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Abstract

The special conditions provided by the ultracold and liquid environment of helium nan-
odroplets allow the formation of unusual and unique structures from embedded complexes. A
recent example is magnesium atoms, which show evidence for the formation of a metastable
structure called foam, in which single atoms are separated by a layer of helium. The present
work focuses on the electronic properties of the foam, which were studied by photoelectron
spectroscopy. The photoemission spectra show characteristic features which are assigned to
the ionization from highly excited atomic states. This is attributed to a collapse of the pho-
toexcited ensemble, which is accompanied by an energy transfer to the foam atoms. The
maximum number of atoms that can be stabilized in the droplet is obtained by analyzing the
doping dependence of the photoelectron features with respect to the pick-up statistic. Mass
spectrometry studies on heavily doped droplets show the formation of magnesium clusters.
The ionization potentials of small MgN clusters are determined by recording cluster ion yield
as a function of the photon energy.

Kurzzusammenfassung

Die besonderen Bedingungen der Helium Nanotropfen, die in der ultrakalten und flüssigen
Umgebung herrschen, können zur außergewöhnlichen und einzigartigen Strukturen eingebet-
teter Komplexe führen. Ein aktuelles Beispiel sind die Magnesiumatome, die Hinweise zeigen
auf die Bildung einer metastabilen „Schaum“-Struktur, bei der einzelne Mg-Atome durch eine
Heliumschicht getrennt sind. Der Fokus dieser Arbeit liegt auf den elektronischen Eigen-
schaften dieses Schaums, die mit Photoelektronenspektroskopie untersucht wurden. Die Photo-
emissionsspektren zeigen charakteristische Merkmale, die der Ionisation aus hochangeregten
atomaren Zuständen zugeordnet werden können. Ursache ist der Kollaps des photoangeregtem
Ensembles, der von einem Energietransfer auf die Schaum-Atome begleitet wird. Durch eine
Analyse der Dotierungabhängigkeit der Photoelektronen Signale in Hinblick auf die Pick-up
Statistik wurde die Maximalzahl an Atomen, die in einem Tropfen stabilisiert werden können,
bestimmt. Massenspektrometrische Untersuchungen der Ionen stark dotierter Tropfen zeigen
ein intensives Signal an Magnesiumclustern. Durch die Aufnahme der Ionenausbeuten als
Funktion der Photonenenergie wurde die Ionisationspotentiale kleiner MgN Cluster ermittelt.
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1 Introduction

High-resolution spectroscopy requires the preparation of atoms and molecules under
well-defined conditions. One of the key parameters is the temperature, since it defines
the number of populated vibrational and rotational states. Hence, the preparation
of the investigated molecular samples at the lowest possible temperature is essential.
To solve this problem several experimental methods have been developed. In matrix
isolation spectroscopy, introduced in 1954 [1], particles are embedded into a solid state
matrix at low temperature. However, such a technique has several disadvantages [2].
The interaction between molecules and matrix atoms leads to a perturbations of the
molecular levels and, thus, results in shifts and inhomogeneous broadening of spec-
tral lines. The situation becomes even more complex when particles occupy different
site states which results in a multiplet structure of spectra. In addition, rotation is
restricted for most of the molecules, thus, information about rotational structure can-
not be obtained. As another approach, seeded supersonic jets provide cold and free
molecules suitable for high-resolution spectroscopy [3, 4]. However, this method is
hardly applicable to molecules having a low volatility [5]. It is important to note, that
both methods allow to create clusters, even when clustering is unwanted.

Helium nanodroplets provide a manifold of opportunities to study isolated atoms,
molecules and cluster [6–8]. Foreign particles can be picked-up by the droplets and
effectively cooled down. Doping with a wide variety of particles has been reported, e.g.
noble gases [9,10], metals [11,12] di- [13,14] and polyatomic [15,16] molecules, as well
as bio-molecules, such as nucleobases [17,18], amino acids [19,20] and proteins [21,22].
The temperature of the droplets (0.37K) and optical transparency in the wide spectral
range allow to conduct experiments in the ultracold environment. The weak interaction
between dopants and helium atoms reduces the perturbation in the electronic structure,
whereas the superfluid nature of the droplets permits rotationally resolved spectroscopy
of molecules [23]. In addition, only two possible configurations of embedded particles
in the droplet are possible, i.e. particles can be completely immersed in the droplet
or reside on the surface. Besides single atoms and molecules, multiple particles can be
picked-up and successfully aggregated to clusters, whereas the size of the clusters is
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1 Introduction

simply controlled by varying the particle density in the pick-up region. Hence, helium
droplets are unique nanoscopic medium for spectroscopy. In the past, a variety of
experiments have been performed, e.g. atomic [24–27] and high resolution molecular
spectroscopy [28–30], studies on embedded clusters [31–33], chemical reactions [34–36]
and electron diffraction [37–39]. Pure and doped droplets serve as an attractive target
for studies of the interaction of matter with strong laser fields [40, 41] and collective
processes [42, 43]. The superfluidity of He droplet reflects in presence of quantum
vortices, which has been recently observed by diffractive imaging using free-electron
laser radiation [44,45].

The droplet environment allows to synthesize exotic structures. Polar molecules
arrange themselves in linear chains inside the droplet [46]. Water molecules form cyclic
water hexamers which are high energy isomers [47]. Alkali clusters on the surface of
the droplets are created in high-spin states [48]. In droplets doped by Rb and Sr atoms,
atoms are spatially separated, i.e., Rb is located on the surface, whereas Sr is immersed
in the droplet interior [49]. The formation of spatially separated structures within the
droplet is proposed for Ne and F atoms [50]. Recently, evidence was found that Mg
atoms embedded in the nanodroplet do not form a cluster, but create a metastable
network of isolated atoms called foam [51], in which atoms are located apart from each
other and separated by a layer of helium.

The present work focuses on the electronic properties of a photoexcited Mg foam,
which are studied by photoelectron spectroscopy. For these studies, the Mg doped
droplets are ionized by resonant two-photon ionization at the laser wavelength corre-
sponding to the foam absorption. Photoelectron spectra are recorded for a wide range
of doping conditions and droplet sizes. The comparison of the features in the pho-
toemission spectra with the level scheme of Mg reveals the presence of highly excited
atomic states. The formation of highly excited atoms is discussed in terms of a foam
collapse after photoabsorption. The dependence of the photoelectron yields on the
doping conditions is analyzed with respect to the pick-up statistics. The application of
this method allows to reveal the maximum number of Mg atoms that can be stabilized
as a foam. Mass spectrometry studies beyond the stability limit show the presence of
free MgN clusters. Cluster ion mass spectra recorded as a function of the photon en-
ergy allow to determine the ionization potentials of MgN in the size range 7≤ N ≤56.
The size dependence of the ionization potentials is discussed in terms of the conducting
sphere model.

The thesis is structured as follows: Chapter 2 provides an overview of the formation,
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size distributions, properties and doping of helium nanodroplets. Chapter 3 describes
the properties of particles in droplets and provides a summary of the experimental
and theoretical investigation of Mg doped droplets. Chapter 4 provides information
relevant to mass spectroscopy of Mg clusters, i.e. shell structure of atomic clusters and
size-dependent behavior of ionization potentials. In Chapter 5, a description of the
experimental setup is given. Chapter 6 describes the experimental results, which are
discussed in the following Chapter 7. Finally, in Chapter 8 the main achievements of
this work are summarized and an outlook for future experiments is given.
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2 Helium nanodroplets

This chapter is focusing on the general background of helium nanodroplets, including
a method to produce the droplets and control their sizes and size distributions, physical
properties and the pick-up technique.

2.1 Formation of He nanodroplets

The common way to produce helium1 nanodroplets is similar to the technique, which
is used to generate gas clusters. Generally, helium clusters are created in a supersonic
expansion of cold gas through a tiny nozzle into vacuum [6]. The expansion process is
adiabatic, meaning that there is no energy exchange between the expanding gas and
the surrounding media. Under such conditions, the atoms are accelerated to velocities
higher than the sound velocity and the velocity distribution narrows due to collisions
between the particles. The temperature of the particles in the beam decreases and the
formation of clusters and droplets becomes feasible.

For helium, the initial expansion conditions, such as pressure P0 and temperature
T0 are used to adjust the size of the droplets. This could be explained by a close look
at the pressure-temperature phase diagram [52], see Fig. 2.1. Starting from the initial
condition at P0 and T0 the thermodynamical conditions follow different isentropes
during the expansion and pass a phase line from different sides. This leads to various
regimes of nanodroplet formation2 [52, 53]:

(i) Regime 1: Subcritical Expansion. This process takes place at relatively high
temperatures (T0>10K). The isentropes cross the phase line from the gas phase [52].
In this regime, helium droplets are formed by gas condensation with sizes up to about
NHe=3·104 atoms.

(ii) Regime 2: Critical Expansion. This expansion regime corresponds to the temper-
ature range 9K<T0<10K. The isentropes approach the phase line close to the critical
point. Under this conditions liquid and gas phases of the helium coexist. Helium

1Here and in following by helium means 4He isotope.
2Here, the conditions for expansion regimes as well as the droplet sizes are presented with respect
to the experimental setup used in present work. See also Fig.5.2.
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Figure 2.1: Helium phase diagram. The dashed lines correspond to different isentropes.
The black dots show the initial starting point for P0 =20 bar. Adapted from [52].

droplets are formed by two mechanisms, i.e. gas condensation and partial fragmenta-
tion of liquid helium formed at the nozzle [53]. Droplet sizes NHe=3·104-106 can be
produced. A slight change in T0 at a constant pressure leads to a strong change in the
droplet size.

(iii) Regime 3: Supercritical expansion (T0<9K): isentropes are strongly bent and
cross the phase line from the liquid phase. In this regime, droplets are formed by the
fragmentation of the liquid, during the propagation of the gas in the nozzle chanel [7,52].
Droplets with sizes NHe>106 could be created.

When helium gas is cooled to temperatures below the evaporation point at a low
pressure, it completely liquefies in the reservoir. This leads to conditions, where a
liquid jet is produced [54], with a diameter comparable to the nozzle size. Droplets
of µm size are formed by a spontaneous break up of the filament due to the Rayleigh
instability. The liquid jet technique, with other types of gases, such as hydrogen or
other noble gases, are the subject of studies on the interaction of matter with strong
laser fields [55] and in plasma physics [56, 57]. They serve as an attractive target for
laser particle accelerators [58].

After the formation, nanodroplets reach their equilibrium temperatures by evapora-
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2.1 Formation of He nanodroplets

tive cooling. This energy dissipation process has to be taken into account whenever
excess energy is transferred to the droplet. Simultaneously, it is responsible for the
decrease of the droplet size. In the case of a high amount of deposited energy, the
droplet size can be strongly reduced.

Since the formation is a statistical process, which also depends on the expansion
regime, droplets with a broad size distribution are produced in the expansion. In the
experiment, it is challenging to determine the exact size distributions by common tech-
niques, e.g. ionization of droplets combined with time-of-flight mass spectroscopy. The
reason is the strong impact of fragmentation on the observed mass spectra. The signals
from small fragments dominate, while the signal of initial large droplets is suppressed.
The droplet sizes NHe have been obtained experimentally by different techniques, like
scattering by an atomic beam [59, 60], beam depletion, electron attachment [61] and
beam titration [62].

In the subcritical expansion, NHe have a log-normal distribution [59, 60, 63]. This
has been experimentally verified by beams scattering experiments, where the helium
beam is deflected by collisions with an atomic beam of heavy particles with a well
defined and sharp velocity distribution. The size distribution has been deduced from
the scattering angle. The log-normal distribution is described by the equation:

P (NHe) = 1
s
√

2πNHe

· exp[−(ln(NHe)− µ)2

2s2 ], (2.1)

where the parameters µ and s are connected to the mean NHe and the width of the
distribution ∆NHe, as

NHe = exp(µ+ s2/2) (2.2)

∆NHe = exp(µ− s2 + s
√

2 ln 2)− exp(µ− s2 − s
√

2 ln 2) (2.3)

It has been shown, that the value of ∆NHe is close to the mean droplet size ∆NHe ≈
(0.88 ± 0.06)NHe [64]. It allows to calculate parameters µ and s by Eqs. 2.2 and 2.3
with known mean droplet size. Therefore, the droplet size distribution in the subcritical
regime can be predicted. Examples of the distributions calculated according to Eq. 2.1-
2.3 are shown in Fig. 2.2, left.

In the supercritical regime, droplets are formed by the fragmentation of liquid helium.
This leads to a new size distribution, which has a linear-exponential shape [61] and
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(Left) Calculated log-normal distribution for three different mean droplet sizes (subcritical
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He =
5 · 105 (supercritical expansion).

it has been experimentally verified by deflection of heavy positively and negatively
charged droplets [65, 66]. The linear-exponential distribution can be calculated as:

P (NHe) = 1
NHe

exp
(
NHe

NHe

)
(2.4)

where only the value of NHe is needed to estimate the experimentally produced droplet
sizes. An example of the distribution calculated by Eq. 2.4 is shown in Fig.2.2, right.

In the critical regime, the situation becomes more complex, due to contributions of
two expansion phases. The final size distribution is bimodal [52,66], being a superposi-
tion of log-normal and linear-exponential parts. Experimental data about the droplet
sizes in this regime can be found in [66].

The information about the size distribution is important in experiments with atomic
clusters in general, since the detected signal may originate from different cluster sizes.
Furthermore, in investigations focusing on nanodroplets isolation spectroscopy, it plays
an important role in order to estimate the number of foreign atoms in the droplets,
since the experimental data have to be analyzed with respect to the pick-up statistics.
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2.2 Properties of helium nanodroplets

2.2 Properties of helium nanodroplets

The properties of the helium droplets have been studied in detail, see examples
in [60,67–70]. It has been found that helium droplets are stable for all size ranges. The
binding energy of the atoms in the droplet changes from 1.1-1.3·10−3 K for He2 [71,72]
to 7.21 K for bulk liquid helium [73]. The binding energy per atom can be estimated
as [73]:

E(NHe)
NHe

= −7.21 + 17.71N−1/3
He − 5.95N−2/3

He [K] (2.5)

Helium droplets are considered to have a spherical shape in the ground state. How-
ever, nonspherical shapes have been observed experimentally [44,74,75]. For subcritical
expansion, some droplets carry angular momentum, which is transferred by inhomo-
geneities in the flow of liquid helium through the nozzle [76]. The rotation of the
droplet induces centrifugal forces, leading to a change from spherical to a wheel-like
shape. In the present work, the droplets are formed via gas condensation and assumed
to be spherical. The droplet radius rdrop depends on NHe and can be calculated as

rdrop = r0 ·N1/3
He (2.6)

where r0=2.22Å is the Wigner-Seitz radius of He. The particle density ρHe of the
nanodroplets is uniform up to the surface layer, where ρHe drops drops from 90% to
10%, within a characteristic length of 6Å [60], see Fig. 2.3. The internal pressure of
the droplets could be calculated by the Young–Laplace equation:

Pdrop = 2σHe
rdrop

(2.7)

where σHe=0.35·10−5 N/cm is the the surface tension of liquid helium at T=0 K [77]. As
an example, for NHe=1000, one can estimate that Pdrop=3.2 bar, which is significantly
lower than the pressure Psolid at which helium solidifies. Since Pdrop is inversely pro-
portional to rdrop and decreases with a droplet radius, the larger droplets are expected
to be liquid as well.

The temperature Tdrop of the droplets has been determined by rotational spectroscopy
of embedded molecules and has a value of Tdrop =0.37K [23], which is well below
the λ-line (Fig. 2.1), which defines the superfluid transition. The superfluidity of He
nanodroplets has been demonstrated experimentally [29, 79]. Moreover, microwave

9



2 Helium nanodroplets

Radius [ ]Å

0 4 8 12 16 20 24 28 32
0

0.005

0.01

0.015

0.02

D
e
n
s
it

[
]

y
Å

-3 100 500 1000 2000

Figure 2.3: Radial density profiles of
helium droplets with sizes NHe=100,
500, 1000, 2000 atoms. Adapted from
[78].

spectroscopy of small molecule-helium clusters [80], demonstrated that even a few tens
of atoms are sufficient for helium clusters to be superfluid.

An important property relevant for the present work is evaporative cooling, by which
excess energy deposited into the droplet is released through evaporation of helium
atoms. The cooling rate has a value of 1010 K·s−1 and follows an exponential decrease
with temperature [6]. Around T=1 K the rate reaches value of 109 K·s−1 [67]. On one
hand, such fast evaporation gives a great advantage, for spectroscopy of particles in the
ultracold environment. Indeed, when any foreign particles with initial temperatures
higher than Tdrop, collide and coagulate within the droplet, they will rapidly lose their
energy. At the end, the temperature of the impurity will be equal to Tdrop. On the
other hand, studies on He nanodroplets at temperatures higher or lower than 0.37K
are not possible.

Being liquid, the helium nanodroplets could undergo an elementary excitation such
as surface vibrational and volume compression [67, 69]. The dispersion relations for
this excitation can be obtained with the liquid drop model. The energy of the volume
modes is

ωvol = q

√
1

kρHemHe

(2.8)

where k is the compressibility parameter, ρHe is the density of liquid helium, mHe is
the mass of helium atom, and value q is determined by the boundary conditions and
for the lowest excitation q = π/rdrop. It is possible to show, that the lowest excitation
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2.2 Properties of helium nanodroplets

Figure 2.4: Energy of volume and
surface fundamental modes for differ-
ent droplet sizes. The solid black
line corresponds to Evol according to
Eq. 2.9. The dashed lines correspond
energy of surface modes, according to
Eq. 2.11, for υ=2 and 3. The dotted-
dashed lines correspond to the evap-
oration energy (calculated by Eq. 2.5)
and the droplet temperature. Accord-
ing to [6, 73]
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energy depends on the droplet size as [69]:

Evol = 18
3
√
NHe

[cm−1] = 2.23
3
√
NHe

[meV] (2.9)

The energy of the surface oscillation modes (or ripplons) can be expressed as

ωsurf = 1√
NHe

√
4πσHe
3mHe

υ(υ − 1)(υ + 2) (2.10)

where σHe is the surface tension of liquid helium and υ is the vibrational quantum num-
ber and υ ≥2. In the simplified form, the surface excitation energy can be calculated
as [69]

Esurf = 2.6√
NHe

√
υ(υ − 1)(υ + 2) [cm−1] = 0.37√

NHe

√
υ(υ − 1)(υ + 2) [meV] (2.11)

The dependence of the lowest elementary excitation energies for both surface and
volume modes on droplet size is shown in Fig. 2.4. It is clearly visible, that the volume
modes cannot be excited in the droplets within the size range NHe ≤106, since the
energy of volume mode is higher than Tdrop. On the other hand, when the size of
the droplet exceeds the value of about 103 atoms, the lowest excitation energy of the
surface modes is well below Tdrop, and therefore can be excited. Since the energies
Esurf are relatively low, they do not affect the particles embedded in the droplets.

One of the fundamental aspects of superfluid helium are quantum vortices. Being
proposed to exist in the droplets [81–83], a clear experimental verification of this phe-
nomenon has been demonstrated only recently. First indications have been obtained in
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2 Helium nanodroplets

experiments on the deposition of silver clusters formed in large droplets [76]. TEM 3 has
shown that deposited clusters arrange along a line which has been interpreted as clus-
tering along the vortex core. More recently, x-ray scattering experiments performed on
large doped helium droplets have verified the presence of vortices [44]. The scattering
patterns show characteristic features, which has been attributed to stem from vortex
lattices. Both experiments showed that foreign particles enter the vortex core and
stabilize within. The existence of such an intrigous quantum object on the nanoscale
has pushed related experimental [84,85] and theoretical investigations on pure [86,87]
and doped [85,88,89] droplets. Droplets which contain vortices have also been used as
media to create and study one-dimensional chains (nanowires) of particles [90–94]. It
is important to note, that all the experiments mentioned above, have been conducted
on relatively large droplets (rdrop ≥ 200 nm). Evidence for similar structures in smaller
droplets is still missing.

2.3 Doping of helium nanodroplets

As described above, the helium droplets are interesting and attractive objects for
investigations. Their properties give a great advantage for using them as a cryogenic
matrix. The possibility of embedding foreign particles was shown for example for noble
gases [9,10,95], metals [12,24,96,97] and molecules [15,98]. With the capture of more
than a single particle, it can be used as medium for cluster formation [31,99–103].

In the experiment, the doping is realized via propagation of a droplet beam through a
region filled with a dopant gas. Due to collisions, the dopant particles may be immersed
into the droplets. This process is called pick-up and it can be described as a statistical
process. The probability to pick-up k atoms by a droplet can be described by Poisson
statistics [63, 104]:

Pk = N
k

k! · e
n, (2.12)

where N is the mean of the distribution, and can be expressed as

N = S · ndop · L (2.13)

where S is the droplet cross-section, ndop is the particle density and L is the length of

3Transmission electron microscopy
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2.3 Doping of helium nanodroplets

pick-up region. The geometrical cross section of a spherical droplet is

S = π · (2, 22)2 ·N2/3
He nm2 (2.14)

Experimentally, the density of the particles is controlled by varying the partial pres-
sure Pdop of the dopant gas in a pick-up cell. The particle density can be calculated
as4

ndop = Pdop
kb · Tdop

(2.15)

where kb is the Boltzmann constant, Tdop is the temperature of the gas.
A pressure of about 10−6-10−5 mbar is sufficient to pick-up a single particle. During

the collision, energy and momentum of the foreign particle are completely transferred
to the droplet, which leads to a rapid evaporation of helium. As a consequence, the par-
ticle cools down to the droplet temperature. Since the droplet is superfluid, dopants
can freely move within. Thus, under high doping conditions, multiple particles can
coagulate, forming a cluster. The binding energy released during the cluster forma-
tion is also transferred to the droplet, providing an additional contribution to helium
evaporation. The total energy release during the pick-up can be calculated as

Er = 〈Ecol〉+ EHe−dop
bin + Edop−dop

bin + Edop
int (2.16)

where 〈Ecol〉 is the mean collision energy, EHe−dop
bin is the binding energy between dopant

and droplet and Edop−dop
bin is the binding energy between dopants when multiple particles

are captured. The value of Edop
int determines the internal energy of the impurity, i.e.,

rotational or vibrational, and it has to be taken into account for molecular species.
The last three terms in Eq. 2.16 are determined by the type of the impurity, whereas
〈Ekin〉 depends on the experimental conditions. For the collision of two particles, in
the center of mass frame, the collision energy Ecol stems from the kinetic energies of
the helium droplet and dopant particle. In this case the collision energy:

Ecol = 1
2M(~vHe + ~vdop)2 (2.17)

whereM=mHe ·mdop/(mHe+mdop), with mHe, ~vHe and mdop, ~vdop mass and velocities of
the droplet and dopant, respectively. For a uniform spatial velocity distribution of the

4This relation follows from the ideal gas law.
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Figure 2.5: Probability of pick-up of k atoms with (solid lines) and without (dashed lines)
evaporation of He atoms, calculated according to Eq. 2.12 as a function of gas pressure. For
the calculation, a droplet size of NHe = 36000 atoms, a pick-up length of L = 20 cm and an
evaporation rate of 1000 atoms per one dopant atom has been assumed

dopant particles and when mHe � Mdop, the average kinetic energy can be calculated
as

〈Ecol〉 = 3
2kBTdop + 1

2mdopv
2
He (2.18)

and does not depend on the mass of the droplet. As an example, the collision energy for
a droplet speed of 300m/s (subcritical condition) and Xe atoms at room temperature
is 〈Ekin 〉=160meV.

The value of Er determines the number of He atoms evaporated from the droplet
upon doping. As a rule of thumb, 1600 atoms per 1 eV excess energy can be used [6].
An example of pick-up probabilities for different numbers of impurities for a given
droplet size with (dashed lines) and without (solid lines) evaporation are shown in
Fig. 2.5. It is clear, that for a relatively high number of evaporated atoms (1000 atoms
per particle), the pick-up up probabilities deviate. With the increase of the dopant
load, the differences become stronger.

Alternatively, the number of picked-up atoms can be estimated by the method de-
scribed in [105]. Assuming, that the pick-up probability scales with the droplet size as
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Figure 2.6: (left) Probability to pick-up k=25 atoms with respect to a log-normal distri-
bution of droplets with NHe=3.6·104. The probability is given by a color scale. The arrow
indicates the position of the log-normal distribution. (right) The total probability to pick-up
k=25 atoms by including all droplet sizes (blue solid line) and only for NHe (red dashed line).
The black circles indicate the experimentally observed yield of Ar+

25 ions as a function of Ar
gas pressure.

N2/3
He , the average number Ndop of dopants can be expressed as

dNdop = χ
(NHe − cNdop)2/3

N
2/3
He

dpdop (2.19)

where c is a constant, which determines the number of helium atoms evaporated per
one captured impurity atom. The parameter χ is given by

χ = S · L
kbT

·

√√√√〈v2
He〉+ 〈v2

dop〉
〈v2
He〉

(2.20)

where 〈v2
He〉 and 〈v2

dop〉 are the mean square velocities of the helium beam and the
dopant gas, respectively. Integration of eq. 2.19 gives

Ndop = NHe

c

(
1−

(
1− cχ

3NHe

pdop

)3
)

(2.21)

This method gives an accuracy of the mean dopand size within ± 20 % [106].
Both methods can be applied to determine Pk for a single droplet size. In the exper-

iment, however, droplets with different sizes are present. Therefore, it is required to
apply the Poisson statistics to a helium droplets size distribution to achieve a better
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2 Helium nanodroplets

agreement between estimated and experimental values [104]. For a given size distri-
bution the pick-up probabilities strongly vary for different droplet sizes. In order to
illustrate this, the probability to pick-up k=25 atoms by the droplets (NHe=3.6·104)
is shown in Fig. 2.6, left. For droplets with NHe the optimal doping can be achieved in
the narrow pressure range, whereas smaller droplets give a strong contribution to the
doping probability at higher pressures. Fig. 2.6, right, shows experimental ion yield
of Ar+

25 as a function of argon pressure together with a total probability including all
droplet sizes and the Poisson distribution for NHe only5. Clearly, the calculated pick-
up dependence based on the full log-normal distribution gives a better agreement to
the experiment.

Location of dopant particles

Capture and solvation of foreign particles by He droplet depend on the interaction
between the species and helium. In general, impurities can be separated into two
groups: so-called ’heliophobic’ and ’heliophilic’ [6], which can be traced back to the
chemical potential µ. For example, µ is positive for alkali-metal atoms and thus they
can be referred as ’heliophobic’. Such atoms are not solvated in the droplet interior,
but reside on the surface forming a dimple, see [11, 24, 26, 107, 108] for experiment
and [109–111] for theory. Other species, e.g., rare gases [10, 112], molecules [23, 113]
and some metals [114–116] have a negative value of µ, and are located in the droplet
interior.

For the prediction of the dopant location, Ancilotto et al. have provided a model
based on the He-dopant interaction potential and macroscopic helium properties [117].
The position of an impurity is determined by a dimensionless parameter λA:

λA = 1
21/6 ·

ρHeεrmin
σHe

(2.22)

where ρ is the number density of liquid helium, σ is the surface tension of liquid helium,
ε is the well depth of the interaction potential and rmin is the equilibrium separation
distance. Examples of calculated λA for different elements are given in Tab. 2.1. For
λA<1.9 impurities are located on the surface, whereas for λA>1.9 species are solvated.
However, for the elements having λA close to 1.9 the assignment may be incorrect,
since the shape of the interaction potential is not considered in the model [118]. A

5The experimental data are obtained by electron impact ionization of Ar doped droplets in present
work.
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2.3 Doping of helium nanodroplets

Atom ε, meV rmin,Å λA Location Ref.
Ne 1,8 3,5 4,81 Inside [120]
Xe 2,5 3,97 8,83 Inside [120]
Na 0,15 6,06 0,80 Surface [109]
K 0,12 6,76 0,71 Surface [109]
Ag 0,93 4,6 3,76 Inside [121]
Mg 0,61 5,1 2,73 Inside [122]
Mg 0,96 4,7 3,96 Inside [123]
Mg 0,28 5,7 1,4 Surface [124]
Ca 0,43 5,9 2,23 Inside [122]
Ca 0,41 6,02 2,17 Inside [125]
Ca 1,28 5,1 5,7 Inside [123]

Table 2.1: Ancilotto parameter λA calculated according to Eq. 2.22 for different elements.
The values of helium density and surface tension are ρHe = 2, 18 · 1028 m−3, σHe = 3, 54 ·
10−4 N/m respectively [126–128]. Values of ε and rmin are taken from the references given in
the table.

prominent example is Ca, for which the interior locations are predicted for different
Ca-He interaction potentials (Tab. 2.1), whereas the experiment gives evidence for a
surface location of the atom [119]. The Ancilotto parameter strongly depends on the
chosen He-dopant interaction potential, i.e., values ε and rmin. For Mg surface and
interior locations can be predicted.

The Ancilotto parameter only predicts whether an atom is solvated or not. However,
clusters of same atoms may have different solvation properties. Prominent examples
of this phenomenon are NaN and KN clusters. Being alkali metal atoms, these ele-
ments are located on the surface of the droplet (λA<1.9, see Tab. 2.1). It has been
demonstrated, that few-atoms alkali clusters can be found on the surface as well [11].
Theory, however, predicts that beyond a critical size, clusters completely immerse into
the droplet [129]. It has been shown, that the critical size increases with the mass of
the element. Indeed, experiments have obtained a critical numbers of 21 for NaN and
around 80 for KN in good agreement with theory [130,131]. The immersion of initially
surface located atoms can also be triggered by embedding of another element into the
droplet [132].

Foreign atoms in the droplet have an impact on the helium environment. Due to the
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Figure 2.7: (Left) Calculated density profile of pure (black solid line) and SF6 doped droplets
(dashed red line). The presence of the impurity causes a density oscillation. (Right) Cal-
culated two-dimensional density distribution of a droplet with an impurity located on the
surface. Adapted from [78,133]

van der Waals (vdW) interaction, helium atoms localize around the impurity [78,113].
As an example, the calculated helium density in the vicinity of SF6 molecule is shown
in Fig. 2.7, left. The helium density around the impurity changes and forms solvation
shells. For the surface located atoms, there is no complete spherical shell, but the atom
resides in a so-called dimple state (Fig. 2.7, right), where only a part of the nearest He
atoms are affected by the dopant [24,107,134].
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3 Properties of particles attached to He droplets

Particles embedded in He nanodroplets are affected by the surrounding liquid helium,
due to the dopant-helium interaction. For the present work, the change of the optical
properties, for example, absorption, are of interest. Qualitatively, the behavior of
the optical properties can be described by the standard bubble model. Besides the
absorption, other effects may take place, such as a decrease of the ionization threshold.
Upon the interaction of laser light with the dopant, the formation of dopant-helium
complexes, as well as dynamical processes can be induced. In this chapter, a brief
description of the optical properties of the impurities is given. At the end of the
chapter, experimental and theoretical results on embedded Mg are summarized.

3.1 Standard bubble model

The optical properties of atoms and molecules in liquid helium differ from the gas
phase. The atomic absorption resonance is blue shifted and asymmetrically broadened
when compared to the free atom, whereas the emission line is narrow and shows up
close to the free atom transition. The general features of the optical spectra can be
explained in terms of the standard bubble model (SBM) [135]. The SBM has been
originally proposed to explain the spectra of atoms and ions embedded in bulk liquid
helium but also explains spectral features in nanodroplets.

Liquid helium creates a so-called ’bubble’-like defect around the impurity, due to
the repulsive part of the vdW interaction of the dopant with surrounding helium. The
energy state of the electron of the impurity-bubble system can be calculated as:

Etot = 〈ψtot|Htot|ψtot〉 (3.1)

where ψtot is the wave function of the system and Htot is Hamiltonian which describes
the interaction. By neglecting the many-body interactions, the Hamiltonian Htot can
be expressed as

Htot = Hpair
He +Hpair

imp−He +Himp (3.2)
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Figure 3.1: Schematic configuration diagram of an atomic impurity in a bubble defect in
liquid helium. The blue arrow corresponds to an optical excitation from the ground into an
excited state. The red arrow indicates the transition from the excited to the ground state.
The typical shapes of absorption and emission spectra are shown on the sides of the diagram.
Adapted from [135]

whereHpair
He andHpair

imp−He describe the pair interactions between He atoms and impurity
and helium atom, respectively. Himp is the Hamiltonian of the free impurity itself. The
energy shift of the impurity with respect to bare atoms can be expressed as:

∆E =
∫
Upair(r) · ρ(r)d3r + Eliq (3.3)

where Upair(r) is the pair interaction potential of the impurity and the helium atom,
ρ(r) is the density distribution around the bubble region, Eliq is the kinetic energy of
the liquid in the vicinity of the bubble. The latter includes several components, such as
surface energy, volume kinetic energy, and pressure volume work. A similar treatment
can be applied to the excited state. Taking into account the Frank-Condon principle,
the transition frequency shift can be expressed:

∆ν = 1
h

∫
(Upair

f (r)− Upair
i (r))ρ(r)d3r (3.4)

where indices i and f corresponds to initial and final states, respectively.
The origin of the different shifts in emission and absorption is caused by the dis-

sipation of energy into the surrounding helium. For a schematic view, Fig. 3.1 shows
an energy diagram of the ground and excited state of an atom located inside liquid
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3.2 Particles in He droplets

helium. The He-dopant interaction differs in the excited state, which in general af-
fects the equilibrium configuration and the size of the bubble. An electronic transition
can be accompanied by bubble excitations. As a consequence of the Frank-Condon
principle, the excitation energy shifts with respect to the gas phase, and the process
ends up in an excited state of the bubble. Later, the bubble relaxes to its equilibrium
configuration within a ps-time scale. For the emission, the transition is vertical and
shifts only slightly relative to the free atom.

The SBM only gives a rough estimation about the shape of the spectral line, due
to several reasons. The model does not include many-body interactions, the impact
of the atomic state symmetry on the bubble shape is not taken into account. In
addition, liquid helium is assumed to be a continuous, incompressible medium, and
the description of the total energy is based on classical microscopic terms. In order to
overcome these problems more sophisticated methods have to be considered [136–140].
Nevertheless, the SBM provides a helpful picture of the absorption and emission of
impurities in liquid helium.

3.2 Particles in He droplets

Since the helium droplet isolation technique has been established, investigations have
been focused on the properties of particles in the ultracold environment. This includes
different experimental techniques, for example, mass spectroscopy (MS) [25,31,97,141],
photoelectron spectroscopy (PES) [32, 142–144] and laser induced fluorescence (LIF)
[11, 12, 145], as well as theory [118, 146–149]. In the present work, the electronic and
optical properties of Mg atoms and their complexes are in the focus. Therefore, most of
this section concentrates on the features of a single embedded particle. The properties
of Mg in helium nanodroplets will be discussed in the next section.

As it has been discussed in the previous chapter, the impurity could either reside on
the surface of the droplets or be immersed inside. The location of the impurity has an
impact on the optical properties. Similar to bulk liquid helium, a completely solvated
atom creates a bubble state, which leads to blue-shift in the absorption spectra and
an asymmetrical broadening. For example, the absorption spectrum of embedded Ag
atom near the 52P1/2,3/2 ← 52S1/2 transitions is shown in Fig. 3.2, left. The absorption
lines are shifted by 500-600 cm−1 (60-70meV). The shifts vary for different elements,
but in general are in a range between 10 and 100meV [12,115].

For atoms on the surface, the absorption is only slightly shifted in comparison to
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Figure 3.2: (left) Absorption spectrum of Ag atom in helium droplets in the vicinity of the
D1 (52P1/2 ← 52S1/2) and D2 (52P3/2 ← 52S1/2) transition. (right) Absorption spectra of
K atoms on helium droplets (42P1/2 ← 42S1/2 and 42P3/2 ← 42S1/2 transitions). The solid
vertical lines correspond to the free atom transitions. Adapted from [24,150].

the completely solvated atoms. The reason is the weaker total He-dopant interaction,
due to the lower number of helium atoms near the impurity. The shift depends on
the pair interaction between the droplet and particle, as well as on the depth of the
dimple. Moreover, the broadening could be extended even in the low energy part of
the spectrum, due to the vibrational motion of the atom within the dimple [111]. As
an example, the absorption spectrum of potassium atom is shown in Fig. 3.2, right.

The helium surrounding not only causes a modification of the electronic structure
of the embedded particles. Another phenomenon is the reduction of the ionization po-
tential of the dopant, which has been demonstrated for the first time by photoelectron
spectroscopy on aniline doped droplets [151]. The kinetic energy of the photoelectrons
emitted from the molecule inside the droplets is higher by about 100 meV compared
to the gas phase. Moreover, the change of the value of the IP depends on the droplet
size. This has been interpreted as a decrease of the vertical ionization threshold and
attributed to polarization effects from the surrounding helium. The droplet radius
dependence of the IP has been described as

IP (r) = IP∞ −
e2(1− ε−1

He)
8πε0r

(3.5)

where IP∞ is the IP in bulk liquid helium, ε0, εHe are the dielectric permittivity of free
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3.2 Particles in He droplets

space and helium droplet, respectively, e is the elementary charge. Similar effects have
been observed in pure droplets [152], where the photoelectron peaks show a shoulder
towards higher kinetic energies, i.e., indicating a decrease of the IP compared to the
atom. The change of the IP of surface located atoms has been observed for alkali
doped droplets. The shifts were found to be in the range of about 5 meV for Rb and
Cs [153], 14 meV for Li [154] and 15 meV for Na [33]. For Ba doped droplets, the
direct ionization of the atoms shows a shift of 25 meV, while in the ionization through
an intermediate state, the observed shift is only 12 meV [155]. This effect has been
attributed to the change between the Ba-He interaction for the excited state compared
to the ground state. In the excited state, the system undergoes a relaxation to the
equilibrium configuration before the second photon is absorbed. The rearrangement
of helium around the dopant leads to a configuration which is different to the ground
state and, thus, has an impact on the value of the IP shift.

The ionization of particles in helium droplets does not only produce impurity ions
but also leads to the formation of dopant-Hen exciplexes or ’snowballs’, which can be
observed by mass spectrometry [8, 156, 157]. These structures consist of a positively
charged particle with attached He atoms, as a result of the strong interaction between
the He atoms and positive ions. An example is shown in Fig. 3.3. Moreover, it has
been found that similar structures can be produced not only by ionization but also after
excitation, if the interaction of the excited particle with He is attractive [158]. The
formation of snowballs has to be taken into account in REMPI1-PES when the time
delay between excitation and ionization is sufficient for exciplex formation. This will
reflect in the photoelectron spectra, since the detected electrons may originate from all
neutral particles. The number of attached He atoms may also serve as an indicator for
the location of the impurity in the droplet. Snowballs formed from a dopant on the
surface contain only a few atoms, whereas for solvated particles, the snowball size is
expected to be large [156].

Excitation and ionization of atoms attached to droplets can also drive dynamics. One
of the prominent examples is the desorption of alkali atoms upon the photoabsorption
[108,133,154,160–162], due to the repulsive interaction between the excited alkali atom
and the droplet. A similar situation may also take place for embedded atoms, like, Ag
and Cr [27,115,150,163,164], where after the photoexcitation, atoms are expelled from
the droplets. Note that the analysis of kinetic energies of expelled Ag atoms has been
used to reveal the Landau critical velocity in nanodroplets [165]. The ionization of the

1Resonance-enhanced multiphoton ionization
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Figure 3.3: Mass spectrum of lead clusters in helium droplets after femtosecond ionization.
Prominent signals of Pb+Hen snowball complexes are visible together with Pb+

m clusters.
From [159].

surface located species may also lead to the opposite process, e.g. immersion of atoms
into the interior of the droplets [166,167].

Besides atoms, helium droplets can serve as an ultracold matrix for studies on
molecules, e.g., rotational and vibrational spectroscopy [15,30,168,169], electronic spec-
troscopy [170–173], LIF-spectroscopy [105, 174], studies on solvation properties [175],
dissociation dynamics [176–178] and properties of molecular clusters [179, 180]. Rota-
tionally resolved IR spectroscopy of embedded OCS molecules has been used to reveal
the temperature of the droplets, i.e., 0.37±0.05 K [23]. The superfluidity of helium
nanodroplets has been probed by conducting experiments on OCS-doped droplets as
well [29]. It has been found, that in the IR absorption spectrum, rotational lines show
only a minor shift and a small broadening compared to the gas phase and has been
interpreted as almost free rotation (with very weak interaction of the molecule with
helium), giving evidence for the superfluid nature of helium even at the nanoscale.

Helium nanodroplets may serve as a medium to create structures which cannot be
formed by the other methods. An illustrative example is an observation that polar
molecules arrange as a long linear chain [46], which is not the lowest-energy configura-
tion in the gas phase. Recently, evidence for the formation of the linear configuration of
OCS trimers has been observed in laser induced alignment experiments [181]. Another
example of a unique molecular structure is cyclic water hexamer, representing the small-
est ice structure [47]. Alkali clusters on the surface of the helium droplets [48,182,183]
are formed in high-spin states, since for the low-spin configuration, the release of bind-
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3.3 Magnesium in helium droplets

ing energy is high and leads to a strong evaporation of helium, which reflects in the
desorption of the alkali clusters. The energy release in high-spin states is significantly
lower and therefore clusters remain on the surface.

Recently it has been shown, that dopants located on the surface and in the interior
of the droplet do not form clusters, but find each other as separated atoms [49]. In
particular, upon the pick-up of Rb and Sr, SrRb molecules are not formed, but Rb is
located on the surface of the droplets and Sr is solvated. The formation of RbSr is
possible by the excitation of Sr, which enhances the interaction between the atoms.
This triggers the motion of the atoms towards each other, and finally creating the
SrRb molecule. Besides these examples, another unusual structure could be formed by
doping the droplets by Mg atoms.

3.3 Magnesium in helium droplets

Magnesium is an alkaline earth element of the 2nd group of the periodic table.
These elements have two valence electrons in the closed electronic s-shell. The Mg
ground state electronic configuration 3s2 corresponding to a singlet 31S0 state. The
corresponding binding energy is 7.64 eV, which also determines the ionization potential
(IP). Like in the other alkaline earth metals, the excited states are grouped by singlet
and triplet configurations. A simplified level scheme is shown in Fig. 3.4. The two
lowest lying excited states are triplet 33P0,1,2 and singlet 31P1, having the binding
energies of 3.3 eV and 4.93 eV, respectively [184]. The transition 31P1 ← 31S0 is
optically allowed, whereas the intercombination transition 31P1 ← 33P0,1,2 is forbidden
by selection rules. But for the alkaline earth metals, starting from Mg the probability
of the latter transition is non-zero and increases for heavier atoms. The energy of 31P1

← 31S0 transition is 4.35 eV, which can be used to realize a single wavelength resonant
two-photon ionization (R2PI) scheme, since the sum energy of two photons is higher
than IP.

Besides the single electron excitation, doubly excited states can also be observed in
Mg [185]. For example (see Fig. 3.4), absorption of a 4.25 eV photon by Mg atom in
the 3s13d1(11D2) state leads to the excitation into 3p13d1(1Do

2) level [184]. The doubly
excited states form a new group of levels, which merge to the new ionization threshold,
which is excited state of the ion.

Being embedded in helium droplets, Mg atoms shows specific properties. Experi-
ments have been carried out on the spectroscopy of Mg atoms and clusters in helium
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3.3 Magnesium in helium droplets

Figure 3.5: LIF spectra of Mg atoms in
bulk liquid helium (black solid line) and
helium droplets (red dashed line). The
dotted line corresponds to the free atom
transition. Adapted from [186,190,193].
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droplets [35, 51, 186–189] and in bulk liquid helium [190, 191]. First investigations of
Mg-doped droplets have been conducted by Reho et al. [186]. In these experiments, the
excitation spectra close to the 31P1 ← 31S0 atomic transition (wavelength λ=285.2 nm,
photon energy Eph=4.35 eV) have been studied by LIF. A broad absorption (full width
half maximum (FWHM) of 82meV) blue-shifted by about 80meV relative to the bare
atom transition has been observed. Moreover, the shape of the spectral line exhibits a
double peak structure, with centers at λ=283.1 nm and λ=279.1 nm, see Fig. 3.5. The
lifetime of the excited state was found to be about 20% longer, relative to the free
atom value. The spectral shift and increase of the lifetime have been attributed to the
interior location of Mg in the droplet. The shape of the spectrum has been explained
in terms of quadrupole deformation of the bubble surrounding the impurity, which
arise from the non-symmetrical electron distribution of 31P1 state. The findings are in
good agreement with investigations on Mg in bulk liquid helium [190, 191], where the
line shape, as well as the spectral shift, show a similar order of magnitude. The peak
position, however, differs from the theoretical SBM calculations [146] and quantum
Monte-Carlo simulations [192], where the absorption has a single peak at 278.3 nm and
279.9 nm, respectively.

Przystawik et al. [51] utilize R2PI in combination with mass spectrometry in order to
reveal the absorption spectrum. In contrast to LIF, the R2PI and mass spectrometry
technique has an advantage, since different products of the ionization can be monitored
selectively. An example of a mass spectrum is shown in Fig. 3.6. The spectrum contains
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3 Properties of particles attached to He droplets
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Figure 3.6: Mass spectrum of Mg in helium droplets (NHe=6·103), ionized by R2PI at
λlaser = 276 nm. Besides the atoms and clusters, a prominent signal of MgHeN snowballs is
visible, which extends up to N ≥50. Adapted from [194].

signals from Mg+ atom, Mg+
N and Mg+HeN snowballs, with N extending to values of

more than 50. The absorption of Mg doped droplets has been investigated in the
wavelength range between 276-286 nm and for different doping conditions, i.e., as a
function of NMg. The main findings can be summarized as follows:

(i) The atomic spectra have been monitored by MgHe+
50−53 ion signal, which were

assumed to be produced only in the droplet interior, see Fig. 3.7, left. At low dop-
ing conditions, NMg = 0.1 (only single atom), absorption has a single blue-shifted
and broadened peak centered at 279 nm. The shift of the spectrum agrees well with
theoretical predictions [146, 192]. With increasing number of atoms (NMg = 2), the
spectrum changes and shows a second peak, located closer to the free atomic transition.
With the further increase of the doping level, the peak at 279 nm vanishes and only
the second peak remains.

(ii) The signal of cluster ions (Mg+
N , N≥ 2) shows a similar response as the Mg

snowballs at high doping conditions and remains the same up to at least Mg15, see
Fig. 3.7, right. This result shows that all magnesium clusters in the range 2-15 exhibit
the same absorption spectrum. This is different from the well-known size-dependence
of small particles and nanoclusters [195] in general and calculated absorption spectra
of Mg clusters in particular [196].
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3.3 Magnesium in helium droplets

276 278 280 282 284 286

Wavelength [nm]

1

2

3

2

4

6

2

4

6

8

10

C
o

u
n

t 
ra

te
 [

1
/s

]

MgHe50..53

fr
e
e
 a

to
m

fre
e
 a

to
m

276 278 280 282 284 286

Wavelength [nm]

N
o

rm
a

liz
e

d
 s

ig
n

a
l

Figure 3.7: (left) R2PI spectra of Mg embedded in He droplets with size NHe=6000. (a)
For low doping conditions (NMg<1), a single absorption peak centered at about 279 nm is
obtained; (b) NMg = 2, an additional absorption feature shows up at 282 nm; (c) NMg = 4,
only the peak at 282 nm is present in the spectrum. (right) R2PI spectrum obtained by
monitoring the yield of clusters with different sizes, compared to the signal obtained from
snowball ions. All selected spectra are similar to MgHeN (left panel, bottom). Adapted
from [51]

(iii) Both of these findings lead to the conclusion, that instead of compact clusters,
Mg atoms form a metastable network of isolated atoms separated by a layer of helium.
This reflects in the absorption spectrum, which shows a single-atom like response. The
shift of the spectral line compared to the single atom is caused by the interaction
between the Mg atoms. Additional evidence has been provided by the calculated
potential energy curve of two Mg atoms in liquid helium (Fig. 3.8, left), which shows
a potential well at a distance of about 10Å. Despite the fact, that the depth is only
4K, the temperature of the droplet (0.37K) and fast thermalization of the impurity
after the pick-up, allow for a stabilization of Mg in the loosely bound structure. The
separation distance of 10Å is about 3 times larger than in the free Mg dimer [197]. The
interplay between Mg-Mg and Mg-He interactions leads to the formation of a network
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3 Properties of particles attached to He droplets
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Figure 3.8: (left) Interaction potential of two Mg atoms. The black solid line corresponds
to the free Mg dimer. Red dots is the calculated potential of two atoms in the presence of
liquid helium. Note that in the latter case, the potential is changing, showing a prominent
minimum at a distance of 10 Å. (right) Helium density around two Mg atoms calculated
by DFT. Both atoms are separated by a layer of helium and surrounded by solvation shells.
Adapted from [51,149].

of separated atoms, i.e., a foam.

Later, driven by the experiments, the existence of this structure has been confirmed
by Hernando et al. by DFT simulations [149]. The authors simulated the configuration
of two Mg atoms within small droplets (NHe = 1000). They also reported about the
presence of an energy barrier, which prevents the formation of a compact magnesium
dimer. The estimation of the mean lifetime of the structure, gives a value up to 0.1
ms, depending on the initial angular momentum of the system. In contrast to DFT,
recent theoretical investigation provided by the path-integral method [198] showed no
evidence of a metastable network formation beyond two Mg atoms. Therefore, a final
theoretical picture is still missing.

The experimental findings in [51] are supported, when potential curves of the ground
and excited states of free Mg dimer are taken into account. The structure of the X1Σ+

g

ground and A1Σ+
u excited states of free Mg2 has been obtained with high precision, by

the combination of a photoassociation with Fourier-spectroscopy [197, 199]. The val-
ues of the interatomic distances of around Rgr=3.9Å, Rex=3.1Å and potential depths
Egr=50meV, Eex=1.17 eV have been obtained for ground and excited states, respec-
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3.3 Magnesium in helium droplets

tively. The A1Σ+
u excited state is relevant, because the X1Σ+

g ← A1Σ+
u transition is

responsible for the absorption in the photon energy range used in the Mg foam ex-
periments. In the wavelength region 276-285 nm, photoabsorption will lead to the
excitation in high rovibrational levels of the A1Σ+

u electronic state lying close to the
dissociation limit. One can expect that the probability of this transition is low, due to
the Frank-Condon overlap. According to the potential energy curves, more probable
transitions would take place at photon energies at least 0.5 eV lower (about 3.8 eV) than
used in the droplet experiments (around 4.35 eV). Even if the probabilities of transi-
tions to high rovibrational states are still significant enough, the absorption spectrum,
nevertheless, should extend with increasing a Frank-Condon factor and therefore will
be reflected in the broadening of the absorption line deeper in the low energy region,
with the width comparable to depth of potential curve (about 1 eV). In contrast to this,
no absorption has been observed at the photon energies lower than 4.3 eV. Moreover,
no vibrational structure has been observed in the absorption, even when the photon
energy steps in [51] were low enough (about 3meV) comparable to the vibrational
quanta (about 24meV).

An additional feature of the Mg foam is attributed to the dimensions and the growth
process. Opposite to large MgHe+

n snowballs, the small snowballs and MgHe+ in par-
ticular have a different line shape [193], see Fig. 3.9. The peak is located close to the
free atomic transition and broadens towards shorter wavelengths. This has been as-
signed to Mg atoms located at the droplet surface. When the number of Mg atoms
in the droplet is large, the dimension of the foam may be in the order of the droplet
size. Thus, a part of the atoms could reside close to the droplet surface. In this case,
the absorption spectrum should have a similar structure to the surface located atoms
(see Fig. 3.2), which was observed indeed (Fig. 3.9, red). Another possible origin of a
surface location of Mg atoms is a non-symmetrical growth of the foam.

The fragile equilibrium between the foam atoms may be destroyed by small per-
turbations, e.g., by photon absorption and will lead to a rapid collapse of the foam.
The dynamics of the foam collapse has been studied by pump-probe experiments with
femtosecond NIR2 laser pulses [189]. The chosen laser intensity of 1011 W·cm−2 implies
condition for multiphoton ionization (MPI). Two different schemes have been applied:
(i) Direct ionization by a strong pump pulse and a weaker probe pulse; (ii) The weak
pump pulse was utilized for the photoexcitation of the foam, whereas the strong probe
pulse ionizes the atoms. In both cases, a strong enhancement of the ion signals has been

2NIR - near-infrared
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3 Properties of particles attached to He droplets

276 278 280 282 284 286

N
o
rm

a
liz

e
d
 i
o
n
 y

ie
ld

s
 [
a
.u

.]

Wavelength [nm]

Mg He50

+

Mg He
+
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and Mg+He snowball channels. Com-
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shows a response similar to that of
surface located atoms. Adapted from
[193].

observed near the zero delay. From these features, the timescale of the collapse was
estimated to be in the range of ps, with a characteristic time constant of τcol=350 fs.
At longer time delays, in case (i) no specific time dependence of the ion signal has
been observed. Ionization by the leading pulse increases the yields of Mg+

n and MgHe+
N

fragments, but the efficiency of the ionization by the second pulse is low. Whereas for
(ii), the drop in the ion yield has been observed, indicating that initial photoexcitation
leads to the formation of compact neutral clusters by the collapse with subsequent ion-
ization of them by the probe pulse. The decrease in the ion yield has been addressed
to decreasing of the MPI probability for the compact cluster relative to the foam.

The results obtained in [51] (see Fig. 3.7), are not in contradiction with the LIF
studies (Fig. 3.5) [186,190]. In the bulk helium experiments, the authors applied laser
ablation from a Mg target located inside the liquid helium. This method provides
only a rough control on the number of atoms deposited into the medium. Thus, the
LIF signal may contain contributions of single or multiple atoms and clusters, which
cannot be separated. In the droplet experiments, the number of pick-up atoms can be
controlled by the partial pressure of the dopant. Taking the experimental parameters
from [186], i.e. pick-up length L=25mm, pick-up pressure PMg = 10−2 − 10−1 Pa, and
the droplets size range NHe = 103 − 104 atoms, one can estimate the minimum mean
number of atoms in the droplets. From Eq. 2.13 and using upper and lower limits for
PMg and NHe, a value of NMg = 0.4 − 20 can be obtained. The exact experimental
conditions are not described, but even at NMg = 1 the probability to pick-up several
particles is significant. Therefore, one can expect, that in addition to single atoms, a
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3.3 Magnesium in helium droplets

foam also contributes to the signal.
All the results obtained for small Mg ensembles in droplets are not in contradiction

to the early studies on Mg clusters in nanodroplets [187, 188, 200]. In these exper-
iments, electronic shell effects, as well as the interaction of Mg doped droplets with
strong femtosecond laser pulses were under investigation. Since non resonant-enhanced
ionization in strong fields or electron-impact ionization (EII) were applied, the signals
of Mg clusters have been observed, whereas the signatures of the foam may be covered.
Besides this, another possibility arises from direct ionization of the pure Mg clusters
formed in spontaneous collapse of the foam. This situation will be addressed later.

33





4 Shell structure and ionization potential of atomic
clusters

Atomic clusters1 represent a specific form of matter, being intermediate between
single particles and bulk material. In general, clusters consist of a countable number
of atoms, starting from more than two and up to several thousands of consistuents
[195,201]. Apparently, the physical properties of clusters depend on the chosen element.
For example, rare gas cluster will show different behavior compared to the metal ones.
In addition, the studies on clusters are appealing, since the size of the system has an
impact on physical and chemical properties. Each additional atom counts, affecting on
cluster characteristics. Examples are ionization potential (IP) [202], electron affinity
(EA) [203], electronic [204] and magnetic [205] properties, cluster geometry [206], etc.
On the other hand, in the limit of a large number of constituents, the cluster properties
should converge to the corresponding characteristics of bulk.

As an example for the size dependence, mass spectra of XeN and NaN are shown
in Fig. 4.1. Clearly, clusters with specific sizes are more abundant in the spectra.
This indicates, that clusters with specific sizes either are more stable and, thus, more
abundant, or they show especially large or small ionization cross section. The numbers
of atoms which correspond to more abundant sizes are called ’magic numbers’. However,
the origin of these features are different for XeN and NaN .

The binding of atoms in xenon clusters is caused by vdW interaction. The magic
numbers in vdW clusters are attributed to geometrical structure, i.e., the most stable
clusters have a closed geometrical shell. The most pronounced peaks at 13, 55, 147
agree well with the number of atoms in closed-shell Mackay icosahedra [207,208]. That
is

N(i) = 1 +
i∑

k=1
(10k2 + 2) (4.1)

where i is the number of icosahedral shell. The Mackay icosahedra represent non-
1Cluster may also be formed from molecules. In this chapter general properties of clusters will be
discussed using atomic clusters as an example.
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Figure 4.1: Mass spectra of XeN (top) and NaN (bottom) clusters. Magic numbers are
indicated. Adapted from [204,207].

crystalline structures, i.e., it cannot be obtained as a cut from a crystalline piece, being
fcc2 for solid noble gases. The reason is related to the minimization of cluster total
energy, which can be divided to volume and surface contributions. In small clusters,
atoms located on the surface give a significant contribution to the total energy [206].
Among the different morphologies, the icosahedra structure has the lowest fraction of
surface atoms [209]. This is valid at least to cluster sizes up to 105. With increasing
size the geometry modifies to, e.g., cuboctahedral. The presence of peaks in addition
to the main magic numbers has been assigned to the partial closing of shells, e.g. for
N=19, the icosahedron with N=13 and a cap of 6 atoms. This is also reflected in the
minimal total energy and therefore in enhanced structural stability. Note that besides
noble gas clusters, evidence for geometrical shells have been observed for clusters of
other elements, for example, small Ba and large Mg and Ca clusters [210–212].

In the case of NaN , magic numbers have been observed as well (Fig. 4.1, bottom),
that are 8, 20, 40, 58. These features differ fundamentally from the magic numbers

2Face Centered Cubic

36



observed in noble gas clusters and have been assigned to electronic shells, i.e. instead
of closed geometrical shells, the most abundant clusters have a closed electronic shells
[204]. The effect of electronic shell closing has been observed for cluster of other
elements [9,213–217]. Besides electronic shells, geometrical shell closing may also take
place. For example, the evidences for the transition from electronic to geometrical shell
closing has been observed in NaN and AlN clusters [218–220]. Moreover, both electronic
and geometrical structures can affect on the properties of small clusters [221,222].

Electronic shell structure

The experimentally observed magic numbers of NaN clusters can be explained within
a semi-empirical model, based on the assumption, that valence electrons are confined
in a spherical potential [204]. In the case of Na the Wood-Saxon potential gives a good
agreement with the experiments:

U(r) = − U0

1 + e(r−r0)/η (4.2)

where U0 is the potential depth, r0 is the effective radius of the cluster, η is the param-
eter which determines the variation of the potential at the edge of the cluster sphere.
The solution of the Schrödinger equation gives discrete electronic levels, which are
characterized by the radial quantum number n and the angular momentum `. For a
given `, levels are 2(2`+1) degenerated as a result of Pauli principle and, therefore,
correspond to the maximum number of electrons which can occupy given n`-shell.

Clusters of size N with a number of electrons sufficient to completely fill the shells are
expected to show increased stability, similar to atoms [204]. For clusters with size N+1,
the valence electrons of the additional atom will occupy a state with a higher energy,
which will be reflected in a lower stability. This will lead to a reduced abundance in
the mass spectra. For example, the strongest peak in Fig. 4.1 correspond to Na20. This
cluster contains 20 valence electrons, which corresponds to completely filled 1s, 1p, 1d,
2s shells. For Na21, an additional electron will occupy 1f shell, which manifests itself in
a significant drop of the yield of Na21 when compared to Na20. The energy difference
between n`-levels depends on details of the potential, see Fig. 4.2, left.

The spherical approximation of the cluster potential is valid for closed shell sys-
tems. Open-shell clusters may be distorted [195], which will be reflected in the elec-
tronic shells. The electronic structure of non-spherical cluster has been investigated by
Clemenger [223], whereas the model has been adapted from nuclear physics (Nilsson
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4 Shell structure and ionization potential of atomic clusters
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Figure 4.2: (Left) Electron energy level occupation diagram for three spherical potentials.
From left to right: harmonic, Woods-Saxon and square well potential. (Right) Clemenger-
Nilsson diagram, which shows the positions of electron energy levels in dependence on the
distortion parameter. ξ=0 corresponds to spherical systems, whereas ξ<0 and ξ>0 correspond
to oblate and prolate shapes, respectively. Adapted from [195].

model) used to determine the shapes of nuclei [224, 225]. In the Clemenger-Nilsson
model, the single-particle potential is approximated as a three-dimensional harmonic
oscillator, where the deviation from the spherical shape is defined by a distortion pa-
rameter ξ. This allows adjusting the shape of the potential, while the volume of the
cluster is constant. In the ellipsoidal potential, the degeneracy of the single-electron
states removes, leading to a splitting of the electronic levels with different ` for given
n. The value of the splitting depends on how strong the shape of the cluster deviates
from spherical, i.e. ξ (see Fig. 4.2, right). The Clemenger-Nilsson model reproduces
the observed peaks of Na clusters with N ≥12 with a good agreement. For clusters
with N ≤12 the Clemenger-Nilsson model shows discrepancies, since the ellipsoidal
approximation is not applicable to the clusters with only a few atoms.

A more sophisticated way to treat the electronic structure of simple metal clusters
is the jellium model. In this model, the ionic core structure is ignored and replaced
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by a uniform positive background in a finite volume [226]. For a cluster of size N ,
the ionic charge is distributed within the sphere3 with a radius of Rcl = rwsN

1/3,
where rws is Wigner-Seitz radius. Electrons are treated self-consistently in the field
induced by the ionic background, within a mean-field approximation. DFT calculations
based on jellium model reproduce in general the electronic shell structure of clusters
[195, 226, 229, 230]. Semi-empirical and jellium calculation have a good agreement at
least for cluster sizes N<500 [231].

Ionization potential

In the frame of the present work, the size dependence of the ionization potential of
metal clusters is of particular interest. Starting from the single atom, the IP generally
shows a decrease with increasing number of atoms per cluster. With N→∞, the value
of IP is expected to approach the value of bulk work function [232,233]. The electronic
shell structure also plays a role and manifests in the oscillations of IP, e.g. the IP
increases for closed electronic shells. The change of the IP has been observed in a
variety of studies [202,234–238]. Examples of the IP of clusters are shown in Fig. 4.3.

A simple way to estimate the size dependence of the IP is based on the assumption,
that a cluster can be described as a conducting metal sphere [195]. In this model
(CSM4), the problem of the determination of the IP comes down to a classical problem
to determine the energy which is required to remove an electron from a neutral sphere.
This energy consists of two contributions: (i) The work function, that is the energy
to remove an electron from the metal; (ii) The electrostatic energy which reflects the
interaction energy of an electron remaining charged sphere. The value of the energy
can be calculated as [239]:

IP = W + α
e2

Rcl

= W (eV) + α
14.375
Rcl(Å)

(4.3)

where W is the bulk work function, e is the elementary charge, Rcl is the radius of
the sphere and α is the slope parameter. Here it is reasonable to also notice the
electron affinity (EA), i.e. the energy which is required to remove an electron from the

3In general, the jellium background is not necessary spherical and can be arbitrarily deformed.
The deviations of the jellium potential from spherical is assumed in the spheroidal jellium model
[227,228].

4Conducting sphere model
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4 Shell structure and ionization potential of atomic clusters

Figure 4.3: (Left) Ionization poten-
tial of Na and K clusters. Adapted
from [195].

negatively charged cluster. The EA can be calculated as

EA = W − β e
2

Rcl

= W (eV)− β 14.375
Rcl(Å)

(4.4)

where β is the slope parameter similar5 to Eq. 4.3. In the classical model α=β=0.5.
In general, the value of α and β can vary and depend on the material [240]. Thus, no
unique value can be applied to all of the cluster systems. Nevertheles, values of α and
β are typically in the ranges 3

8 ≤ α ≤ 1
2 and 1

2 ≤ β ≤ 5
8 , whereas the difference α−β is

small for the same element [239]. The deviation of the α and β from the classical values
are due to quantum mechanical effects, e.g., correlation and exchange energies [239].

The correction to Eqs. 4.3 and 4.4 can be provided, by adding a factor δ to the cluster
radius. The parameter δ determines the electron spill-out effect [240,241]:

IP = W + α
e2

Rcl + δ
(4.5)

EA = W − β e2

Rcl + δ
(4.6)

In general, the theoretical values reproduce the experimental trends for clusters of
simple metals. However, a large deviation has also been reported. For example, for
small NiN and CoN , clusters a good agreement is only obtained when lower values
of W are assumed [235, 236]. This has been attributed to the difference of packing

5Note, that here neutral and singly negatively charged spheres are assumed for the calculations of
IP and EA, respectively. This model can be extended to multiply charged positive and negative
clusters, see for example [240].
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or surface structure of clusters with respect to the bulk. A similar situation has been
observed for NbN clusters [242]. The better agreement with CSM has been obtained by
comparison with EA measured in Nb−N [203]. By applying a fit of CSM to experimental
data of EA(Eq. 4.6)), values of α and δ have been obtained. The dependence of the IP
calculated by Eq. 4.5 with extracted α and δ gives a good agreement with experiment.
A strong deviation of α from 0.5 observed in these experiments has been assigned as an
indication of quantum corrections of the IP. For HgN clusters, a strong deviation from
the model has been observed for sizes N≤70 [243]. Clusters of these sizes have been
found to be non-metal. Between 13≤N≤70 shows evidence for a transition from vdW
to covalent bonding. For N>70 the development of the IP merges the results obtained
by CSM. Based on these observations, it has been concluded that HgN with N ≥70
are metallic6.

6Note, that PES on Hg−
N anions shows that metal-nonmetal transition takes place at about N=400

[244].
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5 Experimental setup

Figure 5.1 shows a schematic view of the experimental setup. The helium droplets
source is located in the source chamber (SC). Due to the high gas load during the
operation, the SC is equipped with two turbomolecular pumps, with pumping speed1

of 2650 l/s and 3200 l/s (Leybold MAG W 2800 C and MAG W 3200 CT, respec-
tively). After the formation, droplets pass the skimmer (Beam Dynamics, Inc., 500 µm
opening diameter) and enter the differential pumping chamber (ZK1), pumped by a
685 l/s turbomolecular pump (Pfeiffer HiPACE 700). This chamber allows to reduce
the vacuum pressure between the SC and the following chamber. After passing ZK1
the helium beam enters the pick-up chamber (PC) in which the vacuum conditions
are maintained by the pump of the same type as in ZK1. The pick-up chamber is
equipped with a resistively heated oven filled with Mg. In addition, a gas inlet is in-
stalled, which allows a doping of droplets by gases, e.g., Xe. A mechanical shutter in
PC allows to block the droplet beam in order to acquire signals of bare dopant atoms or
background. After the next differential pumping stage (ZK2, 210 l/s, Pfeiffer TMU 261
P), the molecular beam passes the interaction region (pump Pfeiffer Balzers TPU 260,
230 l/s) of home-built magnetic-bottle photoelectron spectrometer (MB-PES) where it
intersects with the laser beam. Finally, in the last chamber, the beam enters the ioniza-
tion region (IC) of a commercial reflectron Time-of-Flight (TOF) mass spectrometer
(KAESDORF), where it can interact with the laser radiation as well. The vacuum
conditions in the TOF are maintained by two turbomolecular pumps with pumping
speeds 520 l/s (Pfeiffer Balzers TPU 520) and 230 l/s (Pfeiffer Balzers TMU260 U) in
the ionization region and flight tube, respectively. In addition, the source and pick-up
chambers are separated from the spectrometer chambers by a pneumatic valve. The
prevacuum is provided by a multi-stage Roots pump (Pfeiffer ACP40, 10 l/s) in SC and
turbomolecular pumping stations (Pfeiffer HiCUBE 80, 67 l/s) for the rest of the vac-
uum machine. Tab. 5.1 summarizes the typical values of vacuum pressure in standby
and operation conditions. Note, that when the PC is filled with gas, the pressure in
the TOF chamber is reduced, as a result of evaporative cooling of the droplets.

1Here and in following a values of pumping speed is given for N2.
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Chamber SC ZK1 PC ZK2 IC ToF
P standby, mbar 5.4·10−5 4.7·10−7 2.3·10−7 5.4·10−8 1.7·10−10 3.4·10−10

P operation, mbar 3.9·10−4 8.2·10−7 2.3·10−7 5.1·10−8 2.1·10−8 4.1·10−9

Table 5.1: Typical values of the pressures in the vacuum chambers in standby and operation.
The values of the vacuum pressure in the operation regime are given for T0=10K. Note, that
pressure change slightly with T0.

Helium droplet source

The physical principles of the He droplet production are described in Sec.2.1. In the
present experiments, helium gas (AirLiquide, Alphagas 2, 99.9999% purity) expands
through a flat nozzle with a diameter of 5 µm (electron microscope aperture, Plano
GmbH, Mod. A0200P). The stagnation pressure P0=20 bar is kept constant for all
experiments. The droplet sizes are controlled by a temperature T0. The source is

6 8 10 12 14 16 18
Source Temperature [K]

100

1000

D
ro

p
le

t 
d

ia
m

e
te

r 
[Å

]

103

104

105

106

107

108

M
e

a
n

 d
ro

p
le

t 
si

ze

IIIIII

Figure 5.2: Mean droplet size (left y-axis) and diameter (right y-axis) as a function of the
source temperature at PHe=20 bar. The dashed lines highlight different expansion regimes
(see Ch. 2). Adapted from [245].
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connected to a flow cryostat (CRYO Industries of America, Inc., Mod., RC 102), cooled
down by liquid helium. The temperature T0 is measured by a Si-diode thermometer
(Scientific Instruments, Mod. SI-410). The value of T0 can be changed through a
variation of the liquid helium flow or via heating the source by a resistive heater
placed on the coldhead. The heating power is adjusted by PID2 temperature controller
(CryoVac GmbH, Mod. TIC 303M), which allows to maintain the temperature stability
in the range of ±50 mK. A variation of the temperature leads to a change in the
average droplet size NHe. Fig. 5.2 shows the dependence of NHe as a function of T0 for
P0=20 bar. In the present work temperatures between 9.5 K to 15 K have been used,
which corresponds to sizes from NHe=1.2·105 to NHe=3·103, respectively.

Pick-up region

Doping of the helium droplets takes place in the pick-up region. To achieve this, the
droplet beam passes through the resistively heated oven. The construction of the oven
is shown in Fig. 5.3, left. Magnesium granules (Alpha Aesar, 99.95% purity) are placed
in the stainless steel cartridge (length L=3.5 cm), which is located inside a cylindrical
heating element. The construction is surrounded by a protective cooling shield to avoid
overheating and helps to reduce temperature fluctuations. The temperature of the oven
Toven is measured by a type-K thermocouple.

The pick-up probability depends on the particle density ndop in the pick-up region.
The value of ndop can be calculated by Eq. 2.15. The pressure Pdop can be obtained
from the semi-empirical dependence of pressure on temperature [246]:

lg(Pdop) = 5.006 + A+BT−1
oven + C lg(Toven) +DT−3

oven (5.1)

where A, B, C, D are coefficients specified for given material, Pdop in Pa, and Toven in
K. For Mg the coefficients are3 A=8.489, B= -7813, C= -0.8253 and D=0. The calcu-
lations of Pdop by Eq. 5.1 have an accuracy of ±5% or better. The pressure-temperature
diagram of Mg and corresponding values of NMg (for NHe=3.6·104) are shown in
Fig. 5.3, right. In the present work the temperature of the oven is changed from 231 ◦C
up to 380 ◦C, giving values of the average doping from NMg=0.1 to NMg=120, depend-
ing on droplet size. Note, that the oven is suitable not only for Mg, but other metals
as well, e.g. Ag.

2Proportional–integral–derivative
3The coefficients are defined for the temperatures below the melting point of Mg, that is 650 ◦C.
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Figure 5.3: (a) Scheme of the oven construction. Adapted from [247,248]. (b) Vapor pressure
of Mg (blue, left y-axis) and corresponding values of NMg for droplet size NHe=3.6·104 (red,
right y-axis)

Besides the oven, the pick-up chamber is equipped with a gas valve, which allows for
doping with gas phase particles, e.g. Xe, Ar, etc. In this case, N can be obtained by
Eqs. 2.13 and 2.15 taking into account L=21 cm and room temperature.

Magnetic-bottle photoelectron spectrometer

The idea and first application of a magnetic-bottle photoelectron spectrometer (MB-
PES) have been introduced in the beginning of 1980’s by Kruit and Read [249,250]. In
the MB-PES, electrons produced upon ionization, start to move in strong inhomoge-
neous, cylindrically symmetric bottle-shaped magnetic field and later guided by a weak
magnetic field to the detector. This leads to a strong increase of electron collection
efficiency, giving an opportunity to provide spectroscopy on low density targets.

The construction of the spectrometer used in present the work is schematically shown
in Fig. 5.4. The magnetic field is produced by two magnets: a permanent magnet
(magnetic flux density Bp ≈ 400mT) and a magnetic coils (Bf ≈0.6mT) wound around
the flight tube. The length of the flight tube is 0.95m. At the end of the flight tube, the
electrons are detected by the microchannel plate (MCP). The time-of-flight information
is recorded by the multichannel analyzer (FAST ComTec GmbH, mod. 7886) installed
in the computer. The electron flight time from the interaction region to the detector
is used to determine the kinetic energy of emitted electrons. The magnetic field ~BE of
the earth can affect the electron motions. For compensation, the flight tube is placed
between Helmholtz coils, which produce a magnetic field anticollinear to ~BE.
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Figure 5.4: Schematics of the magnetic-bottle photoelectron spectrometer used in the ex-
periment.

Electrons moving in a magnetic field undergo a spiral motion, caused by the Lorentz
force. For an electron initially located in the strong inhomogeneous magnetic field
region, with velocity ~ve at the angle θ to the spectrometer axis (Fig. 5.4), the angular
frequency ω and radius of the orbit r are:

ω = e| ~B|
me

(5.2)

r = |~ve| sin θ
ω

(5.3)

where e is the elementary charge and me is the electron mass. The corresponding
angular momentum L of the electron is:

L = I · ω = mr2ω = m2|~ve|2 sin2 θ

eB
(5.4)

The value of Lp in the inhomogeneous field is conserved [250] and, therefore, equal
to the angular momentum in the flight tube Lf . Hence:

m2|~ve|2 sin2 θp
eBp

= m2|~ve|2 sin2 θf
eBf

(5.5)

which leads to

sin θf = sin θp ·
(
Bf

Bp

) 1
2

(5.6)
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The magnetic field Bp produced by the permanent magnet is significantly stronger
than Bf . Therefore, the angle θf in the flight tube is smaller than θp. For the spectrom-
eter used in the present work, the electrons emitted perpendicular to field ~Bp nearly
parallelize in the flight tube, and

θf = arcsin
√ 0.6 mT

400 mT

 = 2.2◦ (5.7)

The best theoretical resolution of MB-PES can be calculated as [251]:

R = Bp

Bf

(5.8)

and for Bf and Bp is R ≈ 670. Nevertheless, the resolution is lower, due to the several
factors: (i) The electrons are collected from 4π solid angle of emission. That implies,
that the electrons emitted towards the magnet require an additional time to turn
towards the detector, which will affect the observed flight times. (ii) Not complete
screening of the magnetic field of Earth. (iii) The limiting time resolution of the
acquisition device.

Reflectron Time-of-Flight mass spectrometer

The operation principle is based on the acceleration of charged particles in an electric
field and measurements of their flight times τion after passing a known distance. For a
fixed acceleration voltage, the flight time of the particle is determined by the mass mion

and charge qion, or more precisely by it mass-to-charge ration mion/qion. In particular,
when the particle is singly ionized, the value of τion allows to determine the mass.

The resolution of the TOF spectrometer can be affected by several factors [252], e.g.
(i) Ion energy spread, due to finite ionization volume. (ii) ’Turn-around’ effect due to
the initial velocity distribution of ions. The ions which move in the direction opposite
to the acceleration field require additional time for deceleration and turning towards
the detector. (iii) Length of the ionizing pulse and rise time of the acceleration pulse.
(iv) The time response of the detector. A compensation of most effects can be obtained
by a combination of the Wiley-McLaren acceleration scheme with a reflectron.

In the extraction region, the ions which pass the higher potential will have higher
velocities, but they need a certain time to leave the acceleration unit. In contrast, the
ions which start their movement closer to the end of the extraction region, escape at
earlier times, but with lower velocities. This leads to compensation of (i) at a certain
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distance of Lf which is equal to the length of the acceleration region. The distance
Lf can be largely increased by application of the two-stage acceleration, proposed
by Wiley and McLaren [253]. In this scheme, the focus point Lf is determined by
the ratio of the fields strengths of both stages. The ’turn-around’ effect can also
be compensated by application of delayed extraction, i.e. introduction of a time delay
between ionizing and extraction pulses. It allows ions to reach a new position, at which
the acceleration provided by the extraction field allows to reach a detector position with
the same flight times. The resolutions R = mion/∆mion of several thousand have been
reported [254,255].

The reflecton type TOF spectrometer, has been proposed by Mamyrin et al. [256].
The compensation of the energy spreading of the ions is realized by introducing an
electrostatic reflecting system in the flight tube. The ions with higher velocities move
deeper in the reflecting field than the slower ones. Hence, it requires more time for
fast ions to leave the reflector. By an appropriate choice of the reflector voltages, it
is possible to achieve a condition when all the ions reach the detector simultaneously.
Values of R≥104 can be achieved for such spectrometers [252].

Laser systems

The main light source for the photoelectron spectroscopy studies is a dye laser. The
concept of such laser is based on using a solution of an optical dye as the active medium
for laser light generation. Optical dyes have wide absorption and fluorescence spectra,
which allow to achieve tunable radiation. Fig. 5.5 shows a typical electronical level
scheme of dye molecules. For the molecule in the singlet ground state S0, the absorp-
tion of photons may lead electronical excitation. Since singlet-triplet transitions are
forbidden, the excitation is allowed only within the singlet system. Due to the Franck-
Condon principle, a limited number of the vibrational states in S1 will be occupied.
After a short time (τrelaxation ≈100 fs), the molecule is relaxes radiationless to the low-
est vibrational state of S1, from which the radiative transition to S0 occurs [257]. The
possible transitions to different vibrational states of S0 lead to the wide emission spec-
trum. The high density of rovibrational states is the reason of wide and unstructured
absorption and emission spectra4 [257]. As an example, Fig. 5.5 shows absorption and

4Note, that radiationless transition between singlet and triplet states can also take place, e.g. S1 →
T1. This process is called intersystem crossing and caused by the collisions between molecules in
the solution. A molecule in T1 state may also absorb photon, i.e. a T1 → T2 excitation. When
the absorption T1 → T2 lying in the same spectral region as S1 → S0, it can absorb a fluorescent
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Figure 5.5: (Left) Electonical level scheme of optical dyes. Arrows indicate different pro-
cesses: absorption (blue), emission (red), relaxation (green) and intersystem crossing (black).
(Right) Absorption (blue) and emission (red) spectra of Rhodamine 6G in methanol. Spectra
are taken from PhotochemCAD 3 database [258].

fluorescence spectra of Rhodamin 6G dye.
As an active medium, optical dyes allow to realize laser light generation within the

wavelength region of the fluorescence, due to fast vibrational relaxation time [257]. It
leads to an effective population of excited state S1 and meanwhile fast depletion of
rovibrational states of S0. Hence, a population inversion can be achieved. The tuning
of the laser wavelength is realized by introducing a dispersive element in the resonator,
which selects photons with the chosen wavelength for amplification. The possibility to
tune a laser wavelength opens great opportunities to use dye lasers for spectroscopy.
The main disadvantage is a relatively short wavelength region which is covered by a
single dye. Covering a broad spectral region requires a change of dyes, which makes
such experiments challenging.

In present experiments, a dye laser (LAS GmbH, mod. LDL-20505) is operated with
Rhodamine 6G in methanol. The emission is tunable in the range 558-575 nm. The
UV-light is produced by second harmonic generation in a BBO5 crystal installed at
the laser output. It allows to create radiation between6 280 nm and 287 nm. As a
pump source, the second harmonic (532 nm) of Nd:YAG laser (Spectra-Physics, mod.

light. This process decreases the efficiency of the laser light generation in dye lasers.
5Beta-Barium Borate
6The wavelength range in the UV-region is shorter than allowed by fundamental wavelengths due to
inefficient SHG near the edges of fluorescence spectrum.
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Quanta-Ray Pro-290) is used. The repetition rate is defined by the pump laser (20Hz).
Pulses with a length of τlas=10 ns and energies up to 50µJ can be produced.

In the second laser system, an optical parametrical oscillator (OPO) is used to pro-
duce tunable radiation. The operation principle is based on the non-linear optical
process called parametric light generation [257]. When a strong laser wave (pump)
with frequency ωp propagates in the nonlinear medium the energy may be transferred
to two light waves with frequencies ωs (signal) and ωi (idler) red-shifted relative to
ωp. That can be represented as a conversion of the photon with energy ~ωp into two
photons with energies ~ωs and ~ωi. The energy conservation requires that

~ωp = ~ωs + ~ωi (5.9)

whereas the momentum conservation requires

~kp = ~ks + ~ki (5.10)

where ~kp, ~kp and ~kp are the wave vectors of pump, signal and idler, respectively. The
relation Eq. 5.10 is called phase matching condition. These conditions can be realized
in anisotropic crystals, e.g. BBO. Depending on the propagation directions of the
participating waves, two schemes can be realized: (i) Collinear, when pump, signal and
idler waves propagate in the same direction. (ii) Non-collinear, when the directions
are different. Tuning of the wavelength is achieved by changing the phase matching
conditions, e.g. by rotating the crystal.

In OPO laser system used in this work (EKSPLA NT242-SH/SFG) the OPO cavity
is pumped by a 3rd harmonic of Nd:YAG laser. For parametric generation, a type II
BBO crystal is used. The light produced by parametric generation can be tuned in
the range 400-2600 nm by rotating the OPO crystals. The signal and idler beams are
separated by a Rochon prism installed at the output of the OPO cavity. The radiation
in the UV-wavelength region is produced by SHG in type I BBO crystal from the
OPO signal beam. The separation of fundamental and second harmonics is realized
by a second Rochon prism. The system operates at a repetition rate of 1 kHz, a pulse
length of τlas=10ns and pulse energies up to 5µJ, depending on the wavelength. The
spectral linewidth ∆λ ≈0.2 nm at λlas ≤286 nm.
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6 Results

In the present chapter experimental results on the spectroscopy on Mg doped helium
droplet are presented. R2PI-photoelectron spectra at the foam resonance are shown
in dependence on droplet size, average doping and laser pulse energy. In addition,
electron spectra recorded as a function of laser wavelength are presented. At the end
of the chapter, ToF mass spectra are shown for wavelengths down to 215 nm. The
dependencies of the cluster signals on the photon energy are used to determine the
vertical IP of Mg clusters.

6.1 Photoelectron spectroscopy on Mg ensembles

The R2PI scheme of the present experiment represents a ’virtual pump-probe ex-
periment’, where absorption of the first photon leads to the excitation of a single foam
atom, whereas the second photon of the same laser pulse probes the product of the
triggered dynamics. It is obvious, that a full time resolution cannot be achieved. Thus,
the signal will contain contributions from all processes taking place on the time scale
of the laser pulse, that is 10 ns.

In the first set of experiments, the foam was probed under different initial conditions.
The laser wavelength was keep constant at λfoam= 282.5 nm (photon energy Eph=
4.39 eV), corresponding to the maximum of the absorption. By changing the doping
conditions from single to tens of atoms, possible size effects are probed, whereas the
impact of the helium matrix is studied by varying the average droplet size from NHe=
3.3·103 to NHe= 1.2·105. As a next step, photoelectron emission has been recorded as
a function of laser wavelength λlaser within the foam absorption line, i.e., between 275
and 285 nm. The obtained information can uncover possible contributions of different
excitation pathways, which has not been revealed by ion mass spectroscopy.

Dependence on doping conditions and droplet size.

Examples of photoelectron spectra are shown in Fig. 6.1 for different average doping
and a droplet size of NHe= 5.2·104. The laser pulse energy was fixed at Elas=7µJ. At
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Figure 6.1: Photoelectron spectra of Mg doped droplets at λfoam, forNHe=5.2·104 and pulse
energy Elas=7µJ. (Top) Low doping NMg=0.1. (Middle) Intermediate doping NMg=17.
(Bottom) High doping NMg=80. Dashed line drawn to separate LE and HE regions (see
text).

low doping conditions NMg=0.1 (Fig. 6.1,top), a single peak at Ekin=1.17 eV can be
identified. The doping conditions correspond to the pick-up of single atom. Therefore,
the peak represent ionization of a single embedded Mg atom. With increasing number
of atoms, a second broad feature (LE) shows up close to the single atom peak at
Ekin=1.09 eV (Fig. 6.1, middle). In addition, a weak structured signal (HE) has been
observed at Ekin ≥1.2 eV. The peaks center at 2 eV, 2.12 eV, 3.14 eV, 3.3 eV, 4.05 eV
(Fig. 6.1, inset). This features appears only under conditions, when multiple atoms are
present in the droplets. At high Mg load (Fig. 6.1, bottom), peaks close to 1 eV can
be observed, but no evidence for electrons with high kinetic energy is found.

To obtain the information about the dependence of the electron signal on the doping
conditions, spectra have been recorded at different NMg. As an example, the results
for NHe=5.2·104 are shown in Fig. 6.2 (left), where twenty-four spectra are combined.
The x-axis corresponds to the average number of Mg atoms per droplet, calculated
according to the pick-up statistics for given droplet size and oven temperature. The
y-axis corresponds to the kinetic energy of the emitted electrons. The electron yield
is shown by color in a logarithmic scale. In the LE-part of the spectra, the peak with
kinetic energy Ekin=1.17 eV appears at the lowest doping conditions (NMg=0.1). With
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Figure 6.2: (Left) Photoelectron spectra, presented as a two dimensional intensity plot for
different average doping and droplet size NHe=5.2·104. For the presentation, twenty four
spectra are combined and smoothed. Yields are presented using a color log scale. All spectra
are integrated over 8000 laser pulses, with Elas=7µJ. (Right) Electron yields (linear scale)
at selected kinetic energies Ekin=2.12 eV (blue circles), 3.14 eV (red squares), 4.05 eV (green
diamonds) as function of average doping for droplet size NHe=5.2·104.

increasing NMg the yield Y (1.17 eV) increases and broadens. The broadening can be
attributed to the appearance of the second peak with Ekin=1.09 eV, which became
clearly resolved at NMg=12. At the same value of NMg the yield Y (1.17 eV) is highest
and decreases with the further increase of NMg, peak with Ekin=1.17 eV dominates in
the spectra. After NMg ≈80 the yield of both peaks significantly drops down.

The emission of HE-electrons (Ekin ≥1.2 eV) becomes visible when the average num-
ber NMg exceeds a value of one. The total signal increases with NMg up to a maximum
value at NMg=25. For high doping the HE signal vanishes and only the low energy
peaks remain. In the range 1.2 eV≤ Ekin ≤1.9 eV, the signal is broad and not struc-
tured. For Ekin>1.9 eV, clearly resolved peaks are observed. Note, that after the
appearance of all photoelectron peaks, no additional features or shifts are observed
with the change of NMg. To demonstrate the dependence of the emission of elec-
trons certain Ekin, the photoelectron yields have been integrated for the corresponding
peaks. Selected results are shown in (Fig. 6.2 right). The yields differ for each peak
and decrease with increasing Ekin, but have a maximum at the same value of NMg.
Additionally, peaks centered at higher kinetic energies appear at slightly higher values
of NMg, but reach their maximum values at the same NMg, after which the signals
decrease.
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Figure 6.3: (Left) Series of photoelectron spectra, presented as a two-dimensional intensity
plot for different average doping and selected droplet sizes. For the presentation, 17 to 24
spectra are combined and smoothed. Yields are presented using a color log scale. All spectra
are integrated over 8000 laser pulses, with Elas=7µJ. The splitting of the lines for small
droplets is due to detector saturation.
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Figure 6.4: Total photoelectron yield
(Ekin ≥ 1.2 eV) for droplet sizes
NHe=5.2·104 (blue circles), 1.2·104

(red squares), 5.7·103 (green dia-
monds).

Average doping
0 20 40 60 80 100 120 140

E
le

c
tr

o
n

ie
ld

 [
a

.u
.]

y

0.2

0.3

0.3

N
He

=5.2×10
4

N
He

=1.2×10
4

N
He

=5.7×10
3

To reveal the impact of droplet size, similar measurements have been conducted
for droplets with NHe=3.3·103-1.2·105 (Fig. 6.3). Generally, the shape of the spectra
is similar and independent on the droplet size. No additional features or shifts of
the photoelectron peaks are observed. The doping range where the HE electrons are
detected, as well as the lowest doping level at which the HE emission can be observed,
depend on NHe and increases with droplet size. In order to determine the dependence
of the lowest doping level and effective doping range, within which the HE emission is
observed, the total photoelectron yields of HE electrons (Ekin ≥ 1.2 eV) as a function
of NMg have been extracted. The results for chosen NHe are shown in Fig. 6.4. Clearly,
the doping ranges strongly depend on NHe. In addition, the yield is higher for larger
droplets.

Dependence on laser pulse energy

To investigate the impact of the laser pulse energy on the emission of HE-electrons
as well as the contribution of multiphoton processes beyond the R2PI scheme, spectra
have been recorded at different laser pulse energy Elas. Examples are shown in Fig. 6.5,
left. The increase of Elas leads to an increase of the total photoelectron signal, whereas
no additional features can be observed. For low pulse energies, the HE features are
weak, but the double peak near 1 eV is pronounced. With increasing Elas, the signals in
both LE and HE regions rise. Moreover, at high pulse energies, the LE peak structure
became more complex and intensities became comparable to the high energy region.
This effect is caused by the saturation of the detector and has been cross-checked on
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Figure 6.5: (Left) Photoelectron spectra at different laser pulse energies recorded for droplets
size NHe=5.2·104 and an average doping NMg=12. Spectra are integrated for 20000 shots
for Elas=3.5-7.5µJ, 10000 shots for Elas=19µJ and 5000 shot for 35-53µJ. (Right) Total
photoelectron yields at 1 eV<Ekin<1.2 eV (LE, blue) and Ekin ≥1.2 eV (HE, red). The
dashed lines correspond to fits with a square function. Both, the multiple peaks in the LE
region and the decrease of photoelectron LE signal are due to a saturation of the detector.

bare Mg atoms. At the atomic resonance, the LE photoelectron structure becomes
similar when the laser power or the Mg vapor pressure is too high. The integrated
yields of both LE and HE electrons are shown in Fig. 6.5, right. For HE electrons,
the yield scales with laser power as E2

las. For the LE features, a similar dependence
can only be observed below Elas= 10µJ, beyond which the detector is saturated. Such
dependence of photoelectron signal is anticipated for R2PI.

Wavelength dependence

The results of photoelectron spectroscopy presented above have been achieved at a
wavelength λfoam=282.5 nm, whereas the absorption of the Mg foam is broad and takes
place in a wavelength range between 275 nm to 284 nm (photon energies Eph=4.49-
4.34 eV, respectively). As it has been shown in Ch. 3, the mass spectrometry shows no
specific features for different wavelengths [51] within the absorption. PES, however, can
provide additional information or possibly reveal specific ionization pathways. Thus,
total electron yields for both LE and HE regions have been recorded as a function of
λlas, see Fig. 6.6. Photoelectron emission takes place within a wavelength range of 275-
285 nm. Similar dependencies on λlas are found for HE and LE electrons, reflecting the
fact that the photoemission process of LE and HE electrons has a similar intermediate
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6.1 Photoelectron spectroscopy on Mg ensembles

Figure 6.6: Total yields of LE (blue)
and HE (red) electrons as a func-
tion of laser wavelength λlas normal-
ized on the laser pulse energy. The
peak at λatom=285.25 nm corresponds
to the free atom resonance (see right
arrow) and can only be observed in
the LE range. The foam transition at
λfoam=282.5 nm is depicted by the ar-
row. Droplet size NHe=5.2·104, aver-
age doping NMg=10. Wavel ngth [nm]e
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step. The achieved results are in perfect agreement with the absorption profile observed
by ion TOF spectroscopy [51], see Fig. 3.7.

In general, with the change of the wavelength, the photoelectron spectra show similar
structure as observed at λfoam. However, new peaks show up at λlaser=281 nm (F281),
279 nm (F279), 278 nm (F278) at kinetic energies of E281

kin= 2.61 eV, E279
kin= 1.86 eV and

E278
kin= 3.60 eV, respectively. The corresponding spectra are shown in Fig. 6.7. The

peaks F278 and F281 possibly overlap with the signal of other features, which are also
visible at the foam resonance. The feature F279 remains in the spectra within the
wavelength region 278-281 nm, whereas all the other features appears only a specific
λlaser. Similar spectral features have also been observed at different doping conditions.

Monitoring the electron yields corresponding to the features F281, F279 and F278 with
respect to the wavelength, provide additional information about the response on the
laser wavelength. For F281, a wavelength scan has been conducted with a step size
of ∆λ=1·10−3 nm (dye laser). The result is shown in Fig. 6.8, left, where three peaks
can be resolved. According to the fit based on Gaussian functions, three transitions
are revealed which center at 281.20 nm, 281.12 nm, and 280.99 nm, with corresponding
FWHM ∆λ281.2=0.043 nm, ∆λ281.12=0.082 nm and ∆λ280.99=0.055 nm, respectively. A
scan in the vicinity of 279 nm reveals, that F279 centers at 279.5 nm (Fig. 6.8,b) and has
a width of ∆λ=1.5 nm (∆Eph=24meV). The feature F278 only appears at λlas=278 nm.
Note that the dye laser does not provide an efficient emission in this wavelength region
λlas<280 nm. Therefore the scans have been conducted with the OPO laser using a
wavelength step size of ∆λ=0.2 nm.
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Figure 6.7: HE-part of the photoelectron spectra recorded at selected wavelengths. The
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6.2 Direct ionization of Mg cluster at high doping conditions

6.2 Direct ionization of Mg cluster at high doping conditions

The optical response of the foam has been observed to depend on the laser wave-
length [51]. According Fig. 6.6, the emission shows a similar dependence on the laser
wavelength for LE and HE electrons. All of the characteristical signatures can be at-
tributed to a foam inside He droplets. On the other hand, the HE features depend
on NMg and disappear at high doping condition (Fig. 6.3). To a reveal the possible
formation of compact MgN clusters at high droplet load, the optical response has been
probed at shorter wavelengths, λlas<272 nm, i.e., far from the foam resonance. If
clusters are formed, an enhanced ion yield is anticipated.

In the present experimental setup, photoelectron spectroscopy cannot be used for two
reasons. (i) Clusters are not mass selected. Thus, photoelectron spectra will contain
contributions of different MgN , making an assignment to specific sizes impossible. (ii)
One can expect, that clusters can be ionized by single photon absorption at photon
energies of about 5 eV. Hence, the electron kinetic energy will have energies in the meV
range. Unfortunately, the photoelectron spectrometer used in the experiment has a
low detection efficiency for low energy electrons. These problems can be overcome by
mass spectrometry, since it can simultaneously detect all Mg+

N ions.
Examples of mass spectra recorded at the foam resonance and at λlas=254 nm

(4.88 eV) are shown in Fig. 6.9 for NHe=5.2·104. At NMg=26, corresponding to the
maximum of the HE electron emission (see Fig. 6.4, top left), the spectrum recorded at
λfoam shows a pattern which includes a Mg+

N clusters with N≤12, as well as a Mg+HeN
progression. This spectrum is similar to the one shown in Fig. 3.6 and typical for mass
spectroscopy experiments on Mg foam. With further increase of NMg the total ion
yield and cluster sizes decreases. At high doping level, e.g., NMg=67 (Fig. 6.9, bottom
left), practically no signal from clusters can be observed. Only a weak monomer signal
is present. The decrease of the ion signals correlates with the absence of HE electron
emission.

In contrast to the λfoam, spectra recorded at shorter wavelength show different be-
havior. For NMg=26, larger clusters with N up to 30 are observed (Fig. 6.9, right top)
. In addition, no evidence for snowballs is obtained. With increasing of Mg load, the
cluster progression extends to larger sizes. For example, NMg=67, signals of MgN with
N as large as 56 are observed (see Fig. Fig. 6.9, right bottom).

To reveal the doping dependence of Mg cluster formation, the total yields of Mg+
N has

been extracted for both wavelength as a function of average doping see Fig. 6.10. The
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Figure 6.9: Mass spectra of Mg doped droplets for different doping conditions and
NHe=5.2·104, recorded at λfoam (left) and λlaser=254 nm (right). Signals of MgN up to
N=55 are observed at highest doping conditions.

ion yield Y ion
foam at λfoam increases with NMg and maximizes at NMg=12 and drops with

further increase of NMg. In contrast, the yield at shorter wavelength starts to rise when
NMg=10, i.e., near the maximum of Y ion

foam and gradually increases with NMg. At the
high doping conditions only the signal at λlas=254 nm is observed. Similar behavior
has been observed for different droplet sizes. Only the value of NMg at which the signal
of large clusters can be observed and the largest cluster size appear to depend on NHe.
This indicates, that the process of cluster formation has the same origin independent
on the droplet size.

The formation of MgN at high doping level opens an opportunity to study properties
of free Mg clusters. The signals of different Mg+

N as a function of the photon energy Eph
gradually increase with Eph up to the level where they maximize and remain constant,
see Fig. 6.11. The photon energies, at which the signal levels out, differ for various
MgN . Note, that in the photon energy region 4.5 eV≤Eph ≤5.8 eV no specific absorption
features are observed. Thus the obtained ionization efficiency curves allow to determine
the IP of Mg clusters. One of the methods is based on fitting the experimental data
by an error function (red dashed lines in Fig. 6.11) and will be discussed in the next
section.
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6.2 Direct ionization of Mg cluster at high doping conditions

Figure 6.10: Dependence of the
total ion yield on the average
doping level taken at laser wave-
lengths λfoam=282.5 nm (red) and
λlas=254 nm (blue). The helium
droplet size is NHe=5.2·104. Dotted
lines are plotted to guide the eyes.
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Figure 6.11: Ionization efficiency curves for different clusters. Black dots - experimental
data, dashed red lines correspond to the fit, see Ch. 7 for details. The yields are plotted on
a logarithmic scale.
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7 Discussion

7.1 Photoelectron spectra

Resonant two-photon ionization of Mg atoms in helium droplets at the foam res-
onance wavelength λfoam= 282.5 nm leads to the emission of electrons with kinetic
energies in the range between 1.0-4.5 eV. The spectra show a clearly resolved peak
structure, providing evidence, that ionization originates from different excited states.
According to the used R2PI scheme, the first photon excites electrons into the 31P1

state of foam atom, whereas the absorption of a second photon leads to ionization.
The two-photon regime is confirmed by the dependence of the electron yield Ye on
Elas, that is, Ye ∝E2

las (see Fig. 6.5). Assuming that the target is ionized by a single
photon, the electron binding energy Ebin in the transient state can be obtained as

Ebin = Eph − Ekin (7.1)

where Eph is the photon energy.

Single embedded Mg atom

Examples of photoelectron spectra in the LE region as a function of binding energy
are shown in Fig. 7.1. As a reference, the R2PI spectrum of bare Mg atom at laser wave-
length λfree=285.2 nm, which corresponds to a free atom resonant transition (Fig.7.1,
top). The binding energy Efree

bin =3.30 eV agree well with that of the 31P1 state. At
low doping conditions (NMg=0.1) the single peak is centered at Ebin=3.22 eV (Fig.7.1,
middle). The pick-up statistics predicts that the probability to pick-up more than a
single atom is about 0.5%. Thus, the origin of the electron emission can be assigned to
R2PI of single Mg atoms isolated in the droplets and a possible contribution of multiply
doped droplets to the PES can be neglected. The peak position shows a shift of about
∆Ebin= −80meV relative to the free atom. This indicates, that the IP is lowered by
the helium environment. The value of the shift ∆Ebin is in the order of magnitude
which is typical for completely solvated atoms. For example, the IP of aniline in a
droplet lowers by about 100 meV, whereas for alkali atoms, the IP is shifted by 5-20

65



7 Discussion

3.5 3.4 3.3 3.2 3.1

Binding energy [eV]

0.05

0.15

0.005

0.01

0.05

0.1

E
le

c
tr

o
n

 y
ie

ld
 [
a

.u
.]

Free Mg atoms

λlas=285.2 nm

N =0.1Mg

λlas=282.5 nm

N =17Mg

λlas=282.5 nm

Figure 7.1: The LE region of pho-
toelectron spectra at different doping
conditions as a function of binding en-
ergy. (Top) The spectrum of bare Mg
atoms. (Middle) Single atom doping,
NMg=0.1. (Bottom) High doping con-
ditions, NMg=17. The dashed line in-
dicates the binding energy Efreebin of an
electron in free atom. Note, that a dif-
ferent wavelengths was used to record
spectra of free and embedded atoms,
i.e., 285.2 nm and 282.5 nm, respec-
tively.

meV (see Ch. 3). Up to now, the question of Mg atom location is still under discussion.
The calculated Ancilotto parameter λA, does not provide a clear prediction, since it
strongly varies with respect to chosen Mg-He interaction potential (see Tab. 2.1). The
calculations predict an interior location [149,192,259]. However, experimental investi-
gations give different results, depending on the applied method: LIF and absorption
experiments [51,186] show an interior location of Mg, whereas EII results [260] suggest
that the Mg atom resides on the droplet surface. The conclusion of the EII experiments
is based on the assumption, that for the surface located atoms Penning ionization gives
a strong contribution. Hence, the interpretation of EII results strongly depends on the
Penning ionization cross-sections, which may be overestimated. The results obtained
in present work, together with light absorption experiments confirm complete solvation
of Mg in He droplets.

High doping conditions

Another prominent feature centered at Ebin=3.31 eV appears, when droplets are
doped with multiple atoms (Fig. 7.1, bottom). The comparison to the spectrum recorded
for free atoms shows, that the peak position agrees well with Efree

bin (Fig. 6.1, top). In
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7.1 Photoelectron spectra

addition, the peak is broadened. This points out, that for droplets doped contains
several atoms, at least a part of the atoms is ionized outside the droplet after photoex-
citation. The origin of the additional broadening can be attributed to the ionization
of excited Mg∗Hen exciplexes. Indeed, a high abundance of Mg+HeN ions has been
reported [51] (see Fig. 3.6) in R2PI. Calculations have shown, that the interaction be-
tween the excited Mg(31P1) atom and He is stronger than in the ground state [192].
This implies that attachment of He to Mg∗ is more favorable than in the ground state.

Both observed LE features represent the photoemission from the intermediate 31P1

state which is directly accessible by single photon absorption. On the other hand, the
HE peaks (see Fig. 6.1) cannot be associated with photoexcitation of Mg atoms at the
chosen photon energy. Note, that the HE signatures appear only at conditions when
more than one Mg atom is present in the droplet. Values of EHEbin range from 3 eV up
to almost the vacuum level. As an obvious assumption, the appearance of the new
peaks can be traced back to a possible ionization of clusters, if they are present in
the nanodroplets. Indeed, clustering of atoms will reflect in the electronic structure.
Consequently, a change in the electron emission as a function of size is expected.
Moreover, a wide distribution of cluster sizes will simultaneously be probed in the
interaction region. Thus, clusters of different size will give a contribution to the signal.
This may lead to a change of the electron spectra comparable to the single atom.

The pick-up dependence of the PES can be used to reveal a possible contribution of
clusters. Results are presented in Fig. 7.2, a, for an average droplet size of NHe=5.2·104

atoms. Initially, the yield of HE electrons increases with the number of Mg atoms and
maximizes in the region of a few tens of NMg. At high droplet load the HE signal
vanishes and only the atomic features remain, but with a significantly lower yield.
This dependence does not support the picture of the ionization of compact MgN , due
to the absence of any new photoelectron peaks at different NMg. Lines at lower binding
energies only appear at higher doping condition. After the signal shows up, the peaks
remain unchanged in their energy positions. This suggests that the observed electrons
originate from one and the same particles, that is Mg atoms.

Highly excited states of Mg atoms

To reveal a contribution of atomic excited states, the spectra are compared with
the level diagram of Mg [184] (Fig. 7.2, c). Although the spectral resolution is limited,
several HE photoelectron features can be assigned to ionization from weakly bound
atomic states. Both, singlet and triplet states with the principal quantum number
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7.1 Photoelectron spectra

n up to 7 contribute to the photoelectron signal. Sharp resolved peaks cannot be
obtained due to several reasons. (i) For Ebin<2 eV, the density of the states increases,
i.e., the energy differences between the levels decreases. The resolution of MB-PES is
not sufficient to resolve every peak, since the close lying photoelectron features overlap.
(ii) The ionization of snowballs can contribute. Additional helium atoms will lead to
a slight shift of the atomic levels due to the weak Mg-He interaction. It is anticipated,
that the resulting spectra will have a similar shape with probable small shift and/or
broadening. Nevertheless, the observed values Ebin agree fairly well with the binding
energies of excited states of Mg atoms.

The decrease of the relative intensities with increasing Ebin (see Fig. 6.2, right), can
be associated with electron relaxation. For excited atomic states, the typical values
of the lifetime are in the range of nanoseconds. In the experiment, the time between
excitation and ionization is determined by the duration of the laser pulse (τlaser=10 ns).
Thus, a time delay of several nanoseconds is enough for relaxation to occur. This leads
to a more efficient photoemission from more strongly bound states. The singlet and
triplet systems will undergo relaxation to their lowest electronic states, since singlet-
triplet transitions are forbidden by selection rules. On a long time scale, electrons from
initial singlet states will find themselves in the ground 31S0 state. Moreover, a part of
the atoms will decay through 31P1, which, together with direct ionization, will give an
additional contribution to the electron yield at Ebin= 3.3 eV. For the triplet system,
the lowest state is 33P0,1,2 (not shown in the diagram in Fig. 7.2) with Ebin=2.71 eV.
Due to the low probability of a transition into the singlet ground state, electrons can
accumulate in this metastable state, which has a lifetime of milliseconds. However,
the photon energy Efoam

ph = 4.39 eV is not sufficient to ionize atoms from this electronic
state, and therefore 33P0,1,2 state cannot be probed by a single wavelength experiment.

A broad electron distribution is obtained in the range between 3.0-2.4 eV, with two
peaks centered at 2.29 eV and 2.38 eV. Only the feature at 2.29 eV can be attributed to
an atomic level, i.e. 41S0. The 43S1 state cannot be assigned to the peak at 2.38 eV,
since the corresponding binding energy is 160 meV off2. A possible origin is the ion-
ization of excited Mg2, in particular from A1Σ+

u and (1)1Πu [199]. Taking the ioniza-
tion potential IP (Mg2)=6.35 eV into account, the corresponding binding energies are
Edimer
bin (A1Σ+

u )=3.1 eV and Edimer
bin ((1)1Πu)=2.85 eV. Note, that (1)1Πu state has been

1This figure has been published in [261].
2The photoelectron emission from 43S1 state can also take place, but the peak is covered by the
broad signal.
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examined indirectly, and therefore the significant deviation of value of Edimer
bin ((1)1Πu)

can be expected. Theory predicts a value of Edimer
bin ((1)1Πu)=2.57 eV [262]. Neverthe-

less, the provided photon energy is sufficient for ionization of Mg∗2 from both states.
The ionization from the A1Σ+

u state can give a contribution to the broad electron
signal, since different rovibrational levels can be initially occupied. The energy of the
photoelectrons will be close to those emitted from atomic 31P1 state and, thus, can
be covered by the atomic peak. On the other hand, the ionization from (1)1Πu can
lead to a peak at Ebin=2.38 . Since the transition probability into the ground state is
rather low, one can expect a long lifetime of the (1)1Πu and, thus, a high ionization
yield. The difference between Ebin=2.29 eV in the present experiment and the binding
energy of Edimer

bin ((1)1Πu)=2.54 eV can be related to the uncertainty in available data of
the Mg2((1)1Πu) potential and the IP of Mg2. Taking this into account, the observed
feature may be assigned to emission from (1)1Πu state. It cannot be excluded, that
small clusters can give a contribution to the signal in the envisioned energy range.
However, no experimental data on the optical spectra and level structure of small MgN
are available. This does not permit the assignment of the contribution of specific sizes
to the broad photoelectron feature in the range 3.0 eV≤ Ebin ≤2.4 eV.

Photoelectron emission at different wavelengths

Total photoelectron yields Ye are similar as a function of laser wavelength for HE
and LE regions and no fine structure has been observed (see Fig. 6.6). Moreover, the
wavelength dependence of Ye is analogous to the R2PI spectrum obtained by mass
spectroscopy (Fig. 3.7) [51]. The similarities in the absorption line shape and the
peak positions implies that the all observed PES features correlate with the ion signal.
Hence, the photoelectron emission originates from ionization of Mg, MgHeN and MgN .
Photoemission spectra recorded within the absorption, show that the peaks remain at
the same Ebin. However, several new peaks appear at λlas=278 nm, λlas=281 nm and
in the region 279-281 nm, see Fig. 7.3.

Since the HE electrons are predominantly emitted from highly excited states of the
Mg atom, the observed features may have similar origin. The features at F278 and F281

represent ionization of Mg atoms though additional intermediate states. Near 281 nm,
the observed feature can be attributed to the 3s3d 3D1,2,3 ← 3p3d 3Do

1,2,3 transition, i.e.
3D1 ← 3Do

1 (281.178 nm), 3D2 ← 3Do
2 (281.112 nm) and 3D3 ← 3Do

3 (280.976 nm) [184].
A closer inspection of the F281 feature (Fig.6.8, a) reveals three peaks. The correspond-
ing Gaussian fits shows peak positions at 281.20 nm, 281.12 nm and 280.99 nm. This
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3.0 2.5 2.0 1.5 1.0 0.5

Figure 7.3: Photoelectron spectra recorded at different wavelengths within the Mg foam
absorption. Note, that in contrast to Fig. 6.7, now the electron yield is plotted as a function
of binding energy. Characteristic features observed at 281 nm, 279 nm, 278 nm are labeled by
arrows. Values of the corresponding Ebin as well as responsible transitions are summarized
in Tab. 7.1.

values are in good agreement with known transition wavelengths. With respect to Ebin,
the observed value of E281

bin=1.78 eV is only slightly shifted relative to the binding en-
ergy of the 3p3d 3Do

1,2,3 state3 (1.71 eV). Another prominent feature F278 (λlas= 278 nm)
is observed at E278

bin=0.80 eV. As in the previous case, it can be assigned to a second
excitation from an already excited state 3s3p 3Po1,2,3, i.e. 3s3p 3Po1,2,3 ← 3p2 3P1,2,3.
In particular, two transitions can participate: 3s3p 3P0

2 ← 3p 2 3P2 (277.983 nm) and
3s3p 3P0

1← 3p 2 3P1 (277.982 nm). However, the value of E278
bin of F278 is shifted by about

0.3 eV with respect to the binding energy of 3p2 3P1,2,3 (Ebin(3p2 3P1,2,3)=0,48 eV). A
closer inspection near 278 is not possible, due to the limit in scanning range of the dye
laser system. Despite this, the observed transition is sharp, which is characteristic for
atoms and therefore the feature F278 can be assigned to the above mentioned transition.

3Note, that the photon energy is sufficient to ionize the Mg atom from the initial 3s3d3D1,2,3 state.
Levels of the doubly excited np3d sequence are lying above the ionization limit of neutral Mg and
converge to an another IP, corresponding to the excited state of Mg+ [185]. In the present case,
the new value is IP(Mg+(3pP 0

1/2))=12.08 eV. See also Fig. 3.4
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Peak Ebin, eV λlas, nm ∆λ, nm Transition
281,20 (281.178) 0.043 3s3d 3D1 ← 3p3d 3Do

1

F281 1,78 (1.71) 281,12 (281.105) 0.082 3s3d 3D2 ← 3p3d 3Do
2

280,99 (280.976 ) 0.055 3s3d 3D3 ← 3p3d 3Do
3

F279 2.58 279.50 1.5 Possible Mgn
F278 0.80 (0.48) 278.00 (277.983) - 3s3p 3Po1,2,3 ← 3p2 3P1,2,3

Table 7.1: Summarized values of binding energies, wavelengths, peak widths as well as as-
signed transitions of photoelectron features F281,F279, F278. Binding energies and wavelengths
given in brackets correspond to the expected values taken from NIST database [184].

In contrast to F278 and F281, the feature F279 (λlas=279 nm) at E279
bin=2.58 eV cannot

be associated with any Mg excitation. Moreover, the peak remains in the spectra
within a broad wavelength range of ∆λ=1,5 nm (see Fig.6.8, b). However, the value
of E279

bin , the wavelength dependence of Ye and the observation of cluster ions, suggest
that photoemission from small clusters can be responsible for F279 peak. In particular,
the peak position can be associated with the electron emission from4 Mg2 (see above).

Excited Mg atoms after the photoabsorption

It is not possible to explain a population of highly excited states by absorption of
any number of photons after the initial 31P1 ← 31S0 photoexcitation. At λfoam no
additional transitions can take place [184]. High order nonlinear optical processes can
be excluded as well, since the dependence of Ye on laser wavelength shows a dependence
characteristic for two-photon processes and no additional photoelectron peaks or energy
shifts have been observed (see Fig. 6.5).

Excitation and ionization through doubly excited states of Mg atoms give additional
evidence that the observed electron emission with low Ebin originates from highly ex-
cited states of Mg atoms. Both observed resonances confirm that atoms in triplet states
are probed. Moreover, the 3s3p 3Po1,2,3 ← 3p2 3P1,2,3 transition, indicate the presence
of atoms in the lowest 3s3p 3Po1,2,3, from which atoms cannot be directly ionized by
photons at λfoam.

The results presented above strongly suggest that dynamical processes are triggered
4Unfortunately, the present experimental setup does not allow to clearly determine the origin of the
F279 feature. The assignment to specific cluster size might be done by, e.g., electron-ion coincidence
spectroscopy [263].
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7.1 Photoelectron spectra

by photoexcitation. This can be related to the foam collapse [51]. The view is supported
by the wavelength dependence of Ye, being similar to the R2PI spectrum obtained by
mass spectroscopy. In contrast to the studies based on ion spectra, the PES provides
insight in the energy released in the collapse. According to the photoelectron signatures,
an energy transfer up to several electronvolts to a single atom takes place. Possible
involved mechanisms will be discussed in Sec. 7.3.

Dependence of HE emission on droplet size

The change of the average doping has no impact on the photoelectron spectra, except
that the electron yields from weakly bound states depend on NMg (see Fig. 6.4). The
shapes of the photoelectron spectra show no change with the droplet size. Only the
doping range, within which the HE emission can be observed, varies with NHe. That
implies that the general process of the formation of highly excited atoms is independent
on the size of the droplet. However, the number of participating atoms depends on
NHe.

The analysis of the data with respect to the pick-up statistics provides a tool to
reveal the size of the foam, for which the photoemission from highly lying states can be
observed. This method is suitable for two purposes: (i) Revealing a specific foam size
NMg responsible for HE photoemission. It is anticipated, that the photoelectron yields
will follow the pick-up probability of NMg for different NMg. (ii) If the droplets contain
foams of different sizes simultaneously contribute to the HE signal, the corresponding
range Nmin ≤ NMg ≤ Nmax can be revealed.

As discussed in Ch. 2, the probability to capture atoms by a single droplet Pk is
determined by the Poisson statistics (Eq. 2.12). For the present work, it is assumed
that the signal originating from a single foam size is proportional to Pk for an aver-
age doping NMg. The values of Pk(NMg) are calculated for droplets within the size
distribution which is determined by the source conditions used in experiments. At
source temperatures T0 ≥ 10K (NHe ≤ 3.6·104), the droplets are produced under sub-
critical conditions and thus have a log-normal distribution. For temperatures of 9.8K
(NHe=5.2·104) and 9.5K (NHe=1.2·105), the expansion conditions are critical and
the distributions became bimodal. In this regime, the exact form of the distribution
is undefined making a prediction challenging. However, a change of T0 in the criti-
cal regime affects on the contributions of the log-normal and linear-exponential parts.
Close to the subcritical regime, the log-normal part has a stronger impact. Hence, the
size distribution for the lowest temperatures is assumed to be log-normal as well. The
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Figure 7.4: (Left) Total electron yield (Ebin ≤2.25 eV) as function of NMg fitted with respect
to the pick-up statistics for different numbers of Mg atoms and NHe=1.2·104. The dashed
lines correspond to single foam sizes, k= 7 and 25. The dotted lines show fits which include
foam size ranges, e.g. 1≤NMg ≤ 40 and 4≤NMg ≤ 20. The best fit (8≤NMg ≤ 18) is shown
by the black solid line. (Right) Total photoelectron yields (Ebin ≤2.25 eV) for droplet sizes
5.2·104 (blue dots), 1.2·104(red squares), 6·103 (green diamonds). The numbers in brackets
correspond to mean droplet radius rdrop. The best fits are shown as lines of the corresponding
colors5.

total probability of creating a foam with size NMg in the pick-up region is therefore
taken as a superposition of the probabilities with respect to the abundance of each
droplet size. The obtained function Pk(NMg) is fitted to the experimental data. Note,
that the foam size or size ranges are the only free parameters in the fitting procedure.

As a first step, only a single foam size NMg was used in the fit procedure. An
example is shown in Fig. 7.4, left. Strong deviations of the predicted dependence to
the experimental data for NMg in between 1 and 120 for all NHe are obtained. Hence,
no specific foam size can be identified to be responsible for the observed HE features.
The findings suggest, that different NMg contribute to the signal. In order to prove
this, similar procedure including a size range Nmin ≤ NMg ≤ Nmax has been applied.
The results are shown in Fig. 7.4, left for a chosen size ranges together with the best
fit. The optimal size range varies for different droplets sizes. The comparison of the
optimal fits for different NHe shows that the size range depends on the droplet size
(Fig. 7.4, right).

5Right panel of this figure has been published in [261].
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7.1 Photoelectron spectra

NHe rdrop, nm Nmin Nmax

3.3·103 3.3 5 15
5.7·103 4.0 6 17
1.2·104 5.1 8 18
3.6·104 7.4 9 25
5.2·104 8.2 12 29
1.2·105 11.0 12 49

Table 7.2: Values of Nmin and Nmax extracted from the fits for different average droplets
sizes NHe. The corresponding average radii of the droplets rdrop are given in the second
column.

Figure 7.5: Minimal (blue) Nmin and
maximum (red) Nmax numbers of Mg
atoms participating in high energy
electron emission process as function
of mean droplet radius. Solid and
dashed lines correspond to the fit6.
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7 Discussion

The obtained values of Nmin and Nmax extracted from the fits are summarized in
Tab. 7.2 and shown in the Fig. 7.5 as function of droplet radius rdrop. The minimal
number Nmin indicates the onset of HE emission and is found to increase linearly with
droplet radius. This implies, that a certain number of atoms is required to promote
electrons in a highly excited states. In opposite to Nmin, the value of Nmax represents
a limit, after which HE photoelectrons cannot be longer observed. Nmax is attributed
to the largest number of Mg atoms which can be stabilized in the foam within helium
nanodroplets of a given size. Hence, one must assume, that adding additional Mg
atoms to the foam after Nmax leads to a spontaneous collapse. The resulting compact
structure cannot directly be ionized at λfoam, or the photoionization cross-section is
strongly reduced and therefore photoelectron emission cannot be observed. Fig.7.5
shows that Nmax strongly increases with the droplet size, i.e., proportional to r3

drop.

7.2 Stability of Mg foam

The question of foam stability has been in the focus of theoretical works [149, 198],
where calculations were performed for the situation of two and three embedded atoms.
DFT simulations [149] show, that the lifetime of two weakly bound Mg atoms in a
He1000 droplet is in the range of few nanoseconds and can be up to7 0.1ms, when the
two-atom system has an angular momentum. Path integral method [198] calculations,
applied to He100 and He200 droplets, show that for two atoms a short-living system
can be created as well, whereas for three Mg atoms no stable configuration has been
found. These partly contradictory results do not agree with the experiment and require
more detailed studies. For example: (i) In both works, the droplet size was smaller
than in the experiments. Moreover, in [198] the droplet radius is even comparable to
the foam size. Droplets of more realistic sizes, e.g., which are used in the experiments
would allow a direct comparison between theory and experiment. (ii) The choice of
the Mg-He potential can have a strong impact on the calculated foam stability. (iii)
Since the pick-up is a sequential process, every Mg atom will induce a rearrangement
of the helium upon the collision and foam formation. Therefore, the simulation of the
dynamics of the foam formation appears to be essential.

The experimental results show that droplets containing far more than two atoms give

6This figure has been published in [261].
7Note, that typical times which droplets need to arrive the interaction region after the pick-up is in
the range of milliseconds.
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7.2 Stability of Mg foam

a contribution to the photoelectron signal. Moreover, the value of Nmax represents a
stability limit and implies, that increasing the foam size modifies the total interaction
between the constituents and leads to an unstable configuration or a reduced lifetime
of the foam. For example, a decrease of the potential barrier height will lead to an
increase of the probability of Mg tunneling through the barrier. When the depth of the
potential well reduces to values close to Tdroplet, the system can undergo a transition
into a compact cluster. If the stability of the foam would be determined by NMg only,
no dependence on droplet size is expected. However, this assumption is not supported
by the experiment. Hence, one can conclude, that both NMg and NHe play a role in
Mg foam stability.

Geometrical effects in Mg foam stability

Figure 7.5 shows, that Nmax scales as r3
drop, which indicates that the maximum num-

ber of Mg atoms participating in photoemission is related to the droplet volume Vdrop.
Therefore Nmax can be attributed to the geometrical size of the foam. Assuming that
Mg atoms are uniformly distributed in the droplet, the volume occupied by the foam
can be estimated as

Vfoam = 4
3πr

3
foam (7.2)

where rfoam=rMg−Mg ·N1/3
Mg . The ratio R=Vfoam/Vdrop is shown in Fig. 7.6 (blue) as a

function of droplet radius. The value of R decreases from 0.43 to 0.04 for NHe=3.3·103

and NHe=1.2·105, respectively. For all droplet sizes, the foam is not large enough to
completely occupy the droplet interior. The droplet surface layer of 6Å may reduce the
effective volume for foam formation. When the foam extends up to the surface layer,
additional atoms have to localize in the surface region. A stabilization of these atoms
is expected to be less favorable due to the lower helium density. The corresponding
ratio8 is shown in Fig. 7.6 (red). For the smallest droplets, the foam occupies about
80% of the inner droplet, whereas for the largest one it is only about 5%. Hence,
foams with Nmax do not completely occupy the droplet volume. As another possible
structure, a planar configuration has to be considered. For the foam atoms located in
the cross-section of the droplet, the value of Nmax will scale as r2

drop. In this case, the
calculated values of the maximum foam atoms vary from 10 for NHe=3.3·103 up to 117
for NHe=1.2·105 and do not match to the experimental values of Nmax.

8Here the droplet volume is calculated as Vdrop= 4
3π(rfoam − rsurf )3, where rsurf=6Å.
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Figure 7.6: Ratio of foam volume
Vfoam to droplet volume Vdrop as func-
tion of droplet radius, excluding (blue)
and including (red) the surface layer.
The volume of the foam is calculated
by Eq. 7.2 taken Nmax for a given
droplet radius rdrop. The lines are used
to guide the eyes.

That leads to the conclusion, that the geometrical size of the foam is not responsible
for the Nmax limit. It should be noted that for the above mentioned calculations a
uniform distribution of atoms in the droplet has been assumed. Probably, the foam
may growth non-uniformly or be displaced with respect to the droplet center. Evidence
for non-symmetrical growth has been observed in [193], where surface located Mg atoms
have been detected9, even at doping conditions lower than in present work.

Another possible scenario, which can indirectly be related to the droplet size, is
stabilization of Mg atoms in quantum vortices. Indeed, foreign atoms can enter and
successfully reside in the vortex core [44, 85, 88]. When only a single atom per core
in the vortex lattice is present, one can expect a system of weakly interacting and
spatially separated atoms, similar to the foam. Thus, the number of atoms which can
be stabilized is limited by the number of vortices N v

max. Note, that N v
max depends on

the droplet size. For example, Ancilotto et al. have calculated that N v
max=9 vortices

can be found in droplet of size NHe=1.5·104 [86]. Since vortices align parallel to the
rotation axis and hit droplet surface perpendicularly, a scaling of N v

max as r2
drop is

expected. Therefore aggregation of Mg atoms in vortices can be excluded10.

9See also Ch. 3.3
10The possible formation of spatially separated structures in rotating droplets seems to be of high

interest. Consequently, the optical response may have a foam-like signature giving specific features
in PES similar to observed in this work. Thus, it opens an opportunity to an experimental
observation of quantum vortices in small helium nanodroplets, which has not been reported so far.
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7.2 Stability of Mg foam

Impact of doping process on foam stability

Evaporative cooling after the pick-up of atom leads to a decrease of droplet size.
Ultimately, the helium shell is completely evaporated after a certain number of pick-up
events. Reducing the droplet size may be an additional reason for the foam size limit
Nmax.

The total excess energy Er transferred to the droplet can be estimated by Eq. 2.16.
In the case of the foam, the main contribution to Er is the collision energy, since the
binding energy of atoms in the foam is EMg−Mg

bin =4K (0.35meV) and Mg-He binding
energy EMg−He

bin =40K (3.5meV). The mean collision energy depends on the kinetic
energies of the Mg atoms and the droplet speed (see Eq. 2.18). The lowest temperature
of the oven used in experiments is Toven=504 K, which corresponds to a mean kinetic
energy of EMg

kin=65 meV, whereas for the highest Toven=662 K it is EMg
kin=86 meV.

For the helium beam a speed of about vHe=300m/s can be assumed11 (Ts=15K)
[64]. Therefore, according to Eq. 2.16, the maximum energy transferred has a value
of Er=100meV. This corresponds to about ∆NHe=160 evaporated atoms per one Mg
atom.

When the droplet is doped by Nmax
Mg atoms it looses ∆N tot

He=Nmax
Mg · ∆NHe atoms in

total and reduces the droplet sizes from ∆N tot
He=2.4·103 and 7.8·103 for NHe=3.3·103

to NHe=1.2·105, respectively. For all droplet sizes, these values are lower than the
actual mean droplet size. The size reduction for the smallest droplets is significant,
whereas for the largest droplets the impact on droplet size is negligible (about 6.5%).
Hence, evaporative cooling may affect the maximum foam size for small droplets, but
no impact is expected for the large ones.

Another possible reason for foam destruction can be related to the dynamical pro-
cesses triggered by collisions of Mg atoms with the nanodroplet. Theoretical investiga-
tions have have been conducted for Cs [264], Xe [265] and Ne [266] at different impact
conditions. As a result of the collision, collective excitations, e.g., phonons, ripplons,
rotons, vortices, are induced. This leads to strong density waves propagating through
the droplet interior. In dependence on the droplet-dopant interaction and collision
energy, different scenarios can be realized: (i) The dopant atom reflects back from the
droplet surface at low collision energies; (ii) Particle pass through the droplet and ex-
pels from the opposite side; (iii) The dopant atom successfully coagulates and bounces

11For Ts=15K the speed has a highest value. The speed of the droplet beam decreases with reducing
the source temperature.
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Figure 7.7: Vacuum pressure PTOF

in the TOF region as a function of
oven temperature, for different droplet
sizes.

between the inner surfaces of the droplet, while it speed reduces below Landau critical
velocity.

It seems favorable, that at high collision energies, the impact of the Mg atom induces
a strong disturbance in the droplet and the foam structure disintegrate. This would
lead to the formation of a compact cluster. Consequently, the release of binding energy
will lead to He evaporation. One can expect, that this process will induce a strong
reducing of the droplet size. Hence one can expect to obtain evidence for this by
monitoring the evaporation of He atoms.

The vacuum pressure PTOF in the TOF-spectrometer chamber can serve as an ex-
perimental tool to measure a decrease of the droplet size [62]. The choice of the PTOF
is reasonable, since the helium droplet beam hits the end of the vacuum machine in
the corresponding chamber (see Fig. 5.1), which leads to complete droplet evaporation.
The detected partial pressure of He is related to the particle density of the molecu-
lar beam. Hence, a depletion of the droplet beam upon propagation is reflected in a
decreasing12 PTOF .

For a given droplet size, only the kinetic energy of the Mg atoms, defined by the oven
temperature, has an influence on the collision energy. The value of PToF as a function
of the oven temperature Toven is shown in Fig. 7.7. For all droplet sizes, no change
in PTOF is observed up to T critoven ≈ 600K. But for higher temperatures, PTOF rapidly
decreases. This indicates an increase of droplet evaporation. The oven temperature
dependence suggests, that for Toven>Tcrit

oven the impinging Mg atoms produce a strong
disturbance of the helium environment, which possibly leads to the foam collapse.
12Note, that a similar method has been used to obtain average droplet sizes [62] and sizes of embedded

clusters [106].
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Figure 7.8: Dependence of PTOF on
excess energy Er for different dopant
atoms. Droplet size NHe=3.6·104.
(blue) Mg foam formation is assumed,
i.e. the binding energy of Mg clusters
is excluded from Er. (red) Xe atoms.
(green) Ag atoms. (black) Mg clusters
formation is assumed, i.e. Er is calcu-
lated by including the atomic binding
energy in Mg clusters. Lines are used
to guide the eyes. Excess energy [eV]
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In general, evaporative cooling leads to a decrease of droplet size. Moreover, for
different droplet sizes, the same Toven will correspond to different NMg. Higher values
of NMg will be obtained for larger droplets for the same Toven. In order to reveal the
impact of evaporative cooling on PTOF , the dependence of PTOF on Er is compared to
other dopants (Xe, Ag) for the same droplet size NHe=3.6·104, see Fig. 7.8. Xenon was
chosen because of two reasons: (i) The mean collision energy does not depend on the
average doping, since no oven is required. (ii) The binding energy between Xe atoms is
low and an evaporation of ∆NHe=250 atoms can be assumed [267]. The experimentally
observed dependence PXe

TOF (Er) (Fig. 7.8, red) shows a gradual decrease starting from
Er=1.1 eV. At high doping level (Er=40 eV) PXe

TOF levels out. The corresponding total
number of evaporated atoms is ∆NHe=6.4·104, which is higher than NHe, indicating
that all droplets in the beam are completely evaporated. The remaining difference
between PTOF and the base pressure is caused by an increase of the residual gas pressure
in the TOF-chamber during the operation. In contrast to Xe, doping with silver atoms
requires a high Toven. In addition, the binding energy of Ag atoms in the clusters
is higher. An excess energy of Er=2 eV per Ag atom can be assumed [33], which
corresponds to ∆NHe=3200. The PAg

TOF follows a similar behavior as in the Xe doping
case (Fig. 7.8, green). But starting from Er=4 eV, a difference between PAg

ToF and PXe
ToF

is observed. The lower values of PXe
TOF are caused by spatial scattering of the He beam

by Xe atoms [193], which impedes the total number of droplets reaching the end of the
vacuum chamber. This lead to an additional decrease in PXe

TOF , since a higher number
of collisions takes place compared to silver13.

13For example, Er=20 eV corresponds to a pick-up of 125 Xe atoms, but only 10 silver atoms.
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For Mg foam, only the collision energy of 100meV is taken into account (Fig. 7.8,
blue). The value of PMg

ToF rapidly declines with increasing Er, reaching a lowest value14

at Er=6.7 eV. This energy value corresponds to ∆NHe ≈1.1·104. In contrast, for Xe
doping the same value of PToF is reached at Er=35 eV (∆NHe ≈5.6·104). The number of
evaporated atoms is not sufficient to completely evaporate a droplets with NHe=3.6·104.
The impact of the spatial scattering is expected to be lower in Mg than in Xe doping
by two reasons: (i) The total number of collisions is lower for Mg doping (e.g. NMg=67
versus NXe=219 at PToF=6.2·10−10 mbar.). (ii) The momenta of Mg atoms are smaller
than for Xe. This implies, that an additional energy source, e.g. the spontaneous foam
collapse in part of droplets, leads to an increase of Er and therefore strong depletion
of the helium beam.

Interestingly, the dependence of PMg
TOF on Er provides additional confirmation of the

foam formation hypothesis. If only Mg clusters would form, higher values of Er have to
be assumed, since the ground state binding energy Ebin of atoms in the clusters have to
be taken into account. Taking into account spatial scattering, one can thus expect that
PMg
TOF (Er)) would have a values between PXe

ToF (Er)) and P
Ag
ToF (Er)). The dependence of

PToF on Er by including Ebin(MgN) [268] to Er is shown in Fig.7.8 (black). Clearly,
the Mg doped He beam is less depleted compared to Xe and Ag doping. Hence, the
actual energy release is much lower than predicted. Hence, Mg clusters do not form
upon the pick-up of Mg atoms. Only with increasing of NMg, part of the droplets is
destroyed by the spontaneous collapse of the foam.

7.3 Light induced implosion of Mg foam

The results obtained by PES suggest an energy redistribution after photoexcitation,
whereas the efficiency depends on the number of particles in the droplet. The stability
of the foam is governed by the number of atoms as well. Combining the finding de-
scribed above, two general scenarios of the behavior of the Mg doped droplets after the
pick-up can be deduced, which are shown schematically in Fig. 7.9. (I) NMg ≤ Nmax,
stable foam. Photoabsorption in this regime induces a collapse. The result of the
collapse depends on NMg: (Ia) NMg < Nmin. Photoelectron spectra show character-
istic features (LE-emission), which are assigned to ionization from 31P1 state of Mg
atoms and Mg∗Hen snowballs. (Ib) NMg ≥ Nmin. HE photoelectron features show
up, indicating ionization of Mg atoms from highly excited states (Ebin ≥3 eV). (II)
14This value of Er correspond to the highest doping achieved in the experiments for NHe=3.6·104
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Figure 7.9: Schematic representation of the behavior of Mg foam at different initial condi-
tions.
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NMg ≥ Nmax. At high doping level, the foam becomes unstable. This is reflected in
a spontaneous collapse, before the interaction of the foam with the laser light. The
evidence for this process is found in observations of droplet depletion and the presence
of Mgn clusters observed by mass spectrometry. This will be discussed later, whereas
the current section concentrates on the case (Ib).

The observation of atoms excited beyond 31P1 state suggests an implosion scenario,
i.e., an energy release in the range up to a few electronvolts during the collapse, which
is transferred to the atom. The presence of Nmin shows that a certain number of
interacting atoms is required to induce the implosion, since the helium environment
provides an energy dissipation pathway. This is supported by the observed dependence
of Nmin on the droplet size. A high amount of the energy dissipates by evaporation
of He atoms. The excitation of collective surface and volume modes may also reduce
the efficiency of the energy transfer to the Mg atoms. The minimal amount of energy
needed to excite collective modes depends on droplet size and scale as r−1

drop and r−3/2
drop

for surface and volume modes, respectively (see Ch. 2). Thus, collective excitations
are more favorable in larger droplets. The experimentally observed values of Nmin

only weakly depend on the droplet size (Fig. 7.5 and Tab. 7.2) and varies from Nmin=5
for NHe=3.3·103 up to Nmin=12 for NHe=1.2·105. This suggests, that only a minor
fraction of the energy is transferred to the droplet.

The photoelectron yields from different excited states depend on NMg, see Fig. 7.10.
Photoemission from states with different Ebin do not appear simultaneously with re-
spect to NMg. Application of the analysis based on the pick-up statistics to Ye allows to
extract the values of Npeak

min , that is the number of atoms at which photoelectrons with
certain Ebin appear (Fig. 7.10 (inset)). The values Npeak

min show a trend of increasing with
decrease of binding energy and indicates, that above the Npeak

min threshold, additional
atoms contributes and increase the amount of energy released in the implosion. Note,
that a similar dependence has been observed for all droplet sizes. For most deeply
bound state (Ebin=2.25 eV), Npeak

min is equal to Nmin.
A rough estimate of the release energy value Er can be obtained assuming the Mg2

binding energy in the excited state. Being initially located at a distance of rfoam=10Å,
the two Mg atoms find themselves as a dimer in the A1Σ+

u state after photoexcitation16.
By association, a binding energy of Ebin(A1Σ+

u )=1.17 eV will be released. Taking this
into account, a rough value of Er= 1 eV per atom can be assumed for larger foams.

16The A1Σ+
u state results from a combination of initial 31S0 and 31P1 atomic levels, with the equi-

librium distance of 3Å [197].
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7.3 Light induced implosion of Mg foam

Figure 7.10: Electron signals from
selected excited states as a function
of average doping15. Solid lines cor-
respond to the best fit, with respect
to the pick-up statistics. (inset) The
minimum number of Mg atoms, at
which the photoemission from the ex-
cited states can be observed. Helium
droplet size NHe=5.2·104.
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It seems to be reasonable source for atomic excitation, since, for example, the transi-
tion energy from 31P1 to 41S0 is Etran=1.05 eV. The released energy is Etot

r =Er(Nmin
Mg -

1)=4 eV for Nmin=5 (NHe=3,3·103) exceeds the value of Etran by about 3 eV. Due to
energy conservation, the part of the energy has to be transferred to the surround-
ing helium, which is sufficient to completely evaporate the droplet. In case of the
larger foams, the binding energy changes with increasing NMg, and can be higher or
lower than Er. Excitation of multiple foam atoms can also takes place. Additionally,
the value of Er may strongly be enhanced when the imploding foam undergoes the
nonmetal-to-metal transition [187,269].

It is reasonable to consider the collisional excitation during the implosion. Collisions
between ground state atoms at different collision energies of rare [270,271] and mixed
alkali and rare gas [272–274] atoms may lead to electronic excitations. In the present
system, Mg atoms rapidly move towards each other after photoexcitation. In order
to estimate the collision energies, the characteristic interatomic distance rMg−Mg and
the collapse time of τ=350 fs [189] can be taken into account. Thus, the mean speed
of colliding atoms is vMg=2.9·103 m/s can be deduced, which corresponds to kinetic
energy of Ecol

kin ≈1 eV. For Nmin foam atoms, value of Ecol
tot=Nmin · Ecol

kin is higher than
3.5 eV even for the smallest droplets and sufficient to promote electrons to high lying
states. Although the available energy is high enough to excite an atom, the efficiency
is expected to be low, since the collision cross-section depends on the kinetic energy.
The excitation cross-sections are low close to the transition energies and only reach

16This figure has been published in [261].
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high values for several hundred electronvolts [271,272]. In Ne-Ne and Ar-Ar collisions,
the threshold energies might be even higher than the IP of corresponding atoms [270].

The enhancement of the excitation probability is found in collisions of initially excited
atoms, known as energy pooling collisions (EPC) [275, 276]. In EPC, the excitation
energy of an atom is transferred to another excited atom in the collision and can be
described as

A∗ +B∗ → A∗∗ +B + ∆E (7.3)

where A∗ and B∗ are atoms in excited states, A∗∗ is the atom in the highly excited state,
B - atom in the ground state and ∆E is the energy defect. Value of the ∆E represents
the excess energy, as a difference of the excitation energy of A∗∗ state to the sum of the
electron energies of A∗ and B∗ and determines the energy which would be transfered or
taken from the kinetic energy of the colliding atoms17. The excitation probability for
a given final state depends on the three factors: (i) The sum of the electron energies in
the excited states before the collision; (ii) the temperature, i.e. Egas

kin of the gas. When
the value of ∆E is close to Egas

kin the probability is increasing. (iii) the particle density
n, since the rate of EPC scales as n2. EPC has been discovered both experimentally
and theoretically, for different targets, e.g. dense vapors alkali metals [277–282], their
mixtures [283–285], alkali-earth metals and their mixtures [286–288], In [289], Hg [290]
and others.

In the present system, it is possible that EPC takes place. If multiple Mg atoms
are excited, the total electronic energy is high enough to excite electrons. Moreover,
already for two atoms in 31P1, Etot(31P1)=8.7 eV is higher than the IP of Mg. Hence all
levels above 31P1 can in principle be occupied as a result of an EPC. Since in the large
droplets more particles are required for the excitation of highly excited states, the EPC
probability will decrease. Thus it will be reflected in the lower relative intensities of
photoelectron peaks for larger droplets. On the other hand, EPC has been discovered
17An illustrative example is EPC between Na atoms in 32P3/2,1/2 states [277]:

Na(32P32,1/2)+Na(32P3/2,1/2) → Na(32S1/2)+Na(nL)+∆E,
where 32S1/2 is the ground state configuration, and nL represents different excited states, e.g.,
5S,6S,5D, etc. By comparing the energies required to populate different states with the sum of the
excitation energies of initial 32P3/2,1/2, the values of the ∆E has been deduced. For the 52S1/2

state, the transition energy is lower than the total energy of electrons in 32P3/2,1/2 states. The
corresponding value of ∆E52S1/2= 88meV is released as kinetic energy of atoms. In contrast, for
42D5/2,3/2 state, the transition energy is higher than Etot, with ∆E42D5/2,3/2=−79 eV. Hence it
has to be provided by the kinetic energy of the atoms.
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7.3 Light induced implosion of Mg foam

in binary collisions, whereas in foam collapse many atoms are involved simultaneously.
For all experimentally observed highly excited states, the ∆E>0, having values in the
range between 1.06 and 3.6 eV. In the collapse, the Egas

kin can be replaced by Ecol
kin.

The estimation of the Ecol
kin shows, that the total energy of the colliding particles is

higher than ∆E. The presence of He atoms can affect EPC as well. In any case, it is
anticipated, that the value of Etotkin will be close to ∆E=3.6 eV. This would reflect on
a higher probability of excitation of deeply bound states, which has been observed in
the experiment.

Together with EPC, associative ionization (AI) can take place [275, 290]. If the
interaction of the two excited atoms is attractive, a dimer can be formed upon the
collision. When the total electronic energy of the colliding atoms is higher then the
IP of the product particle, further autoionization can occur and therefore result in the
formation of ions. This reaction can be described as

A∗ +B∗ → AB+ + e− (7.4)

with estimated electron kinetic energy [291]

Ee = (EA + EB)− (IPAB + Ejv) + ∆E (7.5)

where EA and EB are electronic excitation energies of colliding particles, IPAB is the
ionization potential of the end product AB, Ejv is the internal energy of the ion AB+

and ∆E is the energy defect. The total electronic excitation energy of two Mg atoms
in 31P1 state is already higher than the IP of a single atom. Taking into account the
general decrease of IP of clusters with the cluster size, the energy is higher than the
IP of MgN cluster. Thus, energetically AI of Mg clusters in the implosion is possible.
Note, that it does not exclude the potential single photon ionization of the clusters. At
λfoam, the direct ionization of Mg clusters in the ground state is not expected, since
IP>Eph. In the case of initially excited clusters, the ionization probability will depend
on the lifetime of the excited state, having typical value in the range of femto- to
picoseconds [8,292]. Metastable electronically excited states have been found for other
elements, but observed for specific sizes and laser wavelength [31, 32, 142], whereas all
Mg+

N ions can be observed at single laser wavelength λfoam. Hence, the probability that
photoionization takes place at the laser conditions used in the experiment is low. On
the other hand, AI only requires photoabsorption to produce initially excited atoms,
and no subsequent photoabsorption is required. Both EPC and AI may provide a
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rather good explanation of the features observed in the PES and the origin of Mg+
n in

the mass spectra.

7.4 Ionization of Mg clusters formed by spontaneous collapse

Helium droplets that contain more than Nmax magnesium atoms do not participate in
the emission of HE electrons. As discussed above, this is attributed to the spontaneous
collapse of Mg foam. Hence the formation of compact Mg clusters is anticipated. In
order to prove it, the mass spectroscopy measurements in combination with the OPO
laser system at λlas ≤ λfoam were performed. Direct ionization of clusters is expected,
since the photon energies Eph in this wavelength region is higher than the theoretically
predicted values of the IP [268,293–295].

Examples of corresponding mass spectra are shown in Fig. 6.9 (right) for two chosen
doping conditions: NMg=26 (maximum of HE-emission) and NMg=67 (HE-emission
significantly depleted). When the laser wavelength is adjusted to λlas=254 nm, only
clusters with NMg up to 26 are observed at NMg=26, whereas at NMg=67 sizes up
to NMg=56 are clearly visible. The observed patterns show characteristic features of
MgN mass spectra, for example, a significant drop in Mg+

22 yield [187]. In addition, no
signals of Mg+HeN are observed. In contrast, spectra recorded at λfoam (Fig. 6.9, left)
show a different behavior. At NMg=26 only clusters up to Mg12 are obtained, whereas
no clusters are observed at NMg=67. The recorded dependencies of the total ion yield
Y ion
tot (see Fig. 6.10) show strong increase at λlas=254 nm, whereas the yield Y ion

foam at the
foam resonance decreases. This observation indicates, that part of the foams collapse
before the photoexcitation and form compact clusters. Thus, both helium droplets
with foam and free MgN are present in the beam. At high doping conditions, only free
clusters reach the interaction region.

The presence of free Mg clusters opens an opportunity to study size-dependent prop-
erties, in particular, the ionization potential. Up to now, only theory provides an infor-
mation on the IP of MgN [268, 293–295] and no experimental data are available. The
latter is related to challenges in the production of free small MgN . For example, only
(MgO)N clusters have been produced by the gas aggregation technique [296].

In helium droplets, the MgN clusters can be created at high doping conditions.
Assuming that ions are only produced by the direct ionization, i.e. single-photon
process, the ionization efficiency curves (see Fig. 6.11) can be used to determine the
ionization potentials IP. The corresponding values can be extracted by application
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of a method based on fitting the ionization efficiency curves with an error function
[153,234,297]:

f(ε) = 1
π

inf∫
b(E−ε)

e−t
2
dt (7.6)

where b and E are fit parameters. E determines the maximum of the first derivative
of f(ε), and the parameter b is inversely proportional to its half-width. The value
of E can be assigned to the vertical ionization potential18, when the width of the
ionization threshold is only determined by electron-vibronic interaction of the neutral
and ionized clusters. This method is applied to ionization efficiency curves of MgN in
order to obtain corresponding values of ionization potentials IPN . Examples of the fits
are shown in Fig. 6.11

Extracted values of IP are shown in Fig.7.11 (black). The minimal cluster size which
can be probed is limited to N=7, due to the highest photon energy of 5.61 eV which
can be provided by the OPO laser system. For clusters with N=5, 6 an increase of the
yields close to the 5.6 eV is observed, but the number of data points is not sufficient
to extract the corresponding IPN . Nevertheless, it indicates that clusters with sizes
N ≤6 have IP≥5.6 eV. The values of IPN for N in range 7≤ N ≤56 decrease with
increasing of N , and can be divided into two regions. (i) Between N=7 and N = 18
the IP drops from IP7=5.38 eV down to IP18=5.00 eV. (ii) Starting from N=18 the IP
decreases gradually down to IP56=4.87 eV. Additionally, some oscillations of the IP are
observed. For sizes N=10, 13, 16, 17 the relative increase of IP is rather high, whereas
for N=20, 22, 25, 28, 29, 34, 38, 44, 46 the IP increase only slightly.

The IPN with N≤22 agree fairly well with theory19 [268, 293, 294], except that the
oscillations of the IP are poorly reproduced. The experimental data show no evidence of
the increase of IP7, IP9, IP11 predicted by Jellinek et al. and Lyalin et al. [268,294], see
Fig. 7.11 red and green, respectively. Moreover, the strong increase of IP10 is opposite
to the calculations. Note, that no enhancement of IP7, IP9, IP11 has been found in
18By vertical ionization potential means a vertical transition from the electronic state of a neutral

particle to the electronic state of ion in which the atomic configuration does not change. In
contrast, the adiabatic ionization potential is the energy difference between the ground states of
neutral and ionized particles. Since the atomic configuration of the ion can strongly deviate from
neutral, direct experimental observation of AIP is challenging [195]. In following, the IP means
the vertical ionization potential.

19Here the data from Janecek et al [295] are omitted, since only the adiabatic ionization potentials
are calculated in that work.
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Figure 7.11: Ionizaion potentials IPN in the size range N=7-56 (black). Dashed color lines
correspond to theoretical calculations, from works of Akola et al. (blue) [293], Jellinek et al.
(red) [268] and Lyalin et al. (green) [294].

the work of Akola et al. [293]. Such an oscillatory behavior of IPN was assigned to
the interplay between electronic and geometrical effects [294], meaning that the cluster
geometry could play a significant role. For example, the calculated lowest energy
geometries of MgN by Akola et al. [293] differ from the work in [268,294], resulting in a
difference of calculated IP7, IP9, IP11. In the experiment, the clusters are formed by a
spontaneous collapse of the foam. One can expect a high energy release even without
photoexcitation. Therefore, the structures of the clusters might be different compared
to their lowest energy geometries. Different isomers of clusters of the same size may
give a contribution to the ion signal, as well. Nevertheless, the similarities between
theory and experiment can be observed for IP13, IP16 and IP20. For the latter size, the
experimentally observed increase is significantly lower than predicted by calculations.

The maxima in IP can be attributed to the electronic shell closings of MgN at certain
sizes. According to the jellium model, the closing of the electronic shells is expected
for clusters having Ne= 8, 18, 20, 34, 40, 58, 68, 90, 92, 106, etc. electrons (see Ch. 4).
Since the Mg atoms have two valence electrons, the corresponding clusters sizes are
N= 4, 9, 10, 17, 20, 29, 34, 45, 46, 53. Indeed, values of IP10, IP17, IP20, IP29, IP34 and
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Figure 7.12: IPN of Mg in comparison to the CSM. Black dots correspond to experimental
data, plotted as a function of N−1/3. Solid lines represent an size dependence of IP calculated
by Eq. 4.3, with α=1/2 and α=3/8. Magenta dashed line corresponds to the fit based on
Eq. 4.3. Black dotted line shows a bulk work function of Mg.

IP46 are slightly higher than for neighboring clusters. Hence, this can be assigned to
the increase of the IP of closed shells clusters. The origin of other peaks can be related
to the shell closure in non-spherical clusters, resulting in the enhancement of the IP20.

Magnesium clusters are known to exhibit a nonmetal-to-metal transition with in-
creasing size, which takes place around N=18-20 [187, 269]. However, the situation is
not as simple when compared to other clusters, e.g. HgN [244]. According to photo-
electron spectroscopy on Mg−N anions the metallic behavior might set in for a certain
size, then be lost and reoccur for larger N. Moreover, the charge of the cluster could
play an important role [298]. The metallic properties might manifest themselves in
an agreement of the IPN with the CSM. Figure 7.12 shows a comparison of the ex-
perimental data with ionization potentials of CSM model IPCSM . Note, that the IPN
now are plotted as a function of N−1/3, since it is proportional to the cluster radius,

20For example, an additional magic number of sodium clusters with Ne=26 correspond to a shell
closing in deformed Na26. The IP of Mg13 shows a slightly enhanced value in comparison to the
neighbor sizes and hence, may indicate a similar situation
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as Rcl=rws · N−1/3. The Wigner-Seitz radius of magnesium is rws=1.776Å [299, 300].
The IPCSM are calculated by Eq. 4.3 for two boundary values of α, e.g. α=1/2 (blue)
and α=3/8 (red). The bulk work function is reported to be WMg=3.66 eV [301] (black
dotted line). Obviously, the function that corresponds to α=3/8 is in complete dis-
agreement with the experiment. For α=1/2, the situation appears to slightly better,
but the CSM function crosses data points only in the range N=28-34. The variation
of parameter α in between 1/2 and 3/8 does not improve the overall agreement. It
has to be noted, that for α=0.465, IPCMS passes data points which correspond to the
magic numbers, e.g. IP10, IP17 and IP20, but the agreement with the complete data
set is not observed. Application of Eq. 4.5 does not provide a better agreement as well.
Moreover, considering an electron spill-out does not improve the situation.

The application of the fit procedure of the function given by Eq. 4.3 with free param-
eters W and α, provides a better agreement with the experiment. The best fit, corre-
sponding to α=0.26 and W=4.28 eV is shown in Fig. 7.12, magenta dashed line. The
value of α is lower than the limit of 3/8 in CSM. Such behavior has been found for other
systems, indicating a strong dependence of α on the electron density [203, 240, 302].
Therefore, a deviation of α from classical values can be expected. However, the ob-
tained value of the bulk work function W is questionable, since it is larger by 0.62 eV
when compared to WMg. Similar situations have been observed for clusters of transi-
tion metals [235,236,303], where the agreement between CSM and experiment has been
obtained assuming that W has a value different from the bulk. This has been inter-
preted as a difference in the cluster structure compared to the bulk material. Thus, the
authors conclude that the bulk work function not necessarily is the right value for the
CSM model. For Mg clusters, evidence of icosahedral geometry has been found in the
size range 147≤N≤2869 [211], whereas a bulk magnesium has a hcp21 structure [304].
One can expect, that clusters with N<147 may have an icosahedral structure as well
and, hence, the shift of the IP can have a similar reason as for clusters of transition
metals.

Another way to obtain relevant parameters for the CSM model is the comparison
with the electron affinities, since IP and EA are related to each other (see Ch. 4). The
experiments on the EA of Mg−N were provided in [269,305]. In the work of Thomas et
al. [269] the EA have been measured for 3≤ N ≤35, whereas in the work of Kostko [305]
the size range 3≤ N ≤95 has been studied. Both results are in good agreement
with each other for sizes below N=35. Therefore, the data from [305] is used, since

21Hexagonal close-packed
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Figure 7.13: IP (black circles) and EA (black squares) of MgN as a function of N−1/3. Lines
corresponds to the CSM based on Eqs. 4.3 and 4.4, see text for details. The black dotted line
shows the bulk work function of Mg. The EA data are taken from [305].

a larger size range is covered. Fig. 7.13 shows IP and EA as a function of N−1/3,
together with the CSM calculation by Eqs. 4.3 and 4.4, for α=0.5. The values of
EA follow the CSM prediction well, indicating that negatively charged Mg−N exhibit
metallic properties. In contrast, the IP of neutral MgN do not show such a clear trend.
The similar situation has been observed in studies of size dependence of IP of HgN
clusters [243]. Large deviations of the IP from CSM has been observed for N≤70 and
was assigned to a not complete development of the metallicity in HgN . In addition,
the photoelectron spectroscopy of Hg−N anions shows that metal-non-metal transition
takes place for N=400. Mercury is a divalent element as magnesium and, therefore, a
similar situation for MgN might be expected. Hence, the possible origin of the difference
between experimental data and CSM could be assigned to a not complete development
of metallic properties of MgN with N≤56.

Up to now, it has been assumed, that the shapes of the ionization efficiency curves
only defined by the electronic-vibronic interaction of the neutral and ionized clusters.
From a critical point of view, it is reasonable to assume that other processes can
contribute to the ionization process. It is possible, that the plasmonic excitations may
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give an impact on ionization efficiency. Indeed, when the plasmon energy has a value
in the vicinity of the ionization threshold, the recorded ionization efficiency curves
would be affected. Hence, the extracted values of the IP could be artificially lower
or higher than the real one. Up to now no comprehensive experimental results on
MgN plasmon energies are available. Density functional theory calculations of plasmon
resonance energies of MgN are published, giving values in the range of 4.0-5.5 eV for
N≤11 [196]. From RPA/LDA calculations the plasmon energies are obtained in the
range 5.0-5.5 eV for cluster sizes N=10-56 [306]. In addition, work [196] predicts a
strong absorption of small clusters at photon energies below 4.5 . Although no clear
verification has been observed, a possible influence of the plasmon absorption on the
ionization is conceivable. A plasmon peak around 5 eV might lead to an enhancement of
the ionization cross-section in that energy range. Correspondingly, the IPN extracted
from ionization efficiency curves would exhibit lower boundaries. However, one can
expect, that this effect will not be present, when the IP are away from the plasmon
energy range, i.e. for large N.

The knowledge about IPN with N>56 can provide more information on the metallic
behavior of MgN . In the present work, the formation of larger clusters is limited by
the droplet size, since it defines the critical number of atoms after which the sponta-
neous collapse occurs. Strong doping of droplets with NHe>1.2·105, will lead to larger
clusters. Although the cluster size is limited to N=56, the first experimental data on
IP of Mg clusters are obtained in the frame of the present work.
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8 Conclusion and outlook

In present work, the properties of magnesium ensembles in helium nanodroplets have
been investigated. A combination of resonant two-photon ionization with photoelectron
spectroscopy allows to probe the development of the photoexcited Mg foam on the
nanosecond time scale. The main achievements are summarized as follows:

• Photoelectron spectra after the R2PI of the droplets containing a single Mg atom
show a single peak. The corresponding binding energy is shifted with respect to
a free atom. This feature is assigned to a reducing of the atomic ionization
potential. The value of the shift indicates complete solvation of the Mg atom,
even in the excited state. Together with the data on the optical absorption it
confirms an interior location of Mg atoms in the droplet.

• When droplets are doped with several atoms, the photoelectron signals from
highly excited states have been observed. The characteristic spectral pattern is
identical for a wide range of doping conditions and droplet sizes. The appearance
of highly excited atoms is assigned to implosion scenario, i.e. a fast collapse
of excited foam which is accompanied by energy release in the range of one
electronvolt per atom. Transfer of the excess energy leads to a population of
highly excited states which are probed by the ionizing photon.

• Analysis of the doping dependence of the high energy electron emission with
respect to the pick-up statistics reveals the foam size ranges within which the
features can be observed. The minimal foam size is assigned to the lowest number
of atoms required for efficient energy transfer. The weak dependence of this
value on droplet size indicates that the process is rather efficient. The maximum
number of atoms defines the largest foam size which can be stabilized in the
droplet. In contrast to the minimal foam size, the stability limit strongly depends
on the size of the droplet. Doping the droplets with a number of atoms beyond
the stability limit leads to a spontaneous collapse of the foam before they reach
the interaction region.
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• Mass spectrometry studies on droplets doped higher than stability limit reveal
a formation of free MgN clusters. Ionization potentials of MgN clusters have
been measured by analysis of the ionization efficiency curves. The dependence
of the ionization potential on cluster size shows a deviation from the prediction
based on the charged sphere model. Possibly, either the metallicity of MgN is
not developed for N≤56 or there is a contribution of the plasmon excitation on
cluster ionization.

The results of studies on the optically induced implosion do not provide any time-
resolved information, since the excitation and ionization take place on the timescale
of the nanosecond laser pulse. Moreover, it is expected that the time required for the
collapse is shorter than a nanosecond. The combination of the photoelectron spec-
troscopy with femtosecond pump-probe technique at the resonant wavelength can be
used to map the dynamics of the collapse process. Thus, it allows to study collisions
between low energy atoms under well-defined conditions.

Based on the obtained data, it is challenging to assign a dominant process which leads
to the atomic excitation. More information can be revealed by a measurement of the
kinetic energy of fragment ions. One can expect, that the contribution of energy pooling
collisions will be reflected in specific features in the ion kinetic energy spectra. For
example, this can be achieved by using velocity map imaging technique. Coincidence
spectroscopy may also be used to reveal the origin of the photoelectron features, e.g.,
photoemission in the range 1.2 eV≤ Ekin ≤1.9 eV and features observed at specific
excitation wavelengths. In addition, this technique will allow to resolve the processes
leading to cluster ionization, that is associative ionization or single photon ionization
of excited clusters.

Evidence of the impact of the doping process on the foam stability has been observed.
Due to the low binding energy of the Mg atoms, the sensitivity of the foam to small
perturbations is expected. Hence, the foam may serve as a probe for experimental
studies with respect to collisions between foreign particles and droplets.

The formation of free MgN clusters at high doping conditions opens the opportunities
to study their size-dependent properties. For example, extending the present studies
on the IP to larger cluster sizes will provide additional information on the onset of
metallicity in Mg clusters, since an agreement with the conducting sphere model for
metallic clusters is expected. In addition, the optical properties, e.g., an absorption or
plasmonic excitation, may be studied as well.
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