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Abstract. The doping process of helium nanodroplets with alkali atoms has been modeled in order to
study deviations from the Poissonian statistics of measured pick-up statistics which are important for
assigning cluster or complex sizes in many experimental studies. Several, formally unexplained findings
are reproduced and their origin has been analyzed: derivations from the expected functional form of the
initial incline, the suppression of the formation of lithium clusters, the influence of the functional form
and width of droplet size distributions. Furthermore, the controversially discussed formation of high-spin
alkali clusters on helium droplets has been calculated within the model. The selection of high-spin states
comes out to depend strongly on the experimental conditions, and is in general not pronounced for cluster
sizes > 3. The enhancement factor of 50 of high-spin states reported in earlier experiments is reproduced

when choosing the conditions of these experiments.

1 Introduction

The first beam of condensed helium nanodroplets was
studied by Becker et al. in 1961 [1] and it took nearly
30 more years before the high potential of helium droplets
for matrix isolation spectroscopy was realized. In 1990
Scheidemann et al. showed that helium nanodroplets
can be loaded with neon atoms [2] and that com-
plexes/clusters can be formed inside the droplets [3]. By
now, it has become clear that helium nanodroplets provide
a nearly perfect matrix for spectroscopy at temperatures
of 0.37K [4-7]. Dopants are efficiently cooled by evap-
oration of helium atoms off the droplets surface [8-10].
Hence, the thermal occupation of no excited vibrational
and only low rotational states leads to very clean spectra.
Furthermore, helium provides a very weakly perturbing
environment. The droplets are superfluid [11,12] so even
rotationally resolved spectra of embedded molecules have
been obtained [13].

Helium nanodroplet isolation spectroscopy (HENDI)
was established as a powerful tool. A vast number of
atoms and molecules have been investigated by the use
of HENDI, applying a variety of different experimental
techniques ranging from microwave [14,15] to infrared [6]
to visible [7] and even to XUV photon energies [16,17]. Be-
cause of the possibility of using helium droplets to form
isolated clusters and complexes [18], cluster size-effects at
cold temperatures can be studied. Due to the low temper-
ature and rapid cooling even very fragile complexes can
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be synthesized. Moreover, specific conformers like linear
HCN chains [19] or high-spin alkali dimers and trimers
have been aggregated in helium [20,21].

The ability to form complexes in helium droplets goes
along with the disadvantage that single cluster or complex
sizes cannot be selected in the doping process. The result-
ing distribution of different cluster sizes has hampered in
many experiments the interpretation of experimental re-
sults [22-24]. In order to assign an observed spectral line
to a cluster size an obvious way is the ionization and mass-
selective detection of the cluster. Here, fragmentation pro-
cesses are often hard to disentangle. Moreover, attached
helium might mask expected dopants masses. A well es-
tablished alternative is based on the pick-up statistics:
helium droplets collect atoms or molecules via inelastic
collisions when passing the pick-up cell. The probability
to collect k particles depends on the length of the oven cell
[, the cross section of the droplets o, and the particle den-
sity inside the cell n. Varying the density n in the doping
cell and providing [ and o to be constant, the abundance
of every cluster size k follows the Poissonian statistics:

k
Pk(l,’n70') _ (ZT;:'-) e(—lno')' (1)
In the following, an intensity distribution plotted versus
the particle density n will be called a doping curve. Fig-
ure 1 shows the doping curves of cluster sizes k = 0—5.
The particle density is normalized based on the measured
position of the maximum of the monomer curve and the
experimental conditions: 10 mm length of the pick-up cell


http://dx.doi.org/10.1140/epjd/e2011-10466-0

2 The European Physical Journal D

0 2 4 6 8 10 12 14 16 18 20

particle density [10"%/m”]

Fig. 1. (Color online) Theoretical doping curves according to
the Poissonian statistics.

and mean droplet size of 5000. Two striking properties
of these curves are immediately apparent: the maxima of
different cluster sizes are equidistant;

k
Nmax(Py) = lo (2)
This allows a first guess of assigning a specific cluster size
when comparing with Poissonian curves of known clus-
ter sizes. Furthermore, the exponential function in equa-
tion (1) becomes nearly 1 for small particle densities,
meaning that the initial incline follows the functional form
k
n’:
(Ino)* k
g X (3)

Pk(an' < 1) =
In several experimental studies the method of recording
doping curves has been applied quite successfully in or-
der to assign sizes of small clusters and complexes [25,26].
However, one should note that the Poissonian distribu-
tions often do not fit very well the observed doping curves.
For larger complexes, the agreement is even worse. In par-
ticular clusters of alkali atoms differ strongly from the ex-
pected behavior [22,23].

Clusters of alkali atoms have received considerable in-
terest right from the advent of cluster physics [27]. In
particular the electronic and geometric structure lies in
the focus of theoretical and experimental work. Over
the years a large number of publications dealing with
the properties of alkali clusters has been produced. The
experiments showed that in particular temperature is an
important parameter for the size-dependent electronic
properties [28,29]. Whereas specific clusters show broad
absorptions at high temperatures, absorption lines become
quite narrow when clusters are cooled to 35 K. The authors
predicted a VT law for the width of the lines. The tem-
perature dependence of the line width can be explained
as thermal average of vibrational modes when treating
the clusters like having molecular transitions. Experiments
with helium nanodroplet isolated clusters at 0.37 K can
validate this model and have prospective options to get
detailed information on the electronic structure as well as
on the collective behavior of the outer electrons.

As far as the aggregation of alkali atoms on helium
droplets is concerned, it is still under discussion in what
spin states the resulting molecules and clusters are formed.

Experiments on dimers and trimers showed that molecules
reside on the droplets’ surface and molecules having all
spins of the valence electrons in parallel are favored be-
cause of the much lower binding energies to be dissipated
upon cluster formation [30-32]. The analysis of mass spec-
tra of Li, Na, K, Rb and Cs clusters on helium droplets
revealed that large clusters are suppressed in the case of
Rb and Cs. The suppression was assigned to the instabil-
ity of high-spin (HS) states because of the large spin orbit
coupling. A subsequent spin flip releases a large amount
of binding energy which leads to the desorption of the re-
sulting low-spin (LS) clusters. This led the authors to the
conclusion that in these experiments preferentially high-
spin clusters had been formed in the size range <30 [21].
However, spin statistics predicts a quite low abundance
of clusters having all the spins of the valence electrons in
parallel. The probability to form a HS cluster the size N
out of a HS cluster of size N—1 is given by:

N +1

Pus(N—-1— N) = ON

(4)

For large N the probability converges to é, leading to a
probability to form a HS cluster the size N of:

Pus(N) % - (5)

Vongehr and Kresin calculated the pick-up statistics for
alkali clusters predicting only high-spin clusters to remain
on the droplets. Because of the limited experimental data
available at that time, the resulting unusual pick-up statis-
tics could not be confirmed nor declined by experimental
data [33]. Later on, an experimental study of the formation
process of rubidium dimers and trimers attached to helium
droplets performed in the group of Ernst revealed [23],
that the measured doping curves for high-spin formation
can only for low particle densities be reproduced by the
model proposed by Vongehr and Kresin. For larger parti-
cle densities the model deviates from the experiment.

In general, the question occurs how to confirm spin
states and correlate electronic structure to e.g. metallic
properties. Spectroscopy is a very useful tool to determine
electronic structures. However, if the broadening of lines
does not allow a separation of different species like it has
been observed in several experiments [22,23], a selection
of cluster sizes might be essential for the interpretation of
experimental data. Doping curves are in that sense crucial
to unravel spectra and only a detailed simulation allows
a correct assignment and interpretation of the measured
dependencies.

The paper is organized in the following way: after
a short introduction of the experimental conditions, the
model to simulate the doping process will be introduced.
Then results of sodium and lithium clusters in different
spin states are interpreted in comparison with experimen-
tal results.
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2 Experiment

The setup of the molecular beam apparatus is described
in detail in reference [34]. The helium droplet beam is
formed by expanding high purity helium gas through a
5 pum nozzle into the vacuum. The source conditions of
To = 19K (temperature of the nozzle), py = 46 bar (stag-
nation pressure) lead to a mean droplet size of N = 5000.
For other source conditions, droplet sizes are determined
using scaling laws [35].

300mm downstream the droplets pass a 10 mm long
pick-up cell containing a certain particle density of alkali
atoms. The particle density can be adjusted by chang-
ing the temperature of the pick-up cell. The vapor pres-
sure in the cell is derived from tabulated vapor pressure
curves [36]which is then converted to particle density using
the ideal gas law. By measuring the effusive intensity from
the pick-up cell by means of Langmuir-Taylor surface ion-
ization [37] the correct temperature dependence has been
checked. In the temperature region used the portion of
dimers in the vapor is 2 orders of magnitude below the
monomers [38]; hence doping dimers or clusters directly
from the vapor is negligible in these experiments. The
doped droplet beam is ionized by a fs-laser beam inside
the detection volume of a quadrupole mass-spectrometer.
A Ti:sapphire oscillator having a repetition rate of 80 MHz
corresponding to a pulse energy of 15 nJ and a pulse width
of 110fs was used as ionization laser. The laser was oper-
ated at a center wavelength of 760 nm = 1.63 eV resulting
in ~6 x 10° photons per pulse.

The Ionization potentials of metallic bound potassium
clusters are in the range of 3—3.5 eV [39], decreasing with
increasing size. The photon energy provided is sufficient
to ionize most of the probed clusters in a non-resonant
2 photon process, providing only a small amount of excess
energy. Since the fragmentation energy of the cluster ions
is in the range of 0.3—1¢eV [40,41], fragmentation without
thermal activation should be suppressed [42]. The dimer
forms an exception having a higher IP of 4eV. It can only
be ionized in a three photon step. In the case of the weakly
bound high-spin clusters a spin flip can occur releasing a
large amount of binding energy which leads to fragmenta-
tion.

To illustrate the large deviations between the experi-
ment and the Poisson statistics, Figure 2 shows the doping
curves of potassium clusters up to sizes of k = 9 detected
mass-selectively [24]. To our knowledge this is the only
available complete set of doping curves for alkali clusters
larger than the trimer.

The measured doping curves cannot be explained
within the Poissonian model. The maxima of the different
cluster sizes are no longer equidistant but tend to group
around a certain density. A large gap between the dimer
and trimer mass is observed and the overall shape can-
not be fitted by Poissonian curves. The monomer curve
is strongly distorted by fragmentation of the high spin
clusters and the effusive beam. In the result section the
experimental curves will be discussed in detail in compar-
ison to the simulated doping curves.

norm. intensity
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Fig. 2. (Color online) Doping curves of potassium clusters
detected by means of multiphoton photo-ionization with a fs
laser pulse [24].

3 Model

Helium nanodroplets have the property to collect particles
by inelastic collisions with sticking probabilities close to
1. The energy carried by the dopant is transferred to the
droplet and released by evaporation of helium atoms. The
pick-up cross section to a good approximation is propor-
tional to the geometric cross section of the droplets. Ex-
perimentally, the droplet beam passes a pick-up cell con-
taining a certain particle density of atoms or molecules to
collide with. By successive collisions one droplet can col-
lect several particles which then form complexes or clus-
ters. Changing the particle density in the cell changes the
number of collisions and the average cluster size distribu-
tion on the droplets. Based on the collision probabilities
and assuming that the pickup follows stochastic events
with no memory between successive events, the size dis-
tributions should correspond to the Poissonian statistics.

Interpretation of intensities within the Poissonian
statistics for picking up single atoms one by one during
the flight through the doping cell neglects 4 important
aspects:

— The droplets are produced with a wide distribution of
droplets sizes.

— The droplets shrink upon every pick-up collision be-
cause of the evaporative cooling process.

— The transfer of momentum leads to a divergent droplet
beam.

— Clusters bound to the surface tend to desorb upon for-
mation because of the dissipation of binding energy.

While item one is a convolution effect, items 2 and 3
release the assumption that the process has no memory
between pickup events. Item 4 describes a post pick-up
behavior. All these items are modeled in the presented
simulation.

3.1 Droplet size distribution

In the experiment the droplets are only available in size
distributions. Droplet formation can be classified in three
expansion regimes [4]. In the subcritical regime droplets
are formed via condensation of atoms from the gas phase.
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The mean droplet sizes range from a few hundreds to ten
thousands of helium atoms per droplet. The size distri-
bution follows a log-normal distribution having a width
comparable to their mean size [43]. In the supercritical
regime droplets are formed as fragments of the fluid. These
droplets are very large having mean sizes 2 x 10° up to
107. The different formation process leads in this case to
a size distribution, which follows a linear-exponential dis-
tribution [44]. In the critical regime a mixture of both
processes takes place.

3.2 Droplet shrinking

Every pick-up process leads to an energy transfer to the
droplets. The droplets then rapidly cool down to their
terminal temperature by evaporating helium atoms. This
shrinkage leads to a decrease of the scattering cross sec-
tion and the probability to collect a further particle is
reduced. At a certain energy entry, the complete droplet
evaporates. The involved energy is composed of the fol-
lowing contributions:

E= <Ekin> + Ein + Ebinding + Ecluster' (6)

With (Eyin) the average kinetic energy, Ej, the internal
energy of the molecules, Fhinding the binding energy of the
particle to the droplet, and E¢jyster the binding energy of
the formed cluster or complex.

The average kinetic energy is given by the relative ve-
locity of particle and droplet. Assuming a perpendicular
and central collision with a much smaller mass of the par-
ticle compared to the droplet it can be estimated as:

3 1
<Ekin> ~ 2kBT + 2mparticlev§roplet (7)

where T denotes the temperature in the pick-up cell. In
the case of atoms, the internal energy is 0; but even small
molecules can carry a significant amount of energy to be
considered. In contrast to most atoms and molecules, the
binding energy of alkali atoms to the droplet is only in
the order of 10 cm™! [45]. The binding energy (BE) of the
formed alkali clusters is strongly dependent on their spin
configuration. A high-spin (HS) cluster, where all spins
are in parallel, has a much lower BE than a cluster in a
singlet /doublet state, where pairing of antiparallel spins
increases the binding properties of the valence electrons.
This energy, again, has to be dissipated by evaporating he-
lium atoms which are bound to the droplet by 5cm~! [46].
Lehmann and Dokter developed a model for the evapora-
tive cooling of helium nanodroplets including angular mo-
mentum conservation [10]. The calculations predict that
depending on the initial angular momentum of the droplet
one He atom carries additional energy of up to 3cm™!
which would lead to a reduced shrinking in our model.
During this process the droplet shrinks and its cross sec-
tion is reduced. As an example, the pick-up of one Na
atom leads to an evaporation of approximately 100 helium
atoms, the pick-up of a SFg molecule to the evaporation
of around 500 atoms.
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Fig. 3. (Color online) Calculated binding energies of Na and
Li clusters in different spin states [47-49]. S/D: singlet /dou-
blet states, HS: high-spin state having all spins of the valence
electrons in parallel.

The size of the clusters is limited by the maximum
energy the droplets can dissipate. As the experimental
studies have shown, the droplets act as a filter for weakly
bound complexes [4]. For example, in the formation of al-
kali trimers the quartet states were very much enhanced
compared to the doublet trimers. Figure 3 shows the
binding energies of lithium and sodium clusters up to a
size of 12 in different spin configurations [47-49]. In the
case of sodium the differences between the HS and dou-
blet/singlet states are considerable, whereas in the case
of lithium the difference is only moderate. The differ-
ence between lithium and the other alkalis is associated
to a different ordering of the molecular orbitals due to a
shorter bound length, leading to a significant ferro mag-
netic binding energy [47]. The binding energy of a HS
sodium trimer leads to the evaporation of 160 atoms but
the binding energy of the doublet trimer to an evaporation
of 1900 atoms. In our simulation we will classify results to
their overall spin state: HS indicating the clusters with all
spins parallel, low spin LS all other configurations.

3.3 Momentum transfer

In addition to energy, also momentum is transferred to
the droplets during the doping process. Because of the
much higher mass of the droplets this momentum can
be neglected for weak doping. However, if several atoms
are collected, the momentum transfer leads to a consid-
erable spatially diverging beam. In general, one only has
a small interaction region, for example, given by the di-
ameter of a laser beam. The increased divergence of the
beam therefore leads to droplets missing the detector and
consequently results in a decrease of the recorded signal.
The simulation revealed that the momentum distribution
of droplets follows a 3D normal distribution after pass-
ing the oven cell. The effect of the momentum transfer
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is strongly depended on the geometry of the experiment.
The longer the distance between pick-up and interaction
region and the smaller the interaction region, the bigger
this influence is.

3.4 Cluster desorption

Another characteristic of alkali atoms and clusters is their
ability not to solvate inside the droplet but to reside in a
dimple on the surface. Since the binding energy of the
formed cluster which is dissipated upon cluster forma-
tion is much higher compared to the binding energy to
the droplet surface, desorption off the droplet’s surface is
a prominent process. In order to describe the desorption
process we tested three different models and compared the
resulting doping curves with the experimentally observed
ones.

1. In the first model the cluster always desorbs when
the released energy exceeds a fixed value. This model
corresponds to the process Vongehr and Kresin pro-
posed [33]. The value of the threshold is chosen in a
way that LS clusters always desorb and HS clusters
never.

2. In the second model the desorption probability is pro-
portional to the ratio of the released energy and the
total energy of the droplet, making the desorption de-
pendent on the droplet size.

3. In the third model the desorption probability is pro-
portional to the ratio of the released energy and the
binding energy of all helium atoms located at the sur-
face of the droplet. This is based on the idea, that the
desorption of helium atoms is isotropic and the cluster
will desorb if the outer helium shell desorbs.

The third model showed the best agreement with the ex-
periment and was used in the simulations presented here.

Clusters with exceptionally high binding energy per
atom are strongly suppressed by the desorption model and
so are the cluster sizes building on that cluster. Addition-
ally, droplets can be doped again after having released
clusters. This leads to an increase of the abundance of
small clusters at high particle densities.

3.5 Simulation procedure

The modeling is based on a numerical simulation of
droplets of a certain size and velocity picking up a cer-
tain number of dopand particles carrying thermal energy
and momentum. A 4-dimensional N x M X k x S matrix
is constructed where N represents the droplet size, M the
number of collisions of the droplet, k the doped cluster
size, and S the spin state of the doped cluster. We start
with a size distribution of droplets corresponding to the
experimental conditions. The droplets pass the “oven cell”
of length [ stepwise. The steps dl are chosen in a way that
the probability to collect two particles is much smaller
than only collecting one according to the Poissonian dis-
tribution. So we can neglect Py~1(dl, o,n). For each step

the probability to collect one atom, droplet shrinking and
the desorption probability are calculated and applied to
the matrix. After passing the cell the correction from pick-
ing up momentum is computed.

As a result we obtain the probabilities having droplets
of size N which have undergone M collisions, doped with
a cluster of size k in spin state S. Integrating over N and
M calculates for each density n the doping curve.

4 Results

In this article we present the simulation of sodium and
lithium clusters with different droplet beam and oven cell
conditions. For potassium, rubidium and cesium clusters
there is no spin-dependent set of binding energies avail-
able. However, in the case of potassium a very similar
behavior when compared to sodium is expected, since the
binding energies of the clusters are comparable in the LS
case [50]. Moreover, the mass spectra of sodium and potas-
sium clusters embedded in helium nanodroplets have been
measured to generate very similar size distributions [21]
which underlines a comparable doping scenario. From the
experimental point only for potassium a complete set of
doping curves has been measured. Concerning the charac-
teristics of the droplet beam, parameters according to our
experimental conditions were used. Mostly we carried out
experiments in the subcritical regime of droplet formation
because of the high density of produced droplets. Typi-
cal droplet sizes are in the region of 5000—20000 helium
atoms. In the subcritical regime the velocity v of the beam
can be calculated by [51]:

v = /2h(T, po) (8)

with h(Ty, po) the real gas enthalpy per unit mass at stag-
nation conditions Tj and pg. In the supercritical regime it
is proportional to /Ty [51].

The simulation models the experimental conditions of
our apparatus: our oven cells have a length of 10 mm, the
distance to the interaction zone is 300 mm and its diameter
is 1mm. The corresponding parameters were scaled in a
way, that the maximum of the simulated doping curve for
the sodium monomer matches the measured one, which
is located at a sodium vapor pressure of 10=% mbar (n =
1.6 x 10*® /m?) in the oven cell and for a mean droplet size
of 5000.

As an example, Figure 4 plots the result for a sodium
trimer in the high-spin state, formed in a droplet beam
with a mean size of 5000 and FWHM of 4000. The false
color picture shows the probability to find the trimer on
a specific droplet size as a function of the particle density
n in the oven cell. The bottom bar represents the droplet
size distribution prior to doping. The black line marks the
mean droplet size of the actual size distribution. At low
particle densities (below the maximum of the left panel
in Fig. 4) the mean droplet size given by the black line
is shifted to higher N when compared to the mean of
the initial droplet size distribution. In this region very
large droplets significantly contribute because the smaller
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Fig. 4. (Color online) Probability of finding a sodium trimer
in a droplet of size N dependent on the density of atoms in
the pick-up cell. Droplets were assumed to initially have a log-
normal distribution with a mean size of 5000, which is repre-
sented by the bar on the bottom. The left panel plots the Nas
intensity integrated over all droplet sizes. The black line indi-
cates the mean droplet size N the white line the maximum of
the distribution.

droplets have a low probability to collect three atoms. At
conditions corresponding to the maximum of the simu-
lated doping curve the size distribution is very similar to
the original one, being shifted only a little bit to larger
N. Carrying out the integral over N results in the doping
curve shown to the left.

The simulation shows that the mean droplet size for
maximum doping conditions of that specific cluster size
is very similar to the undoped situation. To illustrate the
important trends, Figure 5 shows the influence of clus-
ter size, spin state and particle density on the underlying
droplet size distributions. The black lines mark the maxi-
mum of the doping curves. The larger the cluster the more
the underlying droplet size distribution is shifted to larger
droplet sizes. For complexes with an exceptionally high
binding energy this effect can be very pronounced. For
example, the singlet dimer is carried by droplets having a
mean droplet size of ~8000, nearly twice the original one.
The size distribution of the doped droplets changes with
the doping conditions, beginning with a large mean size
for low particle density which decreases with increasing
particle density.

In many published results only the undoped cluster
sizes are given. One has to note here that the doped
droplet size can significantly deviate, depending on the
doping conditions. Moreover, the evolution of the distri-
butions with increasing cluster size is opposite to what
one would naively expect. The mean droplet size for larger
clusters is larger than the one for smaller ones. The reason
for this is, that for larger clusters only a small portion of
the droplets is able to carry the cluster into the detection
volume, cutting off a part of the underlying distribution.

The simulation allows to isolate the influence of the
four incorporated effects discussed in Section 3. Taking
into account the droplet size distributions leads to an

0.8
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0 5000

10000 0 5000
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Fig. 5. (Color online) Probability of finding a sodium cluster
of size k in the HS or LS state in a droplet of size N dependent
on the density of atoms in the pick-up cell. The black lines
mark the maximum of the simulated doping curve. Droplets
were assumed to initially have a log-normal distribution with
a mean size of 5000.

overall broadening of the doping curves. The simulations
show that this broadening is the main reason for the ob-
served exponents being too small in the initial incline
of the doping curves. Additionally, the tail of the size
distribution enables the formation of very large clusters.
Droplet shrinking and desorption lower the probability to
form large clusters. Additionally, the desorption model fa-
vors clusters with low binding energy. The momentum
transfer strongly influences the doping process at high
particle density leading, in general, to a decrease in the
number of formed clusters.

4.1 Subcritical expansion regime

In the subcritical regime the droplet size distribution fol-
lows a log-normal distribution. Typical droplet sizes used
in the experiments are in the range of 5000—20000. The
simulation was carried out for sodium and lithium. The re-
sults are qualitatively similar so we will concentrate the



O. Biinermann and F. Stienkemeier: Formation of alkali clusters attached to helium nanodroplets 7

T T T T T T T T T
1.0 5 J (a)__
> o8| -
& 0.6_— \ —_
£ o4l -
% 0.2 | —
c - —
0.0 |
| 1 | 1 | 1 | 1 | 1
0 2 4 6 8 10
particle density [arb. units]
T T T T T T T T T T T T
1.0 |- —
0.8 |- —
0.6 | -
04 | 4
. 0.2 | —
a L
- 00|
e Bttt
e r (c)]
0.8 |- -
06 |- k=0 H
3 k=1 H
04 | —k=2 H
L =3 H
0.2 —k=4 A
r k=5
00 [y ey —
0 5 10 15 20 25 30
particle density [10" / m?]
Fig. 6. (Color online) (a) Experimentally measured doping

curves of potassium clusters. (b) Simulated doping curve for
Na LS clusters. (c¢) Simulated doping curve for Na HS clusters.

discussion on sodium. However, we have to point out once
again, that lithium is special in the line of alkali atoms,
showing much less dependence in the binding energies on
the spin state.

Sodium clusters

Figure 6 shows experimentally observed doping curves of
small potassium clusters (graph (a)) in comparison to the
simulated curves for sodium clusters for droplet condition
N = 5000, Ny /o = 4000. Graph (b) shows the results of
clusters in the LS states, (c¢) the one for the HS ones. In
particular the doping curves for LS clusters differ strongly
from the Poisson statistic (cf. Fig. 1). In contrast to the
Poissonian curves, a notable part (~10%) of the droplets
remain undoped (Fig. 6-graph (b)).

The monomer and dimer maxima almost overlap and
are quite separated from the maxima of larger clusters
which group together at higher particle densities. This
behavior nicely meets the observations. The HS clusters
do not group, but have roughly equidistant maxima like
the Poissonian curves. This already indicates that under
these conditions high-spin clusters are not preferentially
detected. This issue will be discussed later. When compar-
ing the simulation with the experiment we have to keep
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Fig. 7. (Color online) Cluster size distribution for conditions
leading to a maximum of the tetramer signal for initial droplet
size distributions with a mean size of (a) 5000 and (b) 20 000.
PS = Poisson statistic, LS = low spin clusters, HS = high-spin
clusters, SV = scattered or vaporized droplets.

in mind, that fragmentation upon detection leads to cross
talk of the different masses in the experimental data. This
can e.g. be seen on the monomer and dimer mass, where
we get a contribution of the higher masses when going
to heavy doping (Fig. 6a). Such fragmentation has not
been included in the presented simulation since we are in-
terested in the cluster size distribution after the pick up
process. The amount of fragmentation will be discussed
below.

The increase of the monomer curve to very high vapor
pressures stems from background atoms, coming from the
effusive beam of the very hot oven cell.

HS clusters have a much larger tendency to fragment,
because upon ionization a spin flip is likely, releasing a
huge amount of binding energy [52,53]. In most cases mo-
nomer fragments will appear and contribute to the mo-
nomer doping curve. Following this line of interpretation
large HS clusters should not contribute to the doping
curves recorded on their parent masses but to the doping
curves of the corresponding fragments masses. However,
the LS clusters do not tend to fragment and contribute to
the doping curve of their parent masses. This behavior is
observed in the experiment. The doping curves of potas-
sium clusters larger than k& = 2 (Fig. 6) are best modeled
by LS clusters. The monomer and dimer curves reveal a
large contribution of fragmentation from higher masses,
most likely HS clusters.

In Figure 6 the curves are normalized to allow a better
comparison. However, also the absolute amplitude of the
curves is of interest. The simulation revealed that in gen-
eral the number of droplets carrying a cluster of specific
size is less than we expect in the case of Poissonian curves.
Here also the droplet size plays an important role.

The complete cluster size distribution for conditions
leading to a maximum of formed tetramers is shown in
Figure 7 for two different mean droplet sizes. For compar-
ison the distribution expected from Poissonian statistics
is also included. In case of a mean droplet size of 5000,
most of the droplets either carry no cluster when leaving
the doping region or do not reach the detection volume.
Almost 60% do not reach the detector; either because they
have completely evaporated or have been scattered off the
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Fig. 8. (Color online) Position of the maxima of the simulated
doping curves as a function of the mean droplet size N. (a) LS
clusters, (b) HS clusters.

acceptance region because of high momentum transfer.
15% of the droplets carry no clusters. Cluster sizes larger
than 3 are strongly suppressed, the tetramer only has a
probability of <1%. Increasing the droplet size leads to
a different picture. Only a small amount of droplets is
scattered or evaporates. Still most of the droplets carry
monomers or dimers and even the large clusters are abun-
dant with notable contribution. Adding the probabilities
of LS and HS clusters give a quite similar picture com-
pared to the Poissonian statistic, only shifted to smaller
sizes.

Comparing the described distributions with experi-
mental results [5] is not straight forward. The exper-
imental mass spectra are characterized by shell struc-
tures pointing to fragmentation patterns. Hence they do
not represent the genuine distribution of clusters on the
droplets. However, as discussed later, fragmentation upon
detection does not severely scramble the assignment of
cluster sizes. The measured mass spectra as the simulated
ones show a strong decrease of larger clusters, even for
intense doping. In order to observe larger clusters at all,
large droplet sizes are required.

For a detailed analysis the simulation was done for sev-
eral mean cluster sizes. Figure 8 shows the position of the
maxima of the simulated doping curves for different clus-
ter sizes k. Graph (a) shows the position of the LS clus-
ters and (b) the position of high-spins. Droplets of a small
average size cannot dissipate much energy and the cluster
size distribution is cut off very early. E.g., droplets of sizes
less than 3000 completely evaporate when the binding en-
ergy of a singlet dimer is dissipated into the droplet; hence
singlet dimers are completely missing in Figure 8. The HS
clusters also stop at a size of 3 at this droplet size.

For the HS clusters the maxima are roughly equidis-
tant. The LS clusters show the already mentioned
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Fig. 9. (Color online) Exponent of the rise of the simulated
doping curves for sodium in comparison with the Poissonian
statistics and the experimental values.

grouping for droplet sizes in the range of 5000. This is
caused by the very high binding energy of the singlet dimer
and leads to high desorption probabilities upon formation.
Singlet dimers only stay on very large droplets. This has
the effect that only a small part of the droplet size dis-
tribution is doped. These are the large droplets having
large scattering cross sections. Therefore the doping curve
is shifted to lower particle densities. The LS clusters from
size 3 on are mainly formed from triplet dimers, leading
to the gap between dimer and trimer. At very large clus-
ter sizes, the singlet dimer stays on the droplet and the
gap separating the larger clusters disappears. This means,
that the positions of the maxima are significantly effected
by the desorption and shrinking model.

One can also analyze the initial incline of the curves by
fitting them to polynomials. The curvature should be pro-
portional n*. Surprisingly, the experiment revealed, that
the exponents are smaller than the expected k, still being
equidistant. First of all this confirms that in our experi-
ments the clusters are not detected to a large extend on
fragment masses, since this would result in too large ex-
ponents. Hence, fragmentation upon detection does not
contribute significantly. The experimental curves as well
as the simulated ones cannot be fitted very well with a
Poissonian curve. In particular for heavy doping (higher
densities) deviations are severe. In order to obtain the ex-
ponents of the initial part we fit only up to the maximum.
The resulting exponents for the simulation are shown in
Figure 9 in comparison to experimental values. The sim-
ulation clearly confirms the too small exponents, like ob-
served in the experiment. It appears that the larger the
mean droplet size, the more the exponents decrease. Here,
the increased widths of the size distributions of larger
droplets is responsible for the decrease of the exponent.
This opens up the possibility to use Poissonian curves
to determine the widths of size distributions of droplet
sources.

In the following the formation of high-spin clusters and
in particular the ratio of HS to LS clusters has to be dis-
cussed further. A ratio of singlet to triplet dimers of 1:50
was observed experimentally [20]. Only looking at the spin
statistics, a ratio of 1:3 is expected. Figure 10 plots the
ratio for the different simulated mean droplet sizes. For a
mean droplet size of 100000 and 20000 respectively, the
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Fig. 10. (Color online) Ratio of HS to LS clusters in depen-
dence of the cluster size k and the mean droplet size N. Ad-
ditionally the expected ratio based on spin statistics as well as
an experimental value [20] is included in the figure.

ratios of the different cluster sizes are close to the ones
expected by theory. However, for smaller droplets the HS
clusters more and more dominate and one can choose ex-
perimental conditions where even for tetramers and larger
clusters the low spin species are significantly suppressed.
For a mean droplet size of 5000 the dimers have a ratio of
1:90, meaning the experimental observed ratio is reached
at a mean droplet size between 5000 and 20000 atoms,
reflecting well the experimental conditions. In conclusion,
depending on the experimental conditions, high-spin clus-
ters can be selected during the doping process; however,
for large droplet sizes this enhancement effect disappears.

Lithium clusters

Similar simulations have also been carried out for lithium
clusters. The main difference between lithium and sodium
are the binding energies of the clusters (Fig. 3). While
in the case of sodium the binding energy of the sin-
glet/doublet configurations are much higher compared to
the HS clusters, in the case of lithium the difference is
quite moderate. Only the triplet dimer has a much smaller
binding energy than the singlet state. In particular, the
HS trimer and HS tetramer have a quite high binding en-
ergy. In view of our simulation it is now quite obvious that
during the earlier experiments [21] no larger lithium clus-
ters have been observed. Clusters larger than the trimer
are strongly suppressed in the simulations. Again the sup-
pression of large clusters disappears when increasing mean
droplet sizes.

4.2 Supercritical regime

In order to form clusters much larger than 10 very large
droplet sizes are required. In the subcritical expansion
regime the mean size will not exceed a few ten thousand
atoms but in the supercritical regime droplets containing
millions of helium atoms can easily be produced. Because
of the different droplet formation process a completely
different droplet size distribution is present, now follow-
ing a linear-exponential function. Like already discussed,
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Fig. 11. (Color online) Doping curves for the Li monomer as
a function of the mean droplet size. (a) Simulation, (b) exper-
iment, LN = log normal, LE = linear exponential.

a change of the size distribution will also change the dop-
ing curves. This has to be accounted for when analyzing
the size of the clusters via doping curves.

Figure 11 shows experimental doping curves for the
lithium monomers as a function of the mean droplet size
in comparison to the calculated doping curves. The change
of the curve with the droplet distribution can be modeled
well by the simulation. Going to larger N leads to a shift of
the maximum to lower particle densities. Also the change
in the slope when reaching the supercritical regime is re-
produced. This clearly indicates that the distribution of
droplet sizes, which can significantly vary depending on
the source conditions, has to be considered when fitting
and analyzing doping curves.

5 Conclusion

The simulations presented in this article are well suited
to reproduce the experimentally observed doping curves
for small alkali clusters. The discrepancies between the
Poissonian statistics and the observed experimental curves
can be explained and attributed to different effects of the
doping process. The simulation confirms the experimental
observation, that it is difficult to assign a defined cluster
size to an observed cluster only by recording the doping
curve, at least for sizes larger than 3. Increasing the mean
size of the droplets can significantly but not completely
reduce this problem.

In detail, the too small exponents can be explained
within the simulation and are attributed to the underly-
ing droplet size distribution. Furthermore, the shape of
the doping curves is strongly influenced by the droplet
size distribution. Droplet shrinking and cluster desorption
lead to intuitively unexpected shifts of the doping curves.
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Cluster with exceptional large binding energies are more
abundant at lower particle densities since only very large
droplets can absorb the released binding energy. For heavy
doping one has to consider momentum transfer to suppress
the formation of small clusters.

A further important result is, that for large alkali clus-
ters HS states like proposed in reference [21] are only pro-
duced at very special experimental conditions and not a
general feature. For small cluster sizes (dimers, trimers)
the simulation revealed that high-spin molecules are fa-
vored, like observed in several experiments. When the
droplet size is large enough this effect is less pronounced
and it is possible to form low spin entities. The experimen-
tal observed ratio of singlet to triplet dimers of 1:50 [20]
is reproduced for the conditions of these experiments.

Looking at the heavier alkali atoms, for potassium the
same behavior as for sodium is expected. In the case of ru-
bidium and cesium former experiments revealed that large
clusters cannot be formed. The lack of large clusters was
explained by the instability of the high-spin clusters due
to the large spin orbit coupling [21]. The simulation points
to an alternative explanation. Due to the larger mass of
rubidium and cesium the momentum transfer could be
responsible for the absence of large clusters. In recent
experiments performed in our laboratories we were able
to observe larger clusters when using much larger helium
droplets. Again this represents very well the results of the
simulations.

Simulations can easily be extended to complexes other
than alkalis. However, the peculiar situation of the weak
binding and surface location of alkalis on helium droplets
amplifies many effects and results in most drastic devia-
tions from statistical behavior for these systems of alkali
atoms. Apart from the desorption mechanism, all other
effects also apply to dopands which are solvated inside he-
lium droplets. One important result which can be trans-
ferred to any system is that the size distribution of the
droplets has a large influence on the doping curves. Espe-
cially concerning large clusters or complexes the doping
curves differ strongly from the Poissonian statistics.

Finally, the simulations have been used to test different
oven configurations in order to check effects on the length
of the doping region. Except for shifts of the doping curves,
no big difference could be found when changing the length
of the oven cell. This might be evident, because the main
energy transferred to the droplet results from the cluster’s
binding energies and not from the kinetic energy which is
the only parameter that changes. The same is true for
different droplet beam velocities.

In conclusion, the simulations clearly point out that
the analysis of doping curves can exhibit surprising re-
sults like e.g. too small exponents of the initial incline or
drastic effects when changing helium droplet size distribu-
tions. In general these effects are well reproduced in the
simulations. However, one has to be careful when using
doping curves to assign sizes of clusters and complexes
because the experimental conditions strongly determine
the outcome of the measured curves.

Financial support of this work by the Deutsche Forschungs
Gemeinschaft is gratefully acknowledged.
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