ZPL) and a phonon
wing (PW). A number of experiments reported ZPL
and PW spectra of various molecules attached to superfluid He nanodroplets. Among them, the spectrum
of glyoxal had been interpreted in terms of elementary excitations (phonons) and provided the evidence
for the superfluidity of the droplets [1]. The key feature is a ≈6 cm−1 gap between the ZPL and PW that
arises due to a roton minimum - a peculiar structure
in the spectrum of elementary excitations in superfluid He that is not present in normal liquids. However, no gap had been found between ZPL and PW
in the spectra of atomic impurities in bulk liquid He,
neither in superfluid, nor in normal fluid phase [2, 3].
Up to date, no satisfactory explanation was proposed
for this discrepancy.
We present the results of a new experimental
measurement of ZPL and PW spectra of Dy atoms
in bulk superfluid 4 He (T = 1.4 – 2.1 K). The atoms
are dispersed in liquid He by laser ablation using
two pulsed Nd:YAG lasers and are excited by a cw
frequency-doubled tunable Ti:Sapphire laser that is
tuned to the wavelength of the inner-shell transition
connecting the 4 f 10 6s2 5 I8 ground state of Dy with
the 4 f 9 5d6s2 5 K7 excited state (λ f ree = 458.9 nm).
We observe a spectrally-resolved laser-induced fluorescence originating from several lower-lying excited
states of Dy, including both inner-shell and valenceelectron transitions.
Both excitation and emission spectra of inner-
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Figure 1. Excitation spectrum of a 4 f 10 6s2 - 4 f 9 5d6s2
inner-shell transition of Dy in superfluid 4 He.
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Carbon chemistry in helium droplets
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Synopsis A very high abundance of atomic carbon in the interstellar medium (ISM), and a high reactivity of these species rise a question about the outcome of collisions of carbon atoms with common ISM molecules. To test it, we performed a set of laboratory and computational studies of the reactions of PAHs, C60, and H2 with atomic carbon. The
reactions were investigated in liquid helium droplets at T = 0.37 K and by quantum chemical computations. It was
found that in the case of PAHs and H2 molecules, C atoms are inserted into existing chemical bonds, while they are
added on the top of CC bonds of C60 molecule, providing its higher chemical reactivity.

Despite the fact that the temperature of the
interstellar medium (ISM) could be as low as 1
K, the rich chemistry occurs in this environment. The reactions inside superfluid helium
droplets closely simulate the reactions occurring
on the surfaces of the cold dust particles present
in the ISM. Moreover, the combination of the
experiential and computational results allows
the prediction of the outcomes and the rates of
gas-phase reactions. Therefore, the helium
droplet technique is nicely suited for investigations of low-temperature reactions important for
astrophysics.
In our studies we adopt this technique to
study the reactions of common ISM molecules
(C60, PAHs, and H2) with atomic carbon. Molecules are added into He droplets (ca. 106 He atoms) where they can aggregate and be cooled to
the droplet temperature of 0.37 K. Carbon atoms are then added and allowed to react with
the molecular aggregates. Low-energy carbon
atoms are produced with a purity >99% from a
heated, sealed tantalum tube containing carbon
[1]. The accomplishments of the reactions are
studied either by mass spectrometry [2] or by
mass spectrometry in combination with calorimetry technique [3,4].
The low-temperature reaction C + H2 + M →
HCH + M was found to be barrierless [4].
Therefore, the reaction C + H2 → CH + H and
the reverse one CH + H → C + H2 are predicted
to have no energy barrier. The ionization process introduces large amount of energy to the
formed cations. This fact was used to test the
stability of cations, which is expected to correlate with abundancies of the species in the ISM.
In the case of hydrocarbon clusters, the ionmolecule reactions followed by an electron1

2

impact ionization lead to the dominant formation of CH5+. This implies the high abundance of this cation in the ISM [4].
In the reaction of C60, addition of up to at
least five single C atoms that form carbenes of
the type C60(C:)n, with n = 1−5, was observed
[2]. Our results show that C-atom additions can
transform the chemically inert C60 into reactive
carbenes C60(C:)n. Carbenes should play an important role in interstellar chemistry. Our experiments demonstrate the chemical reactivity of
C60(C:)n toward H2 and H2O and the formation
of the extremely stable bridged dumbbell structure C60=C=C60. We expect similar reactivity
toward many other molecules leading to a generation of a new class of fullerene derivatives.
In contrast to C60, where carbon atoms are added on the top of CC bonds, in the case of PAHs, the
reaction proceeds via an addition of the carbon atom to form an initial intermediate complex followed by a ring opening and the formation of a seven-membered ring [3]. All small and all large catacondensed PAHs react barrierlessly with atomic
carbon, and therefore should be efficiently destroyed by such reactions in a broad temperature
range. At the same time, large compact pericondensed PAHs should be more inert toward such a
reaction.
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Metal clusters and nanowires prepared in superfluid helium droplets: structure,
phase transitions and alloy formation at atomic resolution
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Synopsis: Metal nanoparticles are created in superfluid helium droplets, deposited on solid surfaces and investigated by
scanning electron microscopy. Temperature dependent studies allow for the observation of phase changes at atomic resolution.

Superfluid droplets of 104 to 107 helium
atoms (HeN) are doped with foreign atoms or
molecules that move freely in or on the droplets
and may form complexes in this cold environment. In our labs, large Cu; Ag, Au, and Ni aggregates of different morphology are generated
in helium droplets [e.g. 1, 2] and their landing
on a solid substrate was modelled in a molecular dynamics simulation [3]. Employing different pick-up cells for doping the droplets, nanowires and core-shell clusters with one metal
surrounding a core of a different species can be
created. Time scales for metal-cluster formation
inside the droplets are derived from helium density functional theory and molecular dynamics
simulations [4].
After surface deposition on various types of
substrates, they are removed and taken to the
neighboring electron microscopy facility [5, 6].
A vacuum transport chamber helps to avoid
contamination. Analysis using a scanning
transmission electron microscope with atomic
resolution including tomographic reconstruction
allows to obtain 3-D images of the particles.
Element specific methods like energydispersive x-ray spectroscopy (EDXS) and 2D
electron energy-loss spectroscopy (EELS) identify the conditions for generating single or dou-

ble core clusters [7]. As it turns out, the temperature of the substrate [6] and the doping rate [8]
have an important influence on the final cluster
or wire structure.

Figure 1: a) and b) composition, bar length 2 nm,

c) Calculated probability of single, double and triple
core clusters as a function of cluster size [7].
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