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Kurzfassung

In dieser Masterarbeit geht es um die bislang ersten spektroskopischen Untersuchungen
von Chromatomen auf superflüssigen Heliumnanotröpfchen. Das dafür eingesetzte Ver-
fahren ist die massenselektive Photoionisierungsspektroskopie. Cr Atome sind besonders
interessant, weil sie das höchste magnetische Moment aller Elemente besitzen. Es werden
zuvor auch Rb-dotierte Tröpfchen untersucht, allerdings hatten diese Untersuchungen
einzig den Zweck, geeignete Bedingungen für die Spektroskopie an Cr zu finden.

Wesentliche Komponente des Versuchsaufbaus ist ein Strahl aus Heliumtröpfchen. Er
wird mit einer auf wenige Kelvin gekühlten Düse erzeugt und durchquert eine Vakuumap-
paratur. Die Tröpfchentemperatur beträgt etwa 0.4 K. Helium ist bei dieser Temperatur
flüssig und besitzt eine superflüssige Phase. Die Tröpfchen nehmen Cr- oder Rb Atome
auf. Sie stören die elektronische Struktur der Dopanden nicht allzu stark. Zudem sind
sie bis in den UV Bereich transparent für Licht. Innerhalb der Apparatur wird an den
dotierten Tröpfchen die Spektroskopie durchgeführt. Dazu wird der Tröpfchenstrahl
mit einem durchstimmbaren gepulsten Laserstrahl gekreuzt. Der Laserstrahl stammt
aus einem excimergepumpten Farbstofflaser und besitzt eine Pulsenergie im mJ-Bereich.
Die Wellenlängen liegen im Bereich 330 bis 440 nm. Durch Absorption von Laserpho-
tonen werden die Atome im Tröpfchen angeregt. Wegen der Wechselwirkung mit dem
Helium sind tröpfcheninterne Zustände im Vergleich zu den freien Cr Zuständen ener-
getisch verschoben und verbreitert.

Nach der Anregung kann es, wie in dieser Masterarbeit beschrieben, zur Ablösung der
Cr Atome von den Tröpfchen kommen. Diese nunmehr freien und angeregten Atome
werden durch Laserphotonen ionisiert. Es wird gezeigt, dass zwei verschiedene Pho-
toionisierungsmechanismen auftreten. Der erste ist die direkte Ionisierung von an-
geregten Zuständen in das Ionisierungskontinuum. Im Kontrast dazu steht der Au-
toionisierungsmechanismus. Dabei gelang das Cr Atom zunächst in diskrete Anregun-
gen oberhalb der Ionisierungsschwelle, die mit dem Ionisationskontinuum interferieren.
Das nennt man Fano-Resonanz. Letztlich zerfallen diese Anregungen in Ionen und aus-
laufende Elektronen.

Die Ionen werden mit einem Quadrupolmassenspektrometer massenselektiert und mit
einem Sekundärelektronenvervielfacher detektiert. Die Massenselektion schafft einen
zusätzlichen Informationsgewinn.

Ziel dieser Masterarbeit ist die Erforschung des Verhaltens der Cr-Atome in der su-
perfluiden Umgebung.
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Abstract

This master thesis is about the very first spectroscopic investigations of chromium atoms
in superfluid helium nanodroplets. The applied method is mass-selective photoionization
spectroscopy. Cr atoms are of special interest because they have the highest magnetic
moments of all the elements. Also Rb-doped droplets are investigated. Yet the purpose
of these measurements is to find proper conditions for spectroscopy on Cr-doped droplets.

The main component of the setup is a helium droplet beam produced by a cooled
nozzle in a vacuum chamber. The droplet temperature is about 0.4 K. At this tem-
perature, helium is liquid and has a superfluid phase. The droplets pick up Cr or Rb
atoms. Droplets are a relatively low-perturbing environment for the electronic structure
of the dopants. Furthermore they are transparent for light up to the UV region. Within
the apparatus, photoionization spectroscopy can be performed on the doped droplets.
Therefore the droplet beam is crossed with a pulsed and tuneable laser beam. The laser
beam origins from an excimer-pumped dye laser and has a pulse energy in the range
of mJ. The wavelength ranges from 330 to 440 nm. By absorption of photons from the
laser beam, atoms in the droplets are excited. Due to interaction with the surrounding
helium, in-droplet states are shifted and broadened in energy compared to bare Cr states.

Subsequently, as shown in this master thesis, excited Cr atoms are ejected from the
droplets. Excited bare atoms appear and are ionized by laser photons. Two different
photoionization mechanisms are possible. The first mechanism is direct ionization from
excited states into the ionization continuum. In contrast, ions are also produced by
the autoionization mechanism. Cr atoms are excited into discrete levels above the first
ionization threshold, which interfere with the ionization continuum. This is called Fano
resonance. Such excitations finally decay into ions and evanescent electrons.

Ions are mass-selected by a quadrupole mass spectrometer and detected by a secondary
electron multiplier. The mass-selection provides additional information.

The very aim of this master thesis is to explore the behaviour of Cr atoms within
the superfluid surrounding.
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FFT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Fast Fourier Transform
FWHM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Full Width at Half Maximum
GPIB . . . . . . . . . . . . . . . . . . . . . . . . . . . General Purpose Interface Bus, also called IEEE-488
LED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Light Emitting Diode (state indicator in LabView)
LIF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Laser-induced Fluorescence
PI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Photoionization
PM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Photomultiplier
Rb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Rubidium
SEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Secondary Electron Multiplier
SEQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Schroedinger Equation
TOF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Time-of-flight Mass Spectrometer
TTL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Transistor-transistor Logic
UV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ultraviolet Light
QMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Quadrupole Mass Spectrometer
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1 Introduction

Superfluid helium nanodroplets provide an outstanding method of preparing single- or
multiple-atomic systems. Within the droplets, dopants can interact and aggregate. Dif-
ferent sorts of dopants can be mixed. The mean dopant number per droplet can be
controlled. Thus it can be selected, which species are favoured in aggregation. Tailored
clusters and molecules can be produced. The nanodroplets are a quantum lab to study
the physical basics of chemistry.

Spectroscopic methods are the key to the properties of atoms, molecules and clusters.
This master thesis is focussing on one certain method, namely photoionization laser
spectroscopy. The measured signal is a wavelength-depending ion yield. In combination
with a mass spectrometer, this method provides a high content of information due to
the mass selection of the ions.

The CLII droplet apparatus was built from a molecular beam apparatus by Markus
Koch in course of his doctoral thesis to perform electron spin resonance experiments.
Martin Ratschek designed a high-temperature Cr-source. This source made it possible
to dope the droplets with Cr. The aim was ESR on Cr-doped droplets, which is inter-
esting due to the high magnetic moment of Cr atoms.

Yet electron spin resonance was preceded by laser-induced fluorescence and photoion-
ization experiments. Laser-induced fluorescence was performed by Andreas Kautsch
and Martin Ratschek, photoionization by Matthias Hasewend and Andreas Kautsch in
course of their master and doctoral thesis, respectively.

Before that, photoionization experiments had never been performed on the CLII ap-
paratus. In the CLI, photoionization was already performed on Rb-doped droplets and
other species. Thus it was helpful to optimize the procedure of photoionization on Rb-
doped droplets in order to reproduce the results of CLI. Therewith a good basic concept
for photoionization on Cr-doped droplets was found.

For photoionization spectroscopy, at least a two-step excitation- and ionization pro-
cess is advantageous. The most simple and thus favoured photoionization scheme is
two-photon-one-colour. In the beginning, it was not obvious which laser system to use.
In principal, two-step processes require an increased photon density. Thus the excimer-
pumped pulsed dye laser of CLI was considered to be suitable. During a pulse, its photon
density is relatively high. Furthermore it is easy to tune. Disadvantages of this laser
system are the time-consuming adjusting and the dye exhaustion.
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By means of the two-photon-one-colour photoionization scheme, atomic states above
half the ionization energy can be investigated. Using energy levels from literature [43],
[9] and [12], it was easy to figure out an interesting laser energy range. Therefore differ-
ent laser dyes had to be chosen. The dyes are listed in subsection 3.4.2.

Further preparation concerned reconstructions of the apparatus and assembling an op-
tical path to guide the laser from CLI to CLII. Furthermore, LabView and MATLAB
programs had to be designed in order to control the components and to process mea-
surement data.

Chapter 2 provides the basics of multiple electron atoms, as they had been investigated
in course of this thesis. Furthermore it presents optical excitation and photoionization
mechanisms of such systems. Also the role the surrounding helium is playing for the
dopants is shown.

Chapter 3 is describing the apparatus, instruments and utilities necessary for perform-
ing the measurements. It shows the properties of the components and how to configure
them in order to achieve good results.

Chapter 4 is the most extensive chapter. It outlines the experimental procedure and
results. This chapter describes the measurements on single Rb atoms as well as on Rb-
and Cr-doped droplets. Each section is based on the scheme expectation → approach
→ results → conclusion. The last section shows the latest photoionization results that
are also published in [5].

19



2 Theoretical Background

PI spectroscopy on Cr and also Rb atoms in superfluid He nanodroplets is the very
topic of this master thesis. This chapter outlines the theoretical background in order
to understand why Cr is of special interest. It also presents the properties of the nan-
odroplets. The most important topics are dealing with multiple electron atoms in order
to interpret the experimental results of chapter 4. Therefore it is also important to
understand PI spectroscopy and how ionization works. Finally a model describing the
interaction between the metal atoms and the He is presented.

2.1 Superfluid He Nanodroplets

Doping superfluid He nanodroplets with atoms is an outstanding method of preparation.
Advantages are described in [3]. This chapter of the book also includes the significance of
the droplets as a cold bath, different sorts of spectra and their applications and the limits
of in-droplet spectroscopy. Further information is found in master theses of Alexander
Volk [30], Martin Ratschek [28], Florian Lackner [22] and the doctoral thesis of Markus
Koch [20]. These sources include production and properties of the droplets, their size
and velocity, the doping and spectroscopy on droplets.

Droplet production is outlined in subsection 3.1.1. The four-chamber vacuum system
for production, doping and investigation of the droplets including relevant parameters
is shown. [15] is another source of information.

2.2 Cr and Rb

Rb is an alkaline metal. It has one single electron outside a closed Kr shell. Electronic
properties are similar to hydrogen. Details concerning Rb are not discussed here. Master
thesis [30] and doctoral thesis [20] give information about the abundance, the physical
and chemical properties, the isotopic composition, the vapour pressure and transitions
of Rb. Subsection 3.1.2 describes the vaporization of Rb including specific parameters.

Here it is more interesting to show what makes Cr relevant for investigation. Bulk
properties are well known. Due to a stable oxide layer, Cr is used for passivations, as
known from car tuning, and also for alloys and catalytic converters. The natural isotopic
composition is 4.3 % 50Cr, 83.8 % 52Cr, 9.5 % 53Cr and 2.4 % 54Cr.
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Concerning this work, it is rather the atomic properties that make Cr special. Bulk
Cr is antiferromagnetic, but small clusters are superparamagnetic, as shown in [2]. Sin-
gle Cr atoms have a high spin and thus the highest magnetic moment of all elements.
The ground state electronic configuration is shown in fig. 2.1. It consists of an Argon
shell and six outer electrons of parallel spin due to the Pauli Principle mentioned in sub-
section 2.3.2. These valence electrons align their spins. The reason for the spin alignment
is discussed in subsection 2.3.3. 4p and 5s orbitals are populated during excitation and
PI experiments, as shown in fig. 4.20 in subsection 4.3.5.

Figure 2.1: Ground State Electronic Configuration of Cr

The high magnetic moment provided by these six electrons makes Cr an interesting
element. In conventional microelectronics, the charge of the electrons is coding the in-
formation. A new branch called Spintronics is focussing on methods to use the electron
spin instead. Spintronics is based on physical effects dealing with spin magnetic mo-
ments. For example the electric resistance of ferromagnetic thin layers can be highly
dependent on the direction of magnetization. That effect is called giant magneto resis-
tance (GMR). It is imagineable that Cr clusters can contribute to this new branch of
materials development.
Spectroscopy is the key method to investigate electronic structure, especially for the high-
spin elements. From the electronic structure, future applications in magneto-electronic
devices could be derived.

This master thesis includes a description of the vaporization of Cr and specific pa-
rameters, found in subsection 3.1.2. An excitation scheme is found in fig. 4.1 in section
4.1. Cr levels are listed in [13]. Further information about Cr is found in [11]. Master
thesis [26] is accounting to physical properties and transitions of Cr.

The process of doping nanodroplets with Cr, Rb or other dopants is called pickup.
Concerning pickup, the difference between Rb and Cr is that Rb is much more volatile,
as fig. 2.2 shows.
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Figure 2.2: Temperature Dependence of the Vapour Pressure of Cr and Rb

Note that the melting temperatures of Rb and Cr are 39 and 1907 ◦C. The temperature-
dependent vapour pressures of Rb and Cr had been computed using empirical formulas
outlined in [37]. During experiments in course of this master thesis, Rb heating tem-
peratures ranged from 70 to 100 ◦C. Obviously this corresponds to vapour pressures of
0.01 to 0.1 Pa. A Cr heating power of 200 W is corresponding to local temperatures
of 1650 ◦C, as shown in [28]. Thus the maximum vapour pressure of Cr reached in our
setup is about 100 Pa. See subsection 3.1.2 for further information.

2.3 Multiple Electron Atoms

Atoms consist of an electron shell and a core. The core can be fixed and considered
as the source of an ideal coulomb potential for the electrons (Born-Oppenheimer ap-
proximation). Thus one can treat the atom as a multiple-electron quantum mechanical
system. A Schroedinger equation can be formulated. In the Bohr semi-classical atomic
model, electrons are charged particles moving around the core. Thus they have a quan-
tized magnetic moment. Electrons also have a spin and thus another magnetic moment.
Both magnetic moments interact. This is called spin-orbit-interaction.
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2.3.1 Hamiltonian

For the SEQ, the whole Hamiltonian reads as

H =
N∑
i=1

[
1

2m
(pi − eAi)

2 − eVi −
2 gS µB

~
Si ·Bi

]
. (2.1)

It is the sum of N single electron Hamiltonians in an external electromagnetic field.
This field is produced by the charge of the core and the other electrons and the spin-
and orbital magnetic momenta of the other electrons. Beside common momentum- and
position-operators, the Hamiltonian includes a magnetic vector potential operator Ai,
a spin operator Si and a magnetic field operator Bi. µB = e~

2m
is Bohrs magneton. The

vector potential Ai is

Ai =
µ0 µB

4π~

N∑
j=1, j 6=i

[
1

|ri − rj|3
[(ri − rj)× (gSSj + gLLj)]

]
. (2.2)

It includes all the magnetic vector potentials generated by the spin- and orbital mag-
netic momenta of the other electrons. It is formulated in Lorenz gauge. The way it is
included in the Hamiltonian (2.1), the Lorentz force on the electron i caused by these
magnetic momenta is taken into account. (ri − rj) is the difference vector between the
positions of electrons i and j. Lj is the angular momentum of electron j. gS and gL

are the Landé factors for the spin- and orbital magnetic moments caused by angular
momentum. gS is approximately 2, while gL is exactly 1.

The scalar potential produced by the electron charges and the core is

Vi =
1

4πε0

[
Ze2

|ri|
−

N∑
j=1, j 6=i

e2

|ri − rj|

]
. (2.3)

External electric fields, like laser fields for exciting the atom, can be regarded by in-
troducing additional scalar potentials, as shown below in section 2.5.

Interaction between the angular magnetic moment of electron i and the magnetic field
created by the other electrons was already considered by introducing the vector potential.
The spin magnetic moment of electron i couples to a B-field which reads as

Bi = ∇×Ai −
1

mc2
[pi ×∇Vi] . (2.4)

By including the derivative of the vector potential in the B-field, interaction between
the spin magnetic moment of electron i and the magnetic field is also taken into account.
The second term of Bi comes from the spin-orbit interaction. The orbital angular mo-
mentum of an electron is caused by the Coulomb potential of all the other electrons and
the core. The total electric field can accelerate the electron perpendicular to its velocity.
This gives the electron an additional angular momentum and thus a magnetic moment,
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which can interact with the spin magnetic moment. This is called spin-orbit interaction.

The Hamiltonian (2.1) includes Coulomb interaction between electrons and core, electron-
electron Coulomb interaction and interaction between the electrons orbital and spin
magnetic moments. In principal, solutions of the SEQ give a good approximation of the
electronic structure of the atom.1

Interactions presented in this subsection enable multiple electron
transitions of Cr and other atoms.

Unfortunately, the problem is formulated in 3N spatial dimensions times a factor 2N
respecting the spin of the N electrons. The high dimensionality and the complicated
electron-electron-interaction make it impossible to find exact solutions even for only a
two electron problem like the He atom.

2.3.2 Multiple Electron States

At least an ansatz for the multiple electron wavefunction can be found. A basis set can
be constructed as products of wavefunctions out of a single electron basis set, as shown
in formula (2.5) for a two-electron system. Modified hydrogen wavefunctions can for
example form the single electron basis set. This basis set automatically respects the
spherical symmetry and the Coulomb-interaction with the core. r is the vector of the
three spatial coordinates of the electron, s is the spin coordinate. Ψ is a total electron
wavefunction consisting of a spin- and an orbital part.

Ψtot(r1, s1, r2, s2) = Ψ1(r1, s1) Ψ2(r2, s2) (2.5)

This notation means that one electron is in the state described by Ψ1, while the state
of the other electron is described by Ψ2.

Electrons are indistinguishable. Thus the electron density must not change if two elec-
trons change their state. Furthermore, theory demands that multi-particle fermionic
wavefunctions are antisymmetric under particle exchange. Formula (2.6) shows what
this is supposed to mean in the case of a two-electron system.

Ψtot(r1, s1, r2, s2)
!

= −Ψ(r2, s2, r1, s1) (2.6)

This restriction can only be fulfilled, if the wavefunction is a sum of several product
states represented by a so-called Slater-determinant. For a two-electron system, the
Slater determinant reads as
1Beside these interactions included in the Hamiltonian (2.1), other effects can have an impact on the

spectrum. The spin magnetic moment of the core can interact with the spin- and orbit-magnetic
moment of the electrons causing some extra level splitting. The core magnetic moment is low
compared to the electron moments. Thus the splitting is relatively small. It is called hyperfine
structure. Furthermore, the Hamiltonian (2.1) does not include relativistic effects and electromag-
netic field quantisation. Although there exist ways to regard them, as shown in Diracs theory and
Quantum Electrodynamics (QED).

24



Ψtot(r1, s1, r2, s2) =
1√
2

[Ψ1(r1, s1) Ψ2(r2, s2)−Ψ1(r2, s2) Ψ2(r1, s1)] = (2.7)

1√
2

∣∣∣∣Ψ1(r1, s1) Ψ2(r1, s1)
Ψ1(r2, s2) Ψ2(r2, s2)

∣∣∣∣ .
It can easily be generalized for arbitrary numbers of electrons, as shown in formula

(2.8).

Ψtot(r1, s1, r2, s2, . . . , rN , sN) =
1√
N !

∣∣∣∣∣∣∣∣∣
Ψ1(r1, s1) Ψ2(r1, s1) · · · ΨN(r1, s1)
Ψ1(r2, s2) Ψ2(r2, s2) · · · ΨN(r2, s2)

...
...

. . .
...

Ψ1(rN , sN) Ψ2(rN , sN) · · · ΨN(rN , sN)

∣∣∣∣∣∣∣∣∣ (2.8)

Evaluating this determinant gives a sum of products of N single electron wavefunc-
tions. The order, which electron occupies which state, is permuted. The whole expression
changes its sign, if two electrons are exchanged.2

Using a suitable single electron basis set, eigenstates of the Hamiltonian (2.1) can be
represented by a single slater determinant.3

Such states can describe the electronic structure of atoms and molecules.

2.3.3 Exchange Energy

Correspondences of the following derivation can be found in various books about many-
body quantum mechanics, for example [36].

Claiming for multiple electron wavefunctions to be represented by Slater determinants
brings some consequences for the electronic properties. In the following, consequences
are demonstrated by means of a two-electron system. Results can be generalized to
arbitrary numbers of electrons. A two-electron spatial wavefunction reads as

|ψ(r1, r2)〉 =
1√
2

[ψ1(r1)ψ2(r2)± ψ1(r2)ψ2(r1)] =: |12〉 ± |21〉. (2.9)

Dirac notation was introduced to make the following easier to read. (2.9) is only
referring to the orbital parts of the electron wavefunctions. This is indicated by using
ψ(r) instead of Ψ(r, s). The `-´ in formula (2.7) was replaced with a `±´ because the

2If a certain single electron state is included two or more times in this matrix, the determinant
becomes 0. Thus it is forbidden for electrons to pairwise have the same orbital and spin. That is
the explanation of the Pauli Principle.

3Other basis sets could make the eigenstates become a sum of Slater determinants. In this case it
is not be possible to decompose it into single electron states. The electrons are then entangled in
terms of this basis set.
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orbital product wavefunction may be both symmetric or antisymmetric under particle
exchange, as long as the spin product wavefunction is assuring the total product wave-
function to be antisymmetric.

The two-electron Coulomb operator is

Vc =
1

4πε0

e2

|r1 − r2|
. (2.10)

Note that it has a similar form as in (2.3). With this operator, the expectation value
of the Coulomb interaction becomes

〈ψ|Vc|ψ〉 = (〈12| ± 〈21|) Vc (|12〉 ± |21〉) =

〈12|Vc|12〉 ± 〈12|Vc|21〉 ± 〈21|Vc|12〉 ± 〈21|Vc|21〉 =

2

[∫ ∫
|ψ1(r1)|2 |ψ2(r2)|2

|r1 − r2|
± ψ∗1(r1)ψ

∗
2(r2)ψ1(r2)ψ2(r1)

|r1 − r2|
dr1 · dr2

]

=: C ± S. (2.11)

That result includes classical coulomb energy and an extra term called exchange en-
ergy. Exchange energy is a completely non-classical effect. It is caused by claiming
indistinguishable electrons and antisymmetric multi-fermionic wavefunctions, as out-
lined above in subsection 2.3.2.

The result of (2.11) shows that the total energy is minimal, if the `±´ becomes a `-
´ . In this case, the total orbital wavefunction (2.9) is antisymmetric. Antisymmetric
total orbital wavefunctions are thus energetically favoured.

Per construction of the multiple electron wavefunction as a Slater determinant, as out-
lined in formula (2.8), orbital asymmetry requires spin symmetry. This means alignment
of the non-paired electron spins in the multiple electron ground state. Coulomb repulsion
within the electron shell forces the electrons to align their spins. Exchange interaction
can thus give an explanation for Hund´ s rule described in [32].

The ground state spin alignment shown in fig. 2.1 is the reason for the large
magnetic moment of single Cr.

Exchange energy is also a key to understand other phenomena, like ferromagnetism
or certain chemical effects. Further information is found in [36].
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2.3.4 Aufbau Principle

Exchange interaction explains Hund´ s rule. On the other hand Hund´ s rule describes
the order of how to populate degenerated atomic states with electrons. The electron shell
of the atom is filled in energetically ascending order. Combining these two rules gives
the so-called Aufbau principle, as outlined in [32]. The Aufbau principle can explain the
order of the periodic table of elements.

2.3.5 LS- and jj-Coupling

In subsection 2.3.1, it was said that the electrons of an atom can couple their spin and
angular magnetic moment via magnetic interaction. The result is a total magnetic mo-
ments corresponding to a total angular momentum quantum number J. That can act in
two different ways. Each electron has orbital- and spin-magnetic moment corresponding
to angular momenta. The orbital angular momenta can form a total orbital angular mo-
mentum (2.12)), while the spin angular momenta form a total spin angular momentum
(2.13).

Ltot =
N∑
i=1

Li (2.12)

Stot =
N∑
i=1

Si (2.13)

These two angular momenta finally interact to form a total angular momentum (2.14).

Jtot = Ltot + Stot (2.14)

This coupling scheme is called LS- or Russel-Sounders-Coupling. It can describe the
behaviour of low atomic number electron shells in low external magnetic fields very well.
Jtot, Ltot and Stot have quantum numbers J, L and S related by J = L + S.

For high atomic numbers, another model is more accurate, e.g. the jj-coupling scheme.
Therein, the orbital- and spin-angular momenta of each electron couple to form total
electron angular momenta (2.15).

Ji = Li + Si (2.15)

They have quantum numbers ji. Subsequently, these electronic momenta couple to
form the total angular momentum (2.16).

Jtot =
N∑
i=1

Ji (2.16)

It has also a quantum number J.
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Actual behaviours of atomic shells are mostly mixtures of LS- and jj-scheme. Cr is
located somewhere between the regions better described by LS- and jj-coupling.

However, it is supposed that the LS-scheme is a sufficiently good
approximation for this element.

As shown below in section 2.4, different J-values enumerate the sublevels of one single
LS or jj configuration. The z5P atomic level of Cr was populated during PI spectroscopy,
as described in subsection 4.3.3. This level has sublevels of J = 3, 2 and 1. Correspond-
ing energies are listed in [13]. J-sublevels are non-degenerated.

Due to precession of the total angular momentum, the J-sublevels of a configuration
have 2J+1 sub-sublevels enumerated by a magnetic quantum number mJ ranging from
J to +J. Without any magnetic field, these sub-sublevels are degenerated. Thus there
can be two or more initial and final states at same level energy. One has to consider this
degeneracy while estimating transition rates.

mJ-degeneracy has an impact on transition peak heights, as shown in
(Tab. 4.2) in subsection 4.3.4.

This degeneracy can be broken by a magnetic field due to the Zeeman-effect. With
increasing field, level energy differences are stretched. At strong magnetic fields, the
sublevel structure changes due to a breakdown of the LS- and jj-coupling scheme. This
is called Paschen-Back-Effect. Further information about Zeeman- and Paschen-Back-
Effect is found in [31].

For experiments concerning this master thesis, no magnetic field was applied.

2.4 Multiple Electron Term Notations

Spectroscopy and computational quantum mechanics deliver information about atomic
levels. Even simple atoms have a huge diversity of levels due to the different types of
interaction considered in the Hamiltonian formula (2.1). Furthermore, spectra are com-
plicated by the possibility of multiple electron excitations enabled by these interactions.
Such processes can change the state of more than one electron.

To overlook this diversity, a term notation needs to be introduced. For hydrogen, it
is common to give the quantum numbers of the state the single electron occupies. Using
this convention, the ground state electron configuration of hydrogen is

GSH = 1s2. (2.17)

This notation is described in [31]. The order of filling the single electron orbitals
is regarding to the Aufbau principle described in subsection 2.3.3. The ground state
electron configuration of Cr reads as
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GSCr = 1s2 2s2 2p6 3s2 3p6 3d5 (6S) 4s1 = [Ar] 3d5 (6S) 4s1, (2.18)

with [Ar] representing the ground state electronic configuration of the next lower
atomic number closed-shell noble gas Argon. (6S) is indicating the L and S quantum
number of the 3d electrons.

Yet this notation is too complicated. It should be replaced by a simpler one. For
characterization of spectroscopic levels of atoms described by LS-coupling, it is enough
to give the total L, S and J quantum numbers of the electron shell. These numbers were
described in subsection 2.3.5. Different J-values enumerate the sublevels of a single L
and S configuration. From the spin quantum number S, the total multiplicity of the
shell is calculated by r = 2S + 1. Thus the ground state of Cr can be written as

|GSCr〉 = 7S3. (2.19)

Ground state Cr is an example to explain this notation. For this state, J, L and S
are 3, 1 and 3. The multiplicity r = 2S + 1 = 7 is marked in this notation by the
supersript 7. The letter S is representing L = 0. The convention known from hydrogen
states that S,P,D,F,... indicate L to be 0,1,2,3,... holds. The subscript 3 is representing J.

Unfortunately, this notation is not unique. There are always several states having the
same S, L and J. The clue is to enumerate terms using additional letters. For even parity
states, the enumeration starts at `a´ and continues alphabetically. For odd parity, it
starts at `z´ and continues counter-alphabetically. The Cr ground state turns into

|GSCr〉 = a7S3. (2.20)

From this shortened notation, it is always possible to conclude the complete electronic
configuration of a state. The multiple electron atomic transition rules described in the
next section 2.5 refer to this notation. LS-coupling is also a good approximation for lots
of other elements. Therefore, level diagrams of most of the elements use the described
notation.

In this thesis, states of Cr are named regarding to this notation.

2.5 Multiple Electron Dipole Transition Rules

A pretty simple rule to calculate transition rates between two quantum states can be
derived from elementary quantum mechanics by using a transition operator. Derivation
was done by E. Fermi. Thus it is called Fermi´ s Golden Rule. It reads as

Γi→f =
2π

~
|〈Ψf |H|Ψi〉|2 ρ, (2.21)

wherein Γi→f is the transition rate from initial to final state, ~ is Plancks constant,
〈Ψf | the final state, H the transition Hamiltonian, |Ψi〉 the initial state and ρ the density
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of final states at respective energy.

Initial and final states are multiple electron wavefunctions of the electron shell of the
atom represented by Slater determinants described in subsection 2.3.2. The question
is now which transition Hamiltonian has to be plugged into formula (2.21) in order to
analyze, which electronic transitions are allowed, while exciting the atom for example
with a laser.

The electric field of the exciting laser is described by an external scalar potential Vext.
As shown above in formula (2.1), this potential can contribute to the Hamiltonian and
cause transitions between eigenstates of the undisturbed atom. It can thus be declared
as the electric transition Hamiltonian and reads as

Htrans = eVext(r). (2.22)

The exciting scalar potential is situated in the coordinate system of the atom. One can
expand the scalar potential Vext(r) into a Taylor series around the origin with respect
to r. The result up to second order is

Htrans = e

[
Vext(0) +

3∑
k=1

rk
∂Vext

∂rk
(0) +

1

2

3∑
k,l=1

rkrl
∂2Vext

∂rk∂rl
(0) + . . .

]
. (2.23)

This series can be plugged into the inner product of Fermi´ s Golden rule. The result
is

〈Ψf |Htrans|Ψi〉 = 0−
3∑

k=1

dkEk(0)− 1

6

3∑
k,l=1

Qkl
∂Ek
∂xl

(0) + . . .

= d · E(0) + . . . = 〈Ψi|r|Ψf〉 · E(0) + . . . . (2.24)

First-order derivatives of the scalar potential are identified as the components of the
electric field of the laser, second-order derivatives by the first-order derivatives of the
field. The first term in this expansion becomes zero due to the orthogonality of ini-
tial and final states. Products 〈Ψf |xk|Ψi〉 are the components of a first-order tensor
named electric dipole transition operator dk . Products 〈Ψf |xkxl|Ψi〉 are components of
a second-order tensor named electric quadrupole transition operator Qkl. The expansion
continues to higher-order multipoles.

The most important part of this expansion is the electric dipole operator dk. Com-
pared to electric transition operators of higher order, this part can provide a remarkable
transition yield even at moderate light intensities. That is because the higher the multi-
pole order is, the lower becomes the transition probability. Thus this operator is mainly
dictating, which transitions are allowed in the optical photon energy regime and at
moderate intensities.
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For experiments in course of this thesis, bare atomic transitions are
described by the dipole operator.

The dipole operator can now be used to derive transition rules. Its matrix elements in
a basis of initial and final multiple-electron eigenstates represent a vector. (2.23) shows
that it reads as

dif = e 〈Ψi|r|Ψf〉. (2.25)

Multiple electron dipole transition rules can be derived out of this matrix. However,
the derivation is complicated. It is outlined on pages 292 ff. in [33] and pages 224 ff. of
[34] and in formula 24 in the appendix of [34]. The transition rate between initial and
final states is named S. Here it is called Strans

4. Atoms like Cr are described by the
LS-coupling scheme introduced in subsection 2.3.5. As shown in section 2.4, for such
atoms, states are labelled by a symbol `x´ and multiple-electron quantum numbers S,
L, J, and mJ. `x´ refers to the alphabetic or counter-alphabetic enumeration of states
having even or odd parity. It is necessary to distinguish between states having the same
set of quantum numbers. Using this notation, the transition rate is

Strans ∝
∑

mJ i,mJ f , k

|〈xi Si Li Ji mJ i | dk Ek | xf Sf Lf Jf mJ f〉|2 . (2.26)

The sum respects the three components of d labelled by k and the mJ-degeneracy of
initial and final states discussed above in subsection 2.3.5. On pages 226 ff. of [34] it is
shown how this sum can be converted into

Strans ∝ (2Ji + 1) (2Jf + 1)

{
Li Lf S
Jf Ji 1

}2

. (2.27)

.
Factors (2 Ja + 1) and (2 Jb + 1) respect the mJ-degeneracy and the requirement ∆

mJ = 0, ± 1. For transitions of Cr, values of the product of these factors are tabulated
in (Tab. 4.2) in subsection 4.3.4.

The curly brackets in (2.27) represent the Wigner-6J-Symbol. This symbol underlies

a certain mathematical requirement, namely the triangular relation δ(Ja, Jb, 1)
!

= 1.
This can only be fulfilled if |Ja − Jb| = 0 or 1. Thus a transition rule for atoms described
by LS-coupling is derived, namely ∆J = 0, ±1.

Another transition rule comes from the intrinsic nature of dipole transitions, namely
the change of parity. This rule is always restrictive. Combined with the rule for spin
transitions, the multiple electron transition rules are

∆s = 0, ∆Parity = ±1, ∆J = 0,±1. (2.28)

4Also the original state notation in [34] was replaced with the notation introduced in section 2.4.
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These rules played a central role during analysis of the PI spectra outlined
in chapter 4.

They are a generalization of the hydrogen transition rules in [31]. ∆S = 0 is no more
strict. It becomes less compulsive with increasing atomic number. The reason is the
change from LS- to jj-coupling, as described above. This means that transitions between
different multiplets, co-called intercombinations, are no more forbidden, although ∆S =
0 transitions are favoured.

In all cases, the change of parity is restrictive.

The rule ∆mJ = 0, ± 1 was not listed in (2.28) due to the degeneracy of mJ levels in
actual experiments. Effects of this degeneracy are described above in subsection 2.3.5.
∆m-rules have to do with the alignment of the polarization of the exciting light relatively
to the atomic quantization axis. ∆m = 0 holds if the light is polarized parallel to the
quantization axis. It is then called π-polarized. If it is polarized perpendicular to the
quantization axis, ∆m = ± 1 and the light is called σ±-polarized.

2.6 PI Spectroscopy and PI Mechanisms

The purpose of PI spectroscopy is to investigate atomic or molecular electronic levels.
The basic idea is that after one- or multi-step electric excitation of the species by a laser,
the same or some other laser is used to photoionize from an excited level.

It is advantageous to use a tuneable laser for excitation and ionization. While scan-
ning the laser wavelength, direct PI is possible at continuous laser energies above the
ionization threshold, as shown in subsection 2.6.1. Thus the wavelengths at which ions
can appear are depending on electron level energies. They can only appear, if the laser
energy fits to some electronic transition. Plotting the ion yield versus the laser wave-
length gives information about the excitation spectrum of the particle. Thus information
about the properties of the atom or molecule is obtained. That is the idea of PI spec-
troscopy.

A chapter of [22] deals with the theory of one- and two-photon excitation and the PI of
alkali metals.

The way the most relevant PI experiments had been performed in course of this thesis
requires three components.

• Interesting species need to be prepared in a manner to eliminate influences dis-
turbing the atomic properties. Due to their low temperature and weak interaction,
superfluid He nanodroplets provide a low-disturbing environment. Furthermore,
droplets are transparent for exciting and ionizing laser light. One disadvantage is
that the interaction with the He has a significant impact on the electronic structure
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of the dopant, as shown below in section 2.7. In subsection 3.1.2, it is described,
how the droplets are produced and doped with metal atoms. Look at sections 2.1
and 2.7 to find out more about the droplets.

• One or several tuneable lasers are performing excitation and subsequent PI. Con-
cerning this work, a tuneable pulsed dye laser was used. It is described in section
3.4. The laser needs to have a narrow spectral profile and a sufficiently high energy.

• Thirdly, a device to detect and ideally mass-select the ions is needed, for example
a QMS combined with a SEM. These two devices are outlined in subsection 3.1.5.

PI consists of photo-excitation and ionization steps. The theory of excitation is out-
lined above in section 2.5.

The following two subsections 2.6.1 and 2.6.2 include information about the
theory of two different PI mechanisms possible for many atoms, especially

for Cr and thus related with this master thesis.

Corresponding sections are 4.3.5 and 4.3.4 in chapter 4.

2.6.1 Direct PI - Born Approximation

Direct PI is modelled as an electric transition between a bound and a free electron
wavefunction. Free electron wavefunctions can be approximated by plane waves |k〉
characterized by the wave vector k. This is called Born approximation. |k〉 are the final
states, original states are bound multiple-electron wavefunctions |Ψ〉. One can analyze
the corresponding dipole transition matrix according to formula (2.25) and comes up to

Strans ∝ 〈Ψ|r|k〉.

From this product, the PI cross-section can be derived, as shown on page 180 in [34].
The result is

Strans ∝ Z5 (~ω)−
7
2 , (2.29)

with Z the atomic number and ~ω the photon energy. It is the cross-section for optical
excitation from a discrete atomic level into the continuum of ionized states. The photon
energy needs to be high enough to reach the lower edge of the continuum. If it is too
low, the cross-section is zero. At the threshold, the cross-section makes a jump. This
is called absorption edge. The continuum can be reached from different atomic levels.
Thus the total direct PI cross-section is an overlay of several absorption edges and looks
like in fig. 2.3. Note that this figure is schematically and does not belong to an actual
element. The scale is linear.
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Figure 2.3: Direct PI Cross Section versus Photon Energy

This model is valid for single atoms. Cr PI spectra fig. 4.14 and fig. 4.17 in section
4.3 show a more complicated pattern. The reason for that is discussed in subsection 4.3.5.

Further information about direct PI is found on pages 415 ff. of [34] and pages 160
ff. of [35].

2.6.2 Autoionization - Fano Resonances

Above the ionization threshold, there are discrete levels embedded in the ionization con-
tinuum. Energies of these states are discrete; all the electrons are still bond to the atom.
Yet the excitation energy is sufficiently high to make the atom become an ion. Electronic
correlation effects described in section 2.3 enable the exchange of energy between elec-
trons after excitation. Thus excitations above the ionization threshold may decay into
the ionized state. The residual ion is in its ground state, while the evanescent electron
takes away the additional energy. This mechanism is called autoionization.

Autoionization is described as an interaction between discrete energy bound states and
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unbound continuum states. These had been explained by Ugo Fano and outlined in
[4]. The interference between discrete and continuous levels is described, and also the
reason why the line profile of the autoionizing states is asymmetric in energy. It is called
Fano profile and shown in fig. 2.4 for different parameters. Also the Fano profile can
be derived analytically. The asymmetry comes from the interference, which is possible
since the discrete levels are embedded in the continuum. The broadness of the Fano
profile reflects the lifetime of the autoionizing states.

Figure 2.4: Fano Line Profile of Autoionizing States

The Fano profile is defined as

σ =
(q + ε)2

1 + ε2
, (2.30)

whereby q is the Fano parameter and ε the reduced excitation energy defined by

ε =
E− E0

Γ/2
.

E is the excitation energy, E0 is the center energy of the profile and Γ is the line width.
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Latest experimental PI results resolved Fano-Resonances of Cr. These results and further
information are outlined in [5]. Autoionization and Fano-Resonances are also described
on pages 272 and 275 of [34] and pages 220 ff. of [32].

2.7 Interaction between Dopant and He

Spectroscopy on dopants in superfluid He droplets is a key to investigate atomic or
molecular electronic structure. Yet the helium surrounding can have an influence on
this structure. In [8] a model of how to describe the influence is presented. It is called
bubble model. Interaction between dopants and He is a many-body problem and thus
very difficult to treat. Fortunately, two simplifications can make this problem much
easier to handle.

• He wavefunctions strongly overlap. Thus the He can be approximated as a con-
tinuous fluid.

• Pauli Repulsion between the fluid and the dopants makes the He form small spher-
ical cavities around the dopants, so-called bubbles.

That is the reason, why this pseudo-hydrodynamic model is called bubble-model. The
total extra energy of the dopant in the bubble reads as

Etot = EHe-Dopant + EPressure + ESurface + EZero-Point.

EHe-Dopant is the interaction energy between the dopant and the surrounding He.
EPressure and ESurface are the pressure-volume energy and surface tension energy. EZero-Point

is an increase of zero-point energy due to the location of He atoms at the bubble interface.

Interaction with the He makes the electronic states of the dopant broadened in en-
ergy. The electron wavefunctions can couple to radial bubble oscillations. Information
about the broadening of Cr levels resolved in course of this master thesis is found in
subsection 4.3.5.

The bubble model can also explain another effect. If the electron shell undergoes a
transition, its electron density gets redistributed. Following an excitation, electrons are
more likely located at positions next to the bubble surface, where they underlie a strong
Pauli repulsion. The bubble expands causing increase of the pressure-volume and surface
tension energy. Thus extra excitation energy is required for the dopants. Transitions
can thus be blueshifted. Latest results highlight a blueshift of 400 cm−1 for excitations
from the in-droplet Cr ground state to y7P. That is relatively low compared to 1600 to
2000 cm−1 for Cr in Kr and Ar matrices, as published in [9].

There are two possibilities of how the dopants can get doped to by the droplets. They
can be bond to the droplet surface or located inside the droplets. Broadening and blue-
shift is higher, if the dopant dips into. The amount of broadening outlined in subsection
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4.3.5 is pointing out that Cr dips into.

Quantum chemistry methods like Hartee-Fock, Density Functional Theory and others
can give a rise to better understand the He-dopant-interaction. For these methods, an-
other simplification is taken into account. If the dopant stays on the surface, the doped
droplet is considered as a pseudo-diatomic molecule consisting of the dopant and one
He atom. A diatomic interaction potential can be computed. The shape of this po-
tential curve is a rich source of information. Further information about computational
approaches is found in theses [18], [27] and [28].

There is one final effect the He has on the dopant left to mention. Interactions like
collisions with surrounding He atoms can enable the violation of the bare atomic tran-
sition rules listed in section 2.5.

That might be the case with the ejection from in-droplet y7P to atomic z5P
without change of parity, as described in subsection 4.3.3.

37



3 Experimental Setup

Most of the components of the setup had been used and described during former projects.
Concerning these devices, this chapter includes only brief information. Sources of more
detailed descriptions are mentioned in the following.

The He droplet beam apparatus of CLII was used for the production of Rb- and Cr-
doped superfluid He nanodroplets. A detailed description of the He beam apparatus is
included in [6], the doctoral thesis of Markus Koch [20] and the master thesis of Jo-
hannes Lanzersdorfer [23]. This system was originally developed to investigate alkali
metals. It was equipped with a Rb pickup source and later expanded by an electron
bombardment Cr source. The latter is described in the master thesis of Martin Ratschek
[28]. After finishing the apparatus, the very first experiments had been ESR on alkali
metals. Information about this topic including results is found in [6], the doctoral thesis
of Markus Koch [20] and master theses of Alexander Volk [29] and Johannes Poms [26].

The ionizing laser beam is created by an excimer-pumped pulsed dye laser system from
CLI. The master thesis [21] by Guenther Krois includes information about it. Assistance
in development of a laser beam profilometer was also part of this master thesis. The
profilometer was finished by Christian Goessweiner. Descriptions are found in his bach-
elor thesis [17]. The profilometer was used to determine the laser pulse energy density.
Further details concerning production and investigation of dopants in He nanodroplets
are found in theses of Johann Nagl [24], Gerald Auboeck [16], Alexandra Pifrader [25],
Florian Lackner [22] and Moritz Theisen [29].

The complete setup is sketched in fig. 3.1. It shows the arrangement of the devices
and pump- and dye laser optical path.
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Figure 3.1: Experimental Setup

The following devices are included in the setup:

1. He-Droplet Apparatus

2. Rb Pickup Source

3. Cr Pickup Source

4. Pfeiffer QMG 220 QMS

5. Balzers QMG 422 Main QMS and Equipment

6. Stanford Research Systems SR 400 Two Channel Gated Photon Counter

7. Lambda Physik FL3002 Dye Laser

8. Radiant Dyes RD-EXC-200 Excimer Pump Laser

9. ARC SpectraPro-275 Monochromator

10. Hamamatsu R372 PM

11. Keithley 485 Auto-Ranging Picoamperemeter

12. Stanford Research Systems SR 235 Analog Processor
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13. Meilhaus ME-4660 ADC Card

14. Coherent WaveMaster Wavelength Meter (λ-meter)

15. Laser Profilometer

16. CLII PC

The following sections 3.1 to 3.9 include information about every single device. All of
them had been applied several times during the experiments described in the following
chapter 4.

3.1 He Droplet Beam Apparatus

Figure 3.2: He droplet Beam Apparatus Front View

Fig. 3.2 shows the apparatus. It has a fourfold chamber design. Every chamber has
its own vacuum system consisting of a prevacuum- and a high vacuum pump. Prevac-
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uum pumps are roots, rotary-vane or membrane types, high vacuum pumps are turbo-
molecular or diffusion type. The operating pressures of the chamber range from 10−8 to
10−5 mbar, which means high vacuum.

See section 2.2 for further information about Cr and Rb.

3.1.1 Source Chamber

The source chamber is equipped with a cold head. This thermodynamic device uses a
two-stage Gifford-McMahon process to cool an isolated nozzle down to a temperature
of 10 to 30 K. The nozzle temperature is controlled by electric heating. 99.9999% pure
He gets precooled to this temperature. The nozzle has a diameter of 5µm. He gas
goes through a supersonic jet expansion which further cools and leads to condensation
into nanometre-sized droplets. High energy atoms can escape from the droplets. Again
the He is cooled by this evaporative mechanism. A temperature of 0.38 K can thus be
reached. At this temperature, liquid He is superfluid.

A slightly divergent beam of droplets is created by a 200µm skimmer. It expands
to a diameter of around 10 mm at 2 m distance from the nozzle. The droplet size is
logarithmically normal-distributed. The expectation value depends on the nozzle tem-
perature and the He pressure, as the left part of fig. 3.3 shows. This subfigure was taken
from [20] and is based on the results of several experimenters. At 50 bar He pressure,
droplet sizes are suitable for actual experiments at 12 to 23 K. Also the mean droplet
velocity depends on He pressure and nozzle temperature, as the right part of fig. 3.3
shows. That subfigure and also fig. 3.4 origin from [23].

Figure 3.3: Droplet Size and Droplet Velocity

Figures taken from [20] and [23].
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Figure 3.4: Droplet Size

Figure taken from [3] and [23].

3.1.2 Pickup Chamber

The pickup chamber is equipped with pickup sources aligned to the droplet beam. Two
different sources had been used. The first one is a cell filled with the alkaline metal
Rb. This cell is resistively heated to increase the vapour pressure of the metal. It is
heated up to 70 to 100 ◦C. The temperature is controlled. An effusive atomic Rb beam
is formed. As the He droplets fly through the vaporized metal, they can pick up atoms.

Also a Cr source is included in this chamber. The difference between Rb and Cr is
that Rb is much more volatile. Cr is vaporized by electron bombardment heating. Elec-
trons are emitted by a heated filament and get accelerated against a Cr crucible by a high
voltage up to 1000 V. By collision with the crucible, the electron energy is thermalized.
A local temperature of 1650 ◦C can be reached, as shown in [28]. Thus the metal emits
atoms which pass through a slit aperture. Thus an atomic beam is formed. It crosses
the droplet beam perpendicular. Unlike Rb, no effusive beam is formed. The heating
power is also controlled. It can be set continuously between 0 and 200 W. Fig. 3.5 is
showing the Cr source.

The temperature of the Rb source and the heating power of the Cr source are con-
trolling the vapour pressures. Respective values are outlined in section 2.2.

After pickup, metal atoms are trapped in an ultracold container, namely the helium
droplet. Further evaporative cooling happens. Metal atoms can interact and form
clusters. The He droplet is a low perturbing environment. The picked up species are
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relaxed into the ground state. Single atoms and clusters are now ready for investigation.
Measurements are performed within the third and fourth chamber, the main- and the
QMS-chamber.

Figure 3.5: Electron Bombardment Cr Source

Picture taken from [11].

Furthermore, a Pfeiffer QMG 220 QMS, as displayed in Fig. 3.6, was purchased for
analysis of the residual gas within the pickup chamber. This unit consists of electron
bombardment ionization device, the rod system, Faraday cup, secondary electron mul-
tiplier and an electronic evaluation device.
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Figure 3.6: Pfeiffer QMG 220 QMS

The QMG 220 QMS has a closed cylindrical stainless steel housing. The ion source on
top of the rod is the only inlet. Approximately at one third of the rod length, starting
from the ion source, there is a CF-type vacuum flange for mounting the whole unit. The
QMS was mounted on the pickup chamber such that the ion source is approximately
on the level of the chamber wall, as shown in fig. 3.2. This ensured protection and high
sensitivity of the system.

Before in-droplet spectroscopy, it was essential to achieve a good vacuum performance.
Beside metal dopants, particles from the residual gas may also be caught by the droplets.
They can interact with the dopants. Transitions might be quenched and spectra might
be distorted. Especially water vapour is suspected to be harmful since water molecules
can absorb major parts of the thermal radiation at room temperature. As water is picked
up by the droplets, it might act as a tiny antenna for thermal radiation to bring heat
into the droplets and destroy them by vaporization. Efforts had been taken to increase
the vacuum performance by means of two cold traps filled with liquid nitrogen during
all the measurements. Especially the amount of water vapour can thus be reduced.

The QMS selects ionized species by means of their mass. Since Rb and Cr isotopes
are medium-heavy atoms, there might exist for example some hydrocarbons having the
same masses. If the vacuum chambers contain such hydrocarbons or other species and
if they can also be ionized by the laser, the PI signal might thus be biased. Fortunately
there exists a method to make such influences non-compulsive. While recording a spec-
trum, the droplet beam is chopped and the difference between open and closed QMS
counts is recorded.
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3.1.3 Optimizing Single Cr Pickup

Sections 4.3 and 4.4 describe the approach of PI on Cr-doped droplets. It was decided
to focus on single Cr-doped droplets. In the following, it is described how to favor single
Cr pickup.

The mean droplet size depends on the He nozzle temperature, as outlined in fig. 3.3
in subsection 3.1.1. Low nozzle temperature means large droplet size, and vice-versa.
The He mass flow is nearly independent from the nozzle temperature. Thus either a
large number of small or a small number of large droplets can be produced. The larger
the droplets are, the more likely they pick up large numbers of Cr atoms. Very small
droplets may disappear after pickup due to evaporative cooling. Thus it is necessary to
look for optimized He nozzle settings before the measurement.

Also the Cr heating power is playing a role for pickup. The density of metal atoms
to be picked up by the droplets depends on the heating power. Thus the corresponding
setting also has to be optimized. Due to deposition of vaporized Cr within the source,
the pickup conditions underlie severe variations over time.

It was thus necessary to optimize the Cr pickup conditions at the beginning of ev-
ery experiment. This was done by observing the QMS signal of the desired species,
mostly Cr monomers, while changing the Cr source heating power. Fig. 3.7 shows the
Cr monomer signal versus heating power. The aim was to find the heating power with
maximum QMS signal. Due to hysteresis effects, it is recommended to watch the signal
while increasing and decreasing the heating power. The QMS electron bombardment
device was used for ionization.
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Figure 3.7: Cr Monomer Pickup Yield

Laser dye: Stilbene DMQ, 1.5 mJ max., QMS: 2.5 kV SEM voltage, 52 u, 200 ms
counting time, Cr source controller speed: 1.5 %, Rb source: off, ion yield optimized

ion extraction region voltages, cold head on: 15 K, 50 bar, date: 23.11.2011, files:
QMS1350.txt.

Fig. 3.7 can be compared to a similar pickup curve on page 46 of [11]. It was also
recorded at T0 = 15 K, p0 = 50 bar and thus a mean droplet size of 10000 to 12000 He
atoms, 2.5 kV SEV voltage and 0.5 mA electron bombardment current. This curve has
its maximum of only 35000 cps at 170 W. Higher count rates in fig. 3.7 are due to ion
yield optimization by means of ion extraction region voltages shown in (Tab. 3.1).

There are three reasons to explain the shift of the pickup maximum to higher heat-
ing power. The monomer pickup maximum corresponds to a density of vaporized Cr the
droplet beam has to pass through. On one hand, this density depends on the distance
between droplet beam and the slit the vaporized Cr exits from the bombardment source.
The temperature of the Cr emitting surface and thus the Cr density is not directly re-
lated to the heating power. If the thermal contact between the hot surface and the
surroundings is good, the temperature might be relatively low even though the heating
power is high. Due to that, the maximum pickup heating power may vary. Thus a
pickup curve has to be recorded at the beginning of every measurement day.
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3.1.4 Main Chamber

This chamber includes facilities to perform electron spin resonance and laser induced
fluorescence experiments. They had not been used during PI spectroscopy. Further
information about the facilities of this chamber is found in theses [20], [23], [26], [28]
and [30].

3.1.5 QMS Chamber

For PI spectroscopy, the only relevant measuring device within the apparatus is the Balz-
ers QMG 422 QMS located in the fourth chamber. It is useful for analysis of even very
low amounts of gaseous species, which are normally ionized by electron bombardment.
The electron current ranges from 0 to 1 mA. The species are collected by ion optics in
the extraction region and guided to the rod system, where they are mass selected. The
single mass, for which the rod system is transparent, depends on the frequency. Filtered
ions are detected by a secondary electron multiplier. That SEM is supplied by a DC
high voltage up to 2500 V. The parameters of the ion extraction region can be modified.
Further information about that can be found in subsection 3.1.3. The left side of fig. 3.8
is an external view of the QMS.

While doing PI, electron bombardment ionization is switched off.
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Figure 3.8: QMS Chamber Setup

Left: On top the ionization manometer, from left to right SEM, rod system supply and
turbo pump, below the QMS controller, Right: chopper controller, signal delayer and

counter.

The SEM creates electric pulses of different height and time lag. The pulses pass a
discriminator and are electronically counted. As outlined in subsection 3.1.2, a chop-
per is needed to distinguish between background and signal yield by the droplets. The
chopper has optical switches to determine its state. The states are used as a clock for
the counting windows. The chopper is located immediately behind the skimmer, ap-
proximately 2 m before the QMS. There is thus a delay between chopper signal and the
related interrupt of the droplet beam at the QMS. That delay depends on the beam
velocity.

For synchronization, the chopper signal is delayed by a programmable TTL signal de-
layer. The right side of fig. 3.8 shows chopper controller, signal delayer and counter.
This combination had been used during mass scan recordings. The counter is connected
to the CLII PC via RS232 and linked into LabView. The counting time can be set to
200 ms or 1 s. The pulsed signal from the QMS SEM is converted to TTL level. For
PI spectroscopy, this counter was substituted by a SR400 two channel gated photon
counter. That device was connected to the TTL level output gate.
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3.1.6 Optimizing Ion Yield

For the QMS, there is a method of increasing the ion yield accepting a lower mass
resolution. This method was applied during PI measurements described in chapter
4. To catch ions produced either by PI or electron bombardment, the QMS extraction
region is equipped with an electric ion optics system, as shown in fig. 3.9. Seven different
voltages can be changed independently to modify the behaviour of the extraction region.
Fig. 3.9 is a schematic illustration of the extraction region.

Figure 3.9: Sketch of the Ion Extraction Region

Picture taken from [38].

This illustration is from the QMS manual [38]. Originally these voltages had been set
in a way to compromise detected ion yield and mass resolution during mass scans. But
for PI spectroscopy, it is less important to have a good mass resolution. Thus the ion
extraction region voltages had been changed to achieve high ion yield rather than good
resolution. They depend on the mass of the ion species. Table (Tab. 3.1) shows default
and optimized values for Rb and Cr. These new voltages had been used for recording
the Rb and Cr PI spectra plotted in chapter 4.

Fig. 3.10 shows the effect of voltage optimization. It includes a series of Rb doped
droplet mass spectra under different ion extraction region voltages and resolution val-
ues. It also shows the impact of changing some QMS parameter called `resolution´ .
This parameter has something to do with the selectivity of the quadrupole rod sys-
tem, whereby a high value means a low selectivity. It shows that voltage optimization
can indeed increase the ion signal. Increasing the `resolution´ , value also leads to a
higher signal, but the peaks at certain masses become asymmetric. Their maximum is
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Table 3.1: Ion Extraction Region Voltages

No. Udef [V] Uopt,Rb [V] Uopt,Cr [V]

V01 100 60 53
V02 70 60 60
V03 15,75 11 11
V04 9 4,25 6,25
V05 300 360 350
V06 300 330 330
V07 110 120 120

shifted below every integer mass value. When combining voltage optimization and high
`resolution´ , the ion yield is even higher. This figure includes results from Rb doped
droplet PI spectroscopy.

Figure 3.10: QMS Voltage Optimization

Laser dye: Stilbene 3, 1.0 mJ max., 417.4 nm, XeCl laser: 10 Hz, 50 mJ, QMS: 2.5 kV
SEM voltage, ∆ = 0.2 u, Photon Cluster Counter: 1 s counting time, Rb source: 90 ◦C,

ion yield optimized ion extraction region voltages, cold head on: 17 K, 50 bar. date:
18.11.2011, files: QMS1341.txt, QMS1342.txt., QMS1343.txt., QMS1344.txt.
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3.2 SR400

Fig. 3.11 shows the SR400 counter. Unlike the one mentioned before, this counter can
be used for gated counting. Thereby a gate is some time interval of counting activity.
It is initialized by trigger pulses. The counting stops a specified time after triggering.
Counts can also be accumulated over a certain counting time.

These features are very advantageous when dealing with pulsed production of count-
able species. For example, if one single laser pulse produces ions, they can be counted
directly after the pulse. The rest of the time to next pulse, the SEM will give dark
counts that should not be detected. After the gate expired, no more pulses are counted.
Gated counting avoids signal distortion by means of dark counts.

Also the SR400 has a GBIP connection, which is much faster than RS232. Thus a
fast read-out necessary for achieving a good spectral resolution while scanning the laser
is provided. Also the counting time can be customized.

The SR400 was supplied by the SEM pulse signal converted to TTL levels from the
respective output gate of the other counter mentioned above.

Figure 3.11: SR400 Front View

This device is also linked to LabView.

3.3 Transmission Window

A few reconstructions had been necessary to make the apparatus suitable for PI mea-
surements. For maximum ion yield, it is essential to perform ionization and analysis at
the same position. Thus the ionizing laser needs to be guided through the extraction
region of the QMS, where it intersects with the HeN beam. The produced ions are ex-
posed to an electric field and thus drawn into the QMS. The left part of fig. 3.12 shows
a sketch of the setup, while the right part shows the laser window and the extraction
region.
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Figure 3.12: QMS Chamber and Flange Window

Figure 3.13: Fused Silica Transmission Curve

Picture taken from [44].

The windows are made of fused silica, which is transparent at least from 200 to
2000 nm, as fig. 3.13 shows. The position of the QMS had to be adjusted so that the
center of the extraction region aligns with the centers of the windows. The only problem
with these windows is that they can act as a Fabry-Perot interferometer for the laser
beam. Thus the transmitted intensity oscillates periodically while scanning the laser.
Later they had been substituted by wedged windows.
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3.4 Laser System

3.4.1 Dye Laser

The ionizing laser beam comes from a Lambda Physik FL3002 excimer-pumped pulsed
dye laser. The laser has two dye cuvettes exposed to pump laser light. They are
called pre- and main-amplifier. Dye solution is circulating through the cuvettes. The
preamplifier cuvette is included in an optical resonator. The resonator has a wavelength-
selective grating. The angle of this grating can be changed by a stepper motor drive.
Thus the resonance wavelength can be changed. Resonance light is coupled out of the
resonator and amplified by transmission through pre-amplifier and main-amplifier. The
upper pictures of fig. 3.14 are showing the dye laser with inserted pre- and mainamplifier
cuvettes. The lower ones are viewing a dye circulator, dye cuvette and the side view of
the cuvette showing the gap for laser transmission.

Figure 3.14: Dye laser, Circulator and Cuvette

The tuneability in combination with the possibility of changing the dye solution makes
this laser very versatile. It can operate at wavelengths ranging from 300 to 1200 nm.
Unfortunately changing the dye means hard work. The circulators need to be flushed.
Also the laser needs to be readjusted. Some dyes have a low photochemical stability. In
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this case the solution has to be refreshed after one single measurement day.

As fig. 3.1 shows, the exciting beam was transmitted from one lab to another along
a total distance of about 12 m. Since it is slightly divergent, a focussing lens is necessary
to keep the beam diameter within a few millimetres.

As described in subsection 3.4.5, adjusting the laser was pretty complicated. The task
was to reduce amplified spontaneous emission. Adjustment was complicated by the fact
that the laser was designed to work the best in the green region of the visible spectrum.
Thus the operation in the blue and near ultraviolet region was handicapped.

3.4.2 Laser Dyes

Table (Tab. 3.2) is listing the laser dyes that had been used during experiments con-
cerning this work. It compares tuning range, maximum power and corresponding wave-
length, solvents and concentrations, price and photochemical stability as verified in the
experiment. The data is from [41] and from an actual Radiant Dyes list.

Table 3.2: Comparing Data of different Laser Dyes

Data taken from [41].

Laser Dye Tuning Range [nm] WL of max. Power [nm] max. Power [mJ]

Stilbene 3 415-432 (blue) 424 1.0
DMQ 350-370 (UV) 364 1.5
PTP 336-347 (UV) 342 0.6
RDC360Neu 338-365 (UV) 355 5

Solvent Concentration [g/l] Price 2012 [EUR/g] Photochem. Stability [Wh]

MeOH 0.65 23 14
DI 0.23 104 1400
DI 0.24 12 450
DI 0.3 112 -

Each laser dye has a specific tuning range. For a Lambda Physik FL3002 dye laser,
tuning ranges of all the available dyes overlap and cover the whole visible wavelength
region up to near ultraviolet and down to near infrared. In [41], a plot of the set of
tuning ranges of all the available dyes can be found. For preparation of a dye solution,
1200 ml of pure solvent had been mixed using a magnetic stirrer. 400 ml of that mixture
was then filled into another 800 ml of the solvent. The outcome was 800 ml of pream-
plifier dye solution and 1200 ml main-amplifier solution having one third of the original
concentration. A certain dye may be solved in different solvents. The solvent and also

54



the concentration have an impact on the dyes spectral emission profile.

Achieved pulse energies ranged up to 5 mJ. Pulse repetition rate and duration time
are given by the pump laser. Short-time intensities are much higher than with cw-lasers
available in the labs. In subsection 4.3.1, the short time power while using DMQ dye was
determined to be 5.0 × 104 W. The CLI and CLII laser having the highest continuous
power is an 18 W diode-pumped Pr-doped yttrium-vanadate laser.

The dye laser has a GPIB link. Thus it is possible to remote control the resonator grat-
ing using MATLAB from the CLI PC. The PC itself is remote controlled by TeamViewer
from the CLII PC. Within MATLAB, there is a routine for setting the laser to desired
wavelengths and to perform wavelength scans. MATLAB on the CLI PC is synchronized
to LabView on the CLII PC by means of CPU time, as it will be described in [19]. Thus
it is possible to create plots of QMS ion counts versus exciting laser wavelength. These
are PI spectra as shown in chapter 4.

3.4.3 Pump Laser

The pump laser is a 308 nm XeCl excimer type. The beam has a rectangular profile
of about 1 × 3.5 cm. Pulse energy can be varied by an internal ignition electrode high
voltage and ranges up to 100 mJ. The repetition rate can be set to integer values up
to 100 Hz. Pulse duration is about 30 ns. After six million repetitions, the lasing gas
mixture needs to be refreshed. The left part of Fig. 3.15 shows the closed beam outlet
of the pump laser. The right part shows the mirror setup to guide the beam into the
dye laser.

Figure 3.15: Pump Laser
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3.4.4 Attenuators

For PI measurements, the laser intensity needs to be high enough to create a satisfying
ion yield. On the other hand if it is too high, transitions may be saturated. Thus
information about transition probabilities at different wavenumbers is lost. The ion yield
remains constant while changing the laser intensity. A test procedure of inserting and
removing neutral density attenuators and focussing lenses into the laser beam preceded
most of the recordings outlined in chapter 4.

3.4.5 Minimizing ASE

Using the monochromator described below in section 3.6, it became obvious that the dye
laser light consists of a narrow-banded line and ASE, as shown in subsection 4.1.1. Since
stimulated emission is playing a role, ASE is also laser light. But it origins from dye
fluorescence and is thus broad-banded. Broad laser spectrum means broad PI spectra.
Thus a way of minimizing ASE had to be figured out, as described in the following. The
monochromator played an important role for achieving this aim.

Fig. 3.16 shows two spectral laser profiles recorded with the monochromator. If one
covers the resonator grating of the dye laser with some piece of paper, the oscillator
output becomes much lower and a considerable side-peak appears. This shows the im-
pact of suboptimal resonance on the spectral quality. The constant background is due
to dark counts.
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Figure 3.16: Covered and uncovered Oscillator Grating Laser Spectral Profiles

Laser dye: Stilbene 3, 1.0 mJ max., 424.5 nm, 23557 cm−1, 700 V PM voltage, 1 nm/s
monochromator scan rate, date: 14.11.2011, files: LaserSpec0088.txt,

LaserSpec0079.txt.

It was important to make the resonance process within the oscillator as efficient as
possible, accepting lower total pulse energy. Maximizing the resonator output energy
means to make it more likely for excited dye molecules to contribute to real laser light
rather than ASE. For optimization, a pulse energy powerhead was moved from the laser
outlet to the outlet of the oscillator.

But even with perfect adjustment, it is not possible to completely eliminate ASE. For
example, if the oscillator grating is set to a wavelength next to the limits of the tuning
range of the dye. In this case, the output of the oscillator becomes lower. This it is
again more likely for the dye molecules to produce ASE. This is shown in fig. 3.17. The
grating was set to several sampling wavelengths. As they approach the tuning range
limits, very broad ASE appears around the wavelength of maximum pulse energy of the
dye.
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Figure 3.17: Dye Laser Spectral Profile for Stilbene 3

4.0 mJ max., XeCl laser: 10 Hz, 80 mJ, 800 V voltage, 10 nm/s monochromator scan
rate, date: 25.01.2012, files: LaserSpec0191.txt to LaserSpec0202.txt.

However, this new kind of adjustment improved the spectral quality. Sharp peaks in
the center have a broadening comparable to the monochromator resolution of 0.1 nm.
Thus the real broadening might be lower than the resolution.

Especially with Stilbene 3 laser dye, photochemical exhaustion of the active molecules
was critical. Given a pump laser pulse energy of 100 mJ, 50 Hz repetition rate and a
total effective operation time of 3 hours during one measurement day, the total light
energy acted on the dye solution is 0.1 J× 50 Hz × (60 × 60 × 3) s = 54000 J = 15 Wh.
For Stilbene 3, [41] gives a photochemical lifetime of 14 Wh. It is imaginable that this
dye solution is exhausted after one single measurement day.

During measurement, the problem was also that while the dye became more and more
exhausted, the ratio between small-banded laser light and ASE became lower and lower.
It is recommended to prepare some extra dye solution to refill the circulators after ex-
haustion became too bad.

During Cr PI, two other laser dyes had been used. These are DMQ and PTP. They
have between 100 and 1000 times higher lifetimes. There was no need to worry about
exhaustion during the measurement. The DMQ pulse energy distribution is displayed in
fig. 3.18. Pulse energy was always measured by means of a thermal detector head. The
recording shows that with this dye it was also essential but less critical to have a good
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oscillator performance.

Figure 3.18: Spectral Distribution of DMQ Pulse Energy

XeCl laser: 10 Hz, 60 mJ, laser optimized for low ASE at 356 nm, date: 22.11.2011.

ASE of DMQ also increases if the laser is set next to the limits of the tuning range,
as fig. 3.19 shows. Although, compared to real laser peak height, ASE effects are less
critical with this dye.
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Figure 3.19: Dye Laser Spectral Profile for DMQ

1.0 mJ max., XeCl laser: 10 Hz, 60 mJ, 700 V PM voltage, 10 nm/s monochromator
scan rate, monochromator slits widths: 0.06 mm front, 0.035 mm back, date: 5.12.2011,

files: LaserSpec0160.txt to LaserSpec0175.txt.

Like with Stilbene 3 in fig. 3.17, well performed peaks in this spectrum are suspected
to have a real broadening below the monochromator resolution.

ASE within the amplifier is low at high oscillator pulse energy output and vice-versa.
One can thus conclude that ASE yield depends on the laser intensity coming out of the
oscillator. At each position within the amplifier, the cross-section profile of the real laser
light is non-uniformly distributed. At areas of low intensity, ASE is higher. The spectral
quality of the laser may be high in the centre of the beam and decreases outwards. Thus
it is useful to screen off the outer parts of the profile using an iris aperture. Or it might
occur that the laser spot has some linear extension of high ASE fraction. Therefore a
linear aperture is helpful. That aperture should have sharp edges to avoid reflections.
A suitable exemplar was designed and constructed. It is shown in fig. 3.20.
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Figure 3.20: Self-developed Aperture

Engineering drawings are found within the appendix. Sharp edges are provided by
razor plates.

These efforts could improve the laser spectral quality a lot, as the bare Rb PI spec-
trum in subsection 4.1.2 shows.

3.5 ADC Card

For controlling and accessing some of the devices of the setup by means of a Meilhaus
ME-4660 ADC card, some LabView VIs had been useful. These are modifications of
templates from Meilhaus Electronic GmbH. In the appendix chapter 7, these VIs are
outlined and described. Fig. 3.21 shows a board of coax connectors for accessing in- and
output channels of the card.

Figure 3.21: Meilhaus ADC Card Connector Board
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[40] is giving further information.

3.6 Monochromator

To record precise spectra, it is essential for the laser to be monochromatic. To get in-
formation about the laser lights spectral distribution, the ARC SpectraPro-275 grating
monochromator was established.

The monochromator wavelength depends on the angle the beam hits the grating, the
order of reflection and the grating constant. The grating angle is changed by a stepper
motor. That motor is connected to a control unit. At the controller, the transmission
wavelength can be selected. Also a wavelength scan under a certain scan rate can be
specified.

The monochromator has entrance and exit slits. Both slit widths are adjustable by
micrometer screws. Low slit width means high resolution, but low intensity. At the exit
slit, there is a PM attached to the monochromator. Since the PM is very sensitive, the
laser must not shine directly onto the entrance slit. To make the laser light diffuse by
not distorting its spectral distribution, the entrance slit was covered by a small Teflon
plate.

The dye laser spectrum was measured using the monochromator. Monochromator scans
are thus a key for optimizing the spectral quality of the laser. In course of this master
thesis, the 1200 g/mm grating was used. For this grating and entrance and exit slit
widths of 10µm, the wavelength resolution is 0.1 nm at 436 nm. This was determined by
using data from pages 5 and 6 of [39]. That was considered to be the achieved resolution
for actual scans.

The monochromator control unit is connected to the CLII PC via RS232 and linked
to LabView. This makes it possible to use LabView for recording PM intensity versus
wavelength light spectra. Fig. 3.22 shows monochromator and equipment.
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Figure 3.22: Monochromator, wrapped PM, Control Unit and Power Supply

The PM tube type Hamamatsu R372 was connected to an ORTEC 456H high voltage
power supply. This bialkali-type PM tube has a spectral response from 185 to 730 nm,
maximum spectral response at 340 nm, 22 ns electron transit time, 1250 V maximum
supply voltage and a quantum efficiency of 23% at 320 nm. Further specifications are
found in [42]. For most of the measurements, the supply voltage was set to 700 V. The
PM was wrapped with aluminium foil to reduce disturbing light. Like with the SEM,
dark counts due to thermal influences and also cosmic radiation are playing a role. That
noise brought some constant background signal into every recorded spectrum. Just like
the SEM, the PM creates electric pulses of different height and time lag. The pulse rate
is proportional to the light intensity, as long as the PM is operated within its linear
regime. The pulses are transmitted to a picoamperemeter.

The Monochromator-PM-Setup was important for eliminating ASE of the dye laser,
as describe above in subsection 3.4.5.
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3.7 Picoamperemeter and Analog Processor

Figure 3.23: Picoamperemeter and SR235 Analog Processor

By averaging the pulse signal, one would get a DC signal of respectable voltage, but
very low current. The current would be proportional to the count rate and thus to the
light intensity. The Keithley 485 auto-ranging picoamperemeter is able to average and
measure the pulse current. Its value was proportional to the light intensity. It could thus
be used for adjusting the monochromator and recording laser intensity spectra. The left
side of fig. 3.23 is a front view of the picoamperemeter. On the right there is the SR235
analog processor.

Figure 3.24: PM Signal before and after Picoamperemeter

The picoamperemeter has also an analog output. That output signal reproduces the
original pulsed PM signal. Although the fall of the pulse is massively delayed from a few
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10 ns to a few 10 ms. The peak repetition rate is now equal to the laser pulse repetition
rate. The area underneath the peaks is proportional to the light intensity at the PM.
Fig. 3.24 is schematically showing that effect. The signal is then guided to the Stanford
Research Systems SR 235 analog processor. This device is shown at the right side of
fig. 3.23. The processor function was set to `proportional´ while the internal smoothing
capacitors time constant was 30 ms. Thus the analog processor converts the signal into
a DC voltage. Also this DC amplitude is proportional to the light intensity. The voltage
was measured using an analog input port of the Meilhaus ADC card linked to LabView.

3.8 Wavemeter

The wavelength of the pulsed laser was measured using the Coherent WaveMaster wave-
length meter. This device has a special head to couple light into a glass fibre. This head
was positioned in a way that the small amount of laser light reflected at the QMS cham-
ber window is coupled into the fibre. The left side of Fig. 3.25 is a front view of the pulse
wavemeter. The right side shows wavemeter entrance hat and glass fibre connection to
the device.

Figure 3.25: Pulse Wavemeter and Entrance Hat

The wavemeter has an accuracy of 0.005 nm and a wavelength range of 380 to 1095 nm.
At 400 nm, ±0.005 nm corresponds to ±0.3 cm−1. The limited accuracy becomes obvious
when comparing measured and tabulated Rb transition lines, as shown in subsection
4.1.3. As described above, dye laser wavelength scans had been synchronized to the
LabView signal recorder. In principle the wavemeter was not needed for recording PI
spectra. However it gives the wavelength more precisely than the dye laser control. It
was also very useful to determine the constant deviation between wavelength the laser
controller returns and the real laser wavelength.

Unfortunately the pulsed wavemeter did not work in the wavelength region of DMQ,
PTP and RDC360Neu laser dyes, as listed in table (Tab. 3.2) in subsection 3.4.2. Other
techniques had to be found to determine the wavelength during a laser scan. Since the
monochromator is fully programmable, it was obvious to use it for wavelength determi-
nation.

65



This was done during the first few measurements using UV emitting laser dyes. Af-
ter starting a laser scan, the LabView VI for recording PI signals was activated. Within
this VI, a routine was developed to set the monochromator a few nm above the starting
wavelength. Then it waits until the laser line has passed. It records the passing spectral
profile. After that the monochromator is set to the next intermediate wavelength. Once
again it waits and records the passing profile. This routine continues until the scan is
over. For each PI spectrum, the VI provides a series of wavelength marker peaks to
interpolate the wavelength.

This method was substituted during Cr measurements. It turned out that the dye
laser can be remote controlled using the CLII PC and a GPIB bus. The PC used for
recording PI spectra and the laser controlling PC had been synchronized by means of
CPU time.

3.9 Laser Beam Profilometer

Several companies offer laser profilometers. Such devices consist of a moveable CCD
chip behind some attenuators. The rate of photo-charge-carrier accumulation in each
pixel of the chip is proportional to the local light intensity. Thus read-out of the array
can give the intensity cross-section profile. The equipment of CLI and CLII does not
include such a device. In general, profilometers are very expensive. Yet the laser cross
section profile is a very interesting quantity. The aim was to find some low-cost alter-
native to commercial device. This was part of this master thesis and the main task of
the bachelor thesis [17] of Christian Goesweiner.

A Logitech C310 webcam was ordered. This cam has a 3.6 × 2.7 mm2 CCD array
having a resolution of 1280 × 1024 pixels. The size of a single pixel and thus the res-
olution is about 3µm. The CCD can be read out by the CLII PC via USB. The laser
needed to be attenuated before exposed onto the CCD. For this purpose, a series of
neutral density filters was ordered. These had been reflecting filters of optical densities
2 and 3; and also absorbing filters of density 0.3, 1, 2 and 3. The cam, the filters,
a laser pointer and a box to shade the setup from daylight had been used for test-
ing. The aim was to find a combination of filters to have a sufficiently high attenuation
to record non-saturated but low-noise images. Test profiles are found in subsection 3.9.2.

Based on these results, a low-cost beam profilometer could be developed. It consists
of the circuit board of the cam with the CCD, micrometer screw-driven linear slides for
moving the CCD, slots for inserting neutral density filters and a robust plastic housing.
From left above to right below, Fig. 3.26 shows the Logitech C310 webcam, OD3 absorb-
ing neutral density filters, the profilometer housing and the screw-driven slide fixation
of the CCD circuit board.
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Figure 3.26: Beam Profilometer Equipment

3.9.1 A Method of recording Intensity Profiles

Fortunately, MATLAB provides fairly useful programs for image acquisition from USB
camera devices. It was very simple to develop a MATLAB scripts to acquire and process
images. Scripts including comments are found in the appendix.

Fig. 3.27 shows three images of attenuated laser beams in real colours. The left im-
age corresponds to the profile fig. 4.5 in subsection 4.1.2 It shows a 425 nm and 1.0 mJ
pulse energy laser beam using Stilbene3 laser dye. The middle image shows the spot of
a 532 nm diode laser pointer having a laser power of 5 mW. For the right one, the laser
settings had been the same as for the left image, though the beam was focussed by a
lens.
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Figure 3.27: Real Color Images of attenuated Laser Beams recorded with the CCD

The left image in fig. 3.27 is without saturation. The middle one is slightly saturated,
the center of the image looks monochromatic. The right one shows strong saturation in
the center. Thus pixels belonging to the red and green colour channels are also activated
and the spot looks white. One can see circular interference patterns due to diffraction at
dust particles on the attenuators. Interference lines are considered to be due to Fabry-
Perot effects during transmission through the attenuator setup. Note that the horizontal
and vertical image sizes comply with 3.6 × 2.7 mm2, except for the left image. It was
rotated by 90 ◦.

3.9.2 Test Profiles

Since the webcam was designed for entertainment rather than scientific purpose, there
was a handicap to overcome. If the CCD is situated in some weakly illuminated room,
the webcam controller increases its sensitivity in order to record a fairly bright image.
For laser profiles, this behaviour is critical. In most cases a profile consists of dark areas
and one small very bright spot. Thus the controller tries to adapt the sensitivity to the
dark background rather than the bright spot. The area within the spot is overexposed.
Most of the corresponding pixels give the maximum read-out value. The intensity profile
is saturated. It looks like a plateau and is far away from proportionality. Fig. 3.28 shows
such a plateau. X and Y coordinates are pixel numbers, the Z coordinate is the CCD
read-out value in arbitrary units. It represents the light intensity.
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Figure 3.28: Surface Plot of a Beam Profile showing massive Saturation

Attempts to deactivate the sensitivity adaption failed. It turned out the only way to
overcome this problem is to attenuate the laser until the intensity is below the adaption
threshold. The resisting laser intensity is then comparable to residual room light, which
has to be screened. A guideline for avoiding saturation is to attenuate pulse energy down
to about 1µJ. Cw-power has to be scaled to approximately 0.1 mW.

At low laser intensity, noise is playing a role. The left image in fig. 3.29 shows a non-
saturated but noisy profile. The noise and also interferences can be eliminated by means
of 2D FFT. The profile is transformed into frequency space. High-frequency coefficients
are cut off. It is necessary to adapt the cut-off threshold to avoid distortion of the profile.
Subsequently, the profile is transformed back to real space. The noise is gone, the profile
looks smooth. The right image in fig. 3.29 shows a FFT-smoothed correspondence of
the noisy profile. Both noisy and smoothed profile are related to a Stilbene 3 dye laser
beam at 425 nm, a pulse energy of 1 mJ and an attenuator setup having a total optical
density of 6. Again, X and Y coordinates are pixel numbers, the Z coordinate is the
CCD read-out value assumed to be proportional to the light intensity.

Figure 3.29: Surface Plots of a noisy Profile and the same Profile after Smoothing

It is more insightful to show this data in a 2D pseudocolor plot and adapt the X
and Y pixel numbers to the size of the CCD chip. Fig. 3.30 shows pseudocolor plots
corresponding to fig. 3.29.
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Figure 3.30: Pseudocolor Plots of a noisy Profile and same Profile after Smoothing

We assume a linear relation between CCD read-out value and light intensity. Thus
the read-out values can be converted into pulse energy density ρE in terms of mJ

mm2 using
the following relation formula (3.1). By knowing laser wavelength and pulse duration,
one can also derive photon density ρhν in terms of 1

mm2 and photon flux ρhν, temp. in terms
of 1

smm2 using formulas (3.2) and (3.3).

Formulas are

ρE =
S

Sint

E

∆x∆y
=

S

Sint

E
nx ny

3.6× 2.7mm2
, (3.1)

ρhν =
ρEλ

h c 1000
, (3.2)

ρhν, temp. =
ρhν
T
, (3.3)

wherein S is the CCD read-out value, Sint the integrated read-out value, which means
the sum of all the pixel values of the CCD, E the pulse energy, ∆x and ∆y the size of
one single pixel, nx and ny the number of pixel on the CCD, h Plancks constant, ν the
laser frequency, λ the laser wavelength, c the speed of light, T the pulse duration.

The size of the whole CCD area is 3.6× 2.7 mm2.

For the laser profiles in the next chapter 4, profilometer and formulas had been ap-
plied. Data acquisition, smoothing, imaging, plotting and evaluation had entirely been
done in MATLAB. The photon density is needed to calculate excitation and PI yield
by means of excitation and PI cross-sections or to determine unknown cross-sections.
Thus laser profiles are valuable as an input for a calculation in order to support the
experimental results.
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4 Experimental Results

This chapter describes the realization of in-droplet PI. It starts with test measurements
and goes on towards significant spectroscopic recordings. These are the first Rb PI spec-
troscopy on the CLII apparatus and the very first in-droplet Cr PI spectroscopy ever
done.

Especially for Cr, it was far not obvious how to choose the experimental conditions
in order to achieve good results. Therefore a trial and error strategy was necessary. It
is outlined in the sections of this chapter.

4.1 Bare Rb Atom PI Spectra using Stilbene 3 Laser
Dye

Fig. 4.1 is showing parts of the bare Rb energy level diagram. A two-photon-one-colour
process via intermediate levels could be used for PI. While scanning the laser, ions are
much more efficiently produced if the energy of the laser photons fits exactly to some
transition from the ground state to an intermediate level. The intermediate level energy
needs to be higher than half the first ionization energy. Thus should be possible to ionize
the excited atom by absorption of another photon.
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Figure 4.1: Bare Rb Atom Energy Level and Transition Scheme

4.1.1 First PI Measurements

The simplest attempt to start with is investigating atomic Rb. The Rb source was heated
while the droplet beam stayed off. Thus an effusive atomic Rb beam was produced. Dye
laser cuvettes had been filled with Stilbene 3 solved in methanol. For actual conditions,
the tuning range of the dye was 415 to 432 nm or 23200 to 24100 cm−1. The maximum
pulse energy is reached at 424 nm or 23600 cm−1.

Within this wavelength region, there are well known transitions from ground state 52S1/2

to 62P1/2 levels at 23715 cm−1 and to 62P3/2 levels at 23792 cm−1. They are marked in
fig. 4.1. Since the first ionization energy is 33690 cm−1, it is indeed possible to ionize via
two-photon resonant absorption.

Thus sharp ion yield peaks at the two respective wavenumbers were expected. Fig. 4.2
shows the related spectrum. Indeed a signal appeared around these two levels. Yet the
signal was not sharp.

Using a scan rate of 0.02 nm/s, a peak at 23715 cm−1 was resolved. The second peak
at 23792 cm−1 could only be resolved by lowering the scan rate to 0.004 nm/s. The PI
counting time was 1 s, so the resolution is 0.02 or 0.004 nm. At actual wavenumbers,
this is equal to 1.1 or 0.2 cm−1. The laser cross-section profile was similar to the one dis-
played in subsection 4.1.2, although the total pulse energy is lower and thus the energy
density. For these spectra, there might be saturation effects. Subsection 3.4.4 describes
a strategy of how to avoid saturation. It was applied during subsequent recordings.
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Figure 4.2: Bare Rb Atom PI Spectrum before Laser Optimization

Laser dye: Stilbene 3, 0.3 mJ max., XeCl laser: 100 Hz, 30 mJ, QMS: 2.5 kV SEM
voltage, 85 u, SR400: 1 s counting time, Rb source: 90 ◦C, signal not laser energy

normalized, wavenumber measured with pulse wavemeter, cold head off, date:
20.10.2011, files: PI0004.txt, PI0006.txt.

Peaks had been flanked by broad structure. The laser was the first thing to suspect
being responsible for that. It looked like the light consisted of a narrow-banded real
laser line and ASE. Due to ASE, ions are produced even when the pure laser wavelength
did not match to some atomic transition. Broad laser spectrum means broad PI spectra.
Thus the aim was to minimize ASE. That procedure is outlined in subsection 3.4.5. At
first the idea was to equalize high total pulse energy, good adjustment and low ASE.

Serious efforts had been taken to make the laser pulse energy output as high as possible.
It increased from 0.3 to 1.0 mJ at maximum. After this procedure, another spectrum
was recorded. It is displayed and compared to the old one in fig. 4.3. Also in this case
the laser cross-section profile is similar to the one displayed in subsection 4.1.2. The
strategy for avoiding saturation described in subsection 3.4.4 was not applied yet.
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Figure 4.3: Bare Rb Atom PI Spectrum after Laser Pulse Energy Optimization

Laser dye: Stilbene 3, XeCl laser: 100 Hz, 30 mJ, QMS: 2.5 kV SEM voltage, 85 u,
SR400: 1 s counting time, Rb source: 90 ◦C, signal not laser energy normalized,
wavenumber measured with pulse wavemeter, cold head off, date: 20.10. and

11.11.2011, files: PI0004.txt, PI0029.txt.

The ratio between single peaks and broad structure became better. But the spectral
quality of the laser was still too bad for spectroscopy. Maximizing the laser pulse energy
did not increase the spectral quality. Thus it was decided to more precisely investigate
how to minimize ASE. That is described in subsection 3.4.5. Furthermore it was tried
to optimize the QMS ion yield, as outlined in subsection 3.1.6.

4.1.2 Optimized Bare Rb Atom Spectrum

These efforts indeed improved the performance a lot. As fig. 4.4 shows, the transition
peaks from 52S1/2 to 62P1/2 and to 62P3/2 could clearly be resolved. The related raw
and FFT smoothed dye laser cross-section profile using Stilbene 3 laser dye is plotted in
fig. 3.17.
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Figure 4.4: Bare Rb Atom PI Spectrum after Low ASE Optimization

Laser dye: Stilbene 3, 1.0 mJ max., XeCl laser: 100 Hz, 30 mJ, QMS: 2.5 kV SEM
voltage, 85 u, SR400: 0.5 s counting time, Rb source: 100 ◦C, signal not laser energy
normalized, wavenumber measured with pulse wavemeter, ion yield optimized ion

extraction region voltages, cold head off, date: 16.11.2011, files: PI0047.txt, PI0051.txt.

Figure 4.5: Raw and FFT smoothed Laser Profile

1.0 mJ pulse energy, 425 nm, date: 16.11.2011, files: Profile STB3 20111111.mat.

For this profile, the maximum pulse energy density was about 0.26 mJ
mm2 . To determine

the maximum photon density, relations (3.1) - (3.3) from subsection 3.9.2, a laser wave-
length of 425 nm and a pulse duration of 30 ns was used. The result was 5.6×1014 Photons

mm2
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total per pulse and 1.9× 1021 Photons
smm2 during the pulse. The maximum short-time power

density was 8.7× 103 W
mm2 and the total short time power was 3.3× 104 W.

4.1.3 Fitting the Spectra

Dealing with bare Rb transitions, there was yet another interesting thing to consider.
The spectra in fig. 4.4 can be fitted. They consist of a sharp peak and a minimized but
still present background. The sharp peaks are interesting features. The background is
due to slight misalignments and can be eliminated by fitting it to a Gaussian, as shown
on the left side in fig. 4.6. Only the sharp peak represents the Rb transition.

Figure 4.6: Gauss Fit and Residuals of Bare Rb PI Spectrum

Settings like in fig. 4.4, date: 16.11.2011, files: PI0051.txt.

Now the sharp peaks could be fit to a Gaussian and a Lorentzian function. The
Formula for a Lorentzian is

y = y0 +
2A

π

w

4(x− xc)2 + w2
(4.1)

and for a Gaussian

y = y0 +
A

w
√

π
2

e−2(
x−xc

w )
2

, (4.2)

wherein y is the function value, y0 the offset, A the area under the curve, xc the center
of the peak, w the doubled standard derivation of the Gaussian and the full width of half
maximum of the Lorentzian. Fits are shown in fig. 4.7. The Gaussian was considered to
better fit to the data than the Lorentzian.

76



Figure 4.7: Gauss and Lorentz Fits of Residual Rb PI Spectrum

Settings like in fig. 4.4, date: 16.11.2011, files: PI0047.txt.

(Tab. 4.1) is listing the resulting fit parameters for Gaussian fits of the peaks at both
wavelengths (G1,G2) and a Lorentzian fit of the peak at 23715 cm−1 (L1). The quality
is given by the adjusted R-square values.

Table 4.1: Fit Parameters

Variable G1 ∆G1 G2 ∆G2 L1 ∆L1 Unit

y0 0.0 0.2 -0.1 0.2 -0.6 0.3 cps
A 295 3 371 5 384 5 cps
w 0.585 0.006 0.83 0.01 0.56 0.01 cm−1

FWHM 0.689 0.007 0.98 0.01 0.66 0.01 cm−1

xc 23715.375 0.003 23792.91 0.01 23715.353 0.004 cm−1

R-square 0.96415 - 0.966 - 0.94223 - 1

Note that the FWHM of a Gaussian is derived from the doubled standard derivation
using the relation

FWHM =
√

2 ln 2w.

What is the reason for the broadness of these peaks?

For the transitions from the 52S1/2 ground state of Rb to 62P1/2 and 62P3/2, [43] is
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listing Einstein coefficients Aik of 1.50 × 106 1/s and 1.77 × 106 1/s. Lifetimes of these
excitations are the inverse of the Einstein coefficients. These are 0.67 and 0.56µs.

Via the energy-time uncertainty principle, lifetimes are related to the transitions natu-
ral line widths. For discrete levels, the corresponding profile is Lorentzian. Its FWHM
is identified with the Einstein coefficient by relation 5 on page 159 of [34]. From the
Einstein coefficients, one can derive the FWHM in terms of cm−1 using the relation

∆ν =
0.01

c
Aik,

with c being the speed of light. Results are 5.0 × 10−5 cm−1 and 5.9 × 10−5 cm−1, or
1.50 and 1.77 kHz

Lifetime is related to natural line width. The relation above also holds for two step
resonant PI. Peak profiles are probability distributions. At every wavelength, the prob-
ability of a two step process is the product of the two steps single probabilities. For the
ionization step, the probability is nearly equally distributed in wavelength. Thus the PI
profile is proportional to the excitation profile, natural line width are the same.

Results for the natural line widths ranged at 10−5 cm−1, which is very small compared
to the w-values in (Tab. 4.1). Thus it is obvious that the broadening origins from other
effects than energy-time-uncertainty. Two other reasons have to be considered.

1. The laser spectral profile could have been broadened. During PI, this broadening
was transferred to the spectrum. In subsection 3.4.5, the laser broadening was
suspected to be lower than the resolution of the monochromator.

2. The laser crosses the effusive Rb beam perpendicular. Thus a first order Doppler
broadening was out of question. The second order Doppler Effect is due to special
relativity. Since Rb is a fairly massive atom, the average thermal velocity at
100 ◦C is diminishingly small compared to the speed of light. Thus the second
order Doppler effect could also be neglected.

The conclusion is now that the broadening of the 52S1/2 to 62P1/2 and 62P3/2 Rb lines
is due to the laser spectral profile. The half values of the w parameters in (Tab. 4.1) are
carefully rounded to 0.4 cm−1. This value represents now the spectral broadening of the
laser light.

Since the transition lines are narrow now, the procedure was considered to be good
enough to stop effusive Rb test measurements and start investigating Rb-doped nan-
odroplets.

As listed in (Tab. 4.1), the gaussian fit results for the line centers are 23715.375 and
23792.91 cm−1. [43] is giving 23715.081 and 23792.591 cm−1. The derivations seem to
be due to the limited accuracy of the wavemeter. It is ±0.3 cm−1 at 400 nm, as shown
in section 3.8.
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4.1.4 Conclusion

In accordance with the level scheme fig. 4.1, two bare Rb transitions had been observed.
ASE had been reduced. The QMS Rb ion yield was increased by optimizing the volt-
ages of the ion extraction region. A procedure to avoid saturation of the transitions was
figured out. Improving the procedure made it possible to precisely resolve the transition
lines. The agreement of the centers of these lines and tabulated Rb lines is limited by
the accuracy of the wavemeter. The standard derivation of the gaussian spectral profile
of the laser light is 0.4 cm−1. The procedure was considered to be good enough to go on
to two-photon-one-colour PI of Rb in droplets.

4.2 Rb-doped Droplet Spectra using Stilbene 3 Laser
Dye

For Rb-doped droplets, two-photon-one-colour PI should be feasible at the same energies
bare Rb transitions exist. Thus the Stilbene 3 laser dye can again be used. The spectrum
was expected to include the same peaks shown in fig. 4.4, because effusive bare Rb was
still present. However, the spectrum should also include broadened in-droplet excitation
and PI transition curves. The RbHe+ PI spectrum should be similar, although without
bare Rb peaks.

Concerning Rb-doped droplets, there exists some knowledge about how to set parameters
to come to good experimental results. It was based on former investigations of Rb-doped
nanodroplets and PI experiments on the CLI apparatus, as they are described in [14].
It was also interesting to record a dimer PI spectrum and mass spectra.

4.2.1 First Measurements

Due to already gathered know-how about Rb-doped droplets, it was relatively easy to
lead over from bare Rb atom to Cr-doped droplet PI. It was clear how to set the He
nozzle temperature, the He pressure and the temperature of the Rb source. Fig. 4.8
shows the first Rb droplet PI signal.
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Figure 4.8: First Rb doped Droplet PI Spectrum

Laser dye: Stilbene 3, 1.5 mJ max., XeCl laser: 10 Hz, 60 mJ, QMS: 2.5 kV SEM
voltage, 85 u, SR400: 0.5 s counting time, Rb source: 85 ◦C, signal not laser energy
normalized, wavenumber measured with pulse wavemeter, ion yield optimized ion

extraction region voltages, cold head on: 17 K, 50 bar, date: 18.11.2011, files:
PI0071.txt, PI0072.txt.

Beside the He droplet beam, there was still an effusive beam transporting bare Rb
atoms to the QMS. Both beams can contribute to the 85 u PI signal. That is the reason
for the two sharp lines at 23715 cm−1 and 23792 cm−1 to remain in this spectrum. The
rest of the signal comes from two step excitation and PI of in-droplet Rb.

Rb PI findings from ClusterLabI helped in explaining this data. The bump in fig. 4.8
seems to consist of the blueshifted and broadened in-droplet correspondence of the two
effusive lines from 52S1/2 to 62P1/2 and to 62P3/2.

In the droplet, excited Rb atoms may catch surrounding He atoms to form nonsta-
bile RbHen molecules. Such molecules can entirely be ionized. They are detected by the
QMS at 85 u and multiples of 4 u. Indeed a RbHe+ signal was observed during this test
measurement. It is also plotted in fig. 4.8.

The RbHe+ spectrum looks quiet similar to the bare Rb spectrum. That is not astonish-
ing! Current settings assured that the signal mainly represents the in-droplet excitation
spectrum. RbHe+n are formed after excitation. Excitation acts the same way for both
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species. The advantages of mass-selective PI are shown here. Each spectrum of a differ-
ent species is a separate source of data. Combining them can give a lot more information.

Also a dimer PI spectrum can include valuable information. Fig. 4.9 shows such spectra.
172 u is the mass of a dimer consisting of a 85Rb and a 87Rb atom, while a pure 87Rb
dimer weights 174 u. The dimer ion yield is bad and thus the signal-to-noise ratio is low.
No spectral structure could be resolved, but at least it is useful to know that dimers can
be produced.

Figure 4.9: First Rb doped Droplet PI Spectrum - Dimers

Laser dye: Stilbene 3, 1.5 mJ max., XeCl laser: 10 Hz / 100 Hz, 60 mJ, QMS: 2.5 kV
SEM voltage, 85 u, SR400: 0.5 s counting time, Rb source: 85 ◦C, signal not laser

energy normalized, wavenumber measured with pulse wavemeter, ion yield optimized
ion extraction region voltages, cold head on: 17 K, 50 bar, date: 18.11.2011, files:

PI0073.txt, PI0074.txt.

The blue bar is marking the wavenumber at which the dimer mass spectrum in fig. 4.12
was recorded.

4.2.2 Laser Energy Normalization

The laser pulse energy was not constant over the scan range, as fig. 4.8 shows. At respec-
tive wavenumbers, a very intensive transition might look quiet inconspicuous because of
low laser energy. To obtain a better feeling about what are the most intensive parts of
the signal, a laser energy normalisation was done for most of the spectra.
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Fig. 4.10 shows the normalized version of the signal plotted in fig. 4.8. At every wavenum-
ber, the original signal was divided by the actual laser energy measured by means of
the thermal detector head. That normalization is correct as long as one can assume
linear dependence between laser intensity and ion yield. Yet for complex multi-step
absorption processes, the probability of each step is proportional to the photon density.
Consequentially, a two step PI yield scales with the squared laser intensity.

Anyway it is useful to stick to linear normalization.

Figure 4.10: First Rb doped Droplet PI Spectrum - Laser Energy Normalisation

Laser dye: Stilbene 3, 1.5 mJ max., XeCl laser: 10 Hz, 60 mJ, QMS: 2.5 kV SEM
voltage, 85 u, SR400: 0.5 s counting time, Rb source: 85 ◦C, signal laser energy

normalized, wavenumber measured with pulse wavemeter, ion yield optimized ion
extraction region voltages, cold head on: 17 K, 50 bar, date: 18.11.2011, files:

PI0071.txt, PI0072.txt.

At maximum signal yield, it is interesting to perform mass scans. Again the blue bar
in fig. 4.10 is marking the wavenumber, at which a mass spectrum was recorded. This
spectrum is displayed in fig. 4.11 in the next subsection.

Fig. 4.8 and fig. 4.10 show only a small extract of a complete PI spectrum. That is
no complete Rb investigation. Therefore, the laser dye needs to be changed in order to
continue to neighbouring wavelength regions. But the purpose of these recordings was to
find proper settings for subsequent Cr experiments. Fortunately, these two spectra are
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showing similarities to an in-droplet Rb LIF spectrum recorded on the CLI apparatus.
This LIF spectrum is found in [10]. Thus it was considered the settings are good enough
to resolve interesting structures. So except mass scans, no more Rb investigations had
been made. The following subsection continues with the mass spectra.

As mentioned in subsection 4.2.1, the broad structure within the spectrum shown in
fig. 4.10 seems to consist of the in-droplet correspondence of the two effusive lines at
23715 cm−1 and 23792 cm−1. Within the droplet, these transition lines get blueshifted
and broadened. Since the team from CLI already investigated such spectra, no more
efforts had been made to explain the data in fig. 4.10 and also the mass spectra shown
in fig. 4.11 and fig. 4.12.

4.2.3 Mass Spectrum

Compared to effusive beam investigations, the variety of fragments produced by in-
droplet PI is much higher. There may be different isotopes of a certain metal. Each
isotope can form an RbHe+n with one or more He atoms. Clusters of several metal atoms
with arbitrary isotopic mixture can be formed. These clusters can even form nonstabile
molecules using He atoms. All these species can entirely be ionized and detected by the
QMS. Some of them decay into fragments and increase ion counts of lower mass.

For Rb doped droplets, dimer formation can be detected by PI, as fig. 4.11 and 4.12
show. RbHe+n formation can be induced by absorption of a photon and detected by
subsequent PI.
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Figure 4.11: First Rb doped Droplet Mass Spectrum

Laser dye: Stilbene 3, 1.5 mJ max., 417.4 nm, XeCl laser: 10 Hz, 60 mJ, QMS: 2.5 kV
SEM voltage, ∆ = 0.2 u, SR400: 200 ms counting time, Rb source: 90 ◦C, ion yield

optimized ion extraction region voltages, cold head on: 17 K, 50 bar. date: 18.11.2011,
files: QMS1343.txt.

The spectrum fig. 4.11 reflects the natural isotopic composition of Rb, namely 72 %
85Rb and 28 % 87Rb. The ion extraction region voltages had been set to the values opti-
mized for the pickup of Rb listed in (Tab. 3.1). The`resolution´ parameter described in
subsection 3.1.6 was also increased, the peak shapes are asymmetric. The ratio between
monomer abundance and the abundances of the different RbHe+n may be different at
other exciting laser wavelengths.
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Figure 4.12: First Rb doped Droplet Mass Spectrum - Dimers

Laser dye: Stilbene 3, 1.5 mJ max., 417.4 nm, XeCl laser: 10 Hz, 60 mJ, QMS: 2.5 kV
SEM voltage, ∆ = 0.2 u, SR400: 200 ms counting time, Rb source: 90 ◦C, ion yield

optimized ion extraction region voltages, cold head on: 17 K, 50 bar. date: 18.11.2011,
files: QMS1346.txt, PI0072.txt.

Also the dimer spectrum fig. 4.12 reproduces expectations very well. Peak height ra-
tios fit to the binomial relations 0.722 = 0.52, 2 × 0.72 × 0.38 = 0.40 and 0.382 = 0.08.
This means a dimer composition of 52 % 85Rb2, 40 % 85Rb 87Rb and 8 % 87Rb2.
Mass spectra are valuable for gaining information about which species are formed. Sub-
sequently, after identification, the QMS can be set to respective masses for recording PI
spectra of complex species. Thus one can learn a lot about structure and interaction.

4.2.4 Conclusion

Indeed a combination of sharp peaks and broadened in-droplet signal was observed.
As expected, the RbHe+ spectrum looked similar. Both signals are plotted in fig. 4.8.
Fig. 4.9 shows a dimer PI spectrum having a low signal-to-noise ratio.

The Rb+ and RbHe+ PI spectrum had been laser energy normalized. The results are
plotted in fig. 4.10. Mass scans fig. 4.11 and fig. 4.12 highlight the production of RbHe+n
up to an order n = 2 and dimer production in the expected isotopic ratio.

Now the final conclusion for Rb spectroscopy was that it works and delivers the ex-
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pected results. There is still some potential for optimization, but it is not needed since
the main goals are investigations of Cr. The following section continues with that.

4.3 Cr-doped Droplet Spectra using DMQ Laser Dye

As PI of Rb on droplets was successful, prerequisites for Cr doped droplet PI had mostly
been done. The lowest ionization energy of Rb is 33690 cm−1. For Cr, it is much higher
and ranges at 54570 cm−1. Two-photon-one-colour PI is only possible, if the photon
energy of the laser is larger than half this value. We had to change from Stilbene 3 to
some ultraviolet laser dye. DMQ solved in 1,4-Dioxane was found to be appropriate. For
actual conditions, the tuning range of the dye was 350 to 370 nm or 27000 to 28600 cm−1.
The maximum pulse energy is reached at 364 nm or 27500 cm−1. Unlike Stilbene 3, it
has a high photochemical stability. There is no need to change the dye solution after
one single measurement day.

The optimized PI procedure found during the last section was now used to record proper
Cr PI spectra. During recordings in the following sections 4.3 and 4.4, the ion extraction
region voltages optimized for Cr detection had been used. These voltages are outlined
in (Tab. 3.1).

Fig. 4.13 shows a part of the energy level diagram of Cr. [12] is suggesting several
PI schemes. Just like with Rb, two-photon-one-colour processes are possible, for exam-
ple through the y7P atomic levels. For DMQ, the laser energies overlap with the energy
necessary to excite from the ground state to these levels.
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Figure 4.13: Bare Cr Atom Energy Level and Transition Scheme

Since it was the very first attempt of in-droplet PI of Cr, no publications existed yet.
Fortunately papers [7] and [9] deal with related topics. [7] is about PI spectroscopy
of Ag atoms in He nanodroplets, while [9] investigated Cr and Mo in solid noble gas
matrices. Especially the absorption spectrum fig. 3 in [9] was a helpful guideline.

However, it was hard to make any predictions. For interpretation, a detailed table
of Cr atomic levels was found to be useful, namely [13].

4.3.1 First Attempts

Pickup optimization described in subsection 3.1.3 was followed by the very first tests
of PI of Cr atoms in superfluid He droplets. Indeed a signal appeared. A quick scan
showed a continuous broad structure. Two noticeable sharp peaks could be resolved at
28199 cm−1 and 28422 cm−1. This scan is plotted in fig. 4.14.
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Figure 4.14: First Cr doped Droplet PI Spectrum and Laser Pulse Energy

Laser dye: DMQ, 1.5 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 145 W heating power, SR400: 1 s counting time, signal not laser energy

normalized, wavenumber measured with monochromator, ion yield optimized ion
extraction region voltages, cold head on: 15 K, 50 bar, date: 30.11.2011, files:

PI0106.txt.

Unlike with the Rb in-droplet PI spectrum fig. 4.8, the appearance of sharp peaks is
remarkable in this case. The following subsections 4.3.3 to 4.3.6 include interpretation.
Subsection 4.3.5 includes interpretation of the broad structure.

The following plot fig. 4.15 gives a more detailed view of the sharp peaks in the spectrum.
The related raw and FFT smoothed dye laser cross-section profile using DMQ laser dye
is plotted in fig. 4.16.
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Figure 4.15: Cr-doped Droplet PI Spectrum - Detailed View of the Peaks

Laser dye: DMQ, 1.5 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 145 W heating power, SR400: 1 s counting time, signal not laser energy

normalized, wavenumber measured with monochromator, ion yield optimized ion
extraction region voltages, cold head on: 15 K, 50 bar, date: 30.11.2011, files:

PI0106.txt.

Figure 4.16: Raw and FFT smoothed Laser Profile

1.5 mJ pulse energy, 364 nm, date: 30.11.2011, files: Profile DMQ 20111130.mat.
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For this profile, the maximum pulse energy density was about 0.7 mJ
mm2 . To determine

the maximum photon density, relations (3.1) - (3.3) from subsection 3.9.2, a laser wave-
length of 364 nm and a pulse duration of 30 ns was used. The result was 1.3×1015 Photons

mm2

total per pulse and 4.3× 1022 Photons
smm2 during the pulse. The maximum short-time power

density was 2.3× 104 W
mm2 and the total short time power was 5.0× 104 W.

4.3.2 Laser Energy Normalization

Laser energy normalisation also seemed to be useful in this case. The normalized spec-
trum is displayed in fig. 4.17. It shows that the peak at 28422 cm−1 is much more
prominent than the other one. The signal is relatively high at high energies. The struc-
ture may continue up to higher energies outside the wavenumber range of this spectrum.
Thus in section 4.4 it was tried to expand the spectrum. This was done by changing to
the laser dye having the next higher energy tuning range.

Figure 4.17: First Laser Energy normalized Cr doped Droplet PI Spectrum

Laser dye: DMQ, 1.5 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 145 W heating power, SR400: 1 s counting time, signal laser energy normalized,

wavenumber measured with monochromator, ion yield optimized ion extraction region
voltages, cold head on: 15 K, 50 bar, date: 30.11.2011, files: PI0106.txt.

Like with Rb in fig. 4.8, this spectrum is also a combination of sharp peaks and broad-
ened structure. But with Cr, there was no effusive beam. Thus the appearance of
sharp transition lines is remarkable and will be discussed in the following subsections
4.3.3 to 4.3.4. The mean droplet size was 10000 atoms. The coloured rows below the
spectrum indicate energy thresholds. At every threshold, the photon energy becomes
high enough for PI from certain levels. Related descriptions are found in subsection
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4.3.5. Purple coloured arrows mark the laser wavelengths, at which the two mass scans
shown in fig. 4.23 had been recorded. The orange bars correspond to mass scans shown
in fig. 4.24. Also the positions of certain bare Cr transitions are marked and signed in
this plot.

4.3.3 Bare Cr - Excitation and Ejection

Based on transition rules (2.28) outlined in section 2.5, papers [9], [12] and tables like [13],
a level scheme for two-photon-one-colour PI of Cr was created. It is shown in fig. 4.18.
In order to interpret experimental data and link it to such a scheme, knowledge about
the basic concepts of many electron atoms is necessary. An outline about this topic is
found in section 2.3.

Figure 4.18: Cr - Excitation and Ionization Scheme

As discussed in subsection 4.3.1, the sharp peaks in fig. 4.14 are remarkable. They
fit exactly to atomic transitions z5P3 → g5D3 at 28199 cm−1, and z5P3 → g5D4 at
28422 cm−1.

This proves the presence of bare and excited Cr atoms in the z5P levels.

Since there is no beam of effusive Cr, it can be concluded that a fraction of Cr atoms
leaves the droplet. z5P levels are located around 27000 cm−1 above the a7S3 ground
state. This shows that ejection out of the droplet happens after excitation. The atoms
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change from in-droplet ground state to some in-droplet excited level and subsequently
to atomic z5P. Also other transitions and even relaxation to the ground state during
ejection are imaginable. Further information is found in subsection 4.3.6.

In the paper [7], the in-droplet D1 transition of Ag is also followed by ejection from
the droplet. It goes into bare Ag 2P1/2,

2P3/2 and 2D5/2 states.

Ejecting the Cr atom from in-droplet y7P to bare atom z5P violates change of par-
ity. Change of parity is dictated by the electric dipole transition rules (2.28) outlined in
section 2.5. Such a violation is enabled by an interaction with the helium, for example
collisions, as described in section 2.7.

It is easy to detect ejection of Cr atoms. Ejection may be followed by two different
PI processes. Direct PI, possible at continuous energies, and much more efficient au-
toionization, only at discrete energies1. Both processes are described in the following
subsections 4.3.4 and 4.3.5.

4.3.4 Autoionization

From atomic z5P one can excite to discrete levels above the first ionization energy at
54570 cm−1, for example g5D. The wavenumbers can tell from which sublevels of z5P
the atoms origin, and into which sublevels of g5D they are excited. From these levels,
autoionization is possible. A description of the theoretical concepts of autoionization is
found in subsection 2.6.2 and [4].

Fig. 4.19 shows the electron configuration of the states related to the orbital model
autoionization scheme. For g5D, the 5s orbital is populated by one electron. It is most
likely that following autoionization, the emitted electron originates from this orbital.

1There is yet another imaginable process. In-droplet Cr might by ionized after excitation without
ejection. This process is marked by dashed lines in fig. 4.18. Using the QMS, it is not possible to
detect CrHe+n if n is greater than 40. Thus an upcoming task will be to install the Cr source at CLI
apparatus to make use of a time-of-flight mass spectrometer to handle larger masses.
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Figure 4.19: Prominent Excitation and Autoionization Scheme of Cr

What can be learned from the laser energy normalized autoionization peaks in fig. 4.17?

At the wavenumber of a peak, the compound process consisting of in-droplet excita-
tion, ejection, atomic excitation to some autoionizing level and subsequent decay into
the ionized state occurs. Since the peaks arise conspicuously from the background sig-
nal, it shows that autoionization is much more efficient than direct ionization. As long
as saturation is avoided, the peak heights are depending on a combination of all the
intermediate process probabilities. The peaks can be fitted to Fano profile functions to
most accurately determine their height and thus the excitation yield. The excitation is
a dipole transition. It is governed by Fermis Golden Rule, as already outlined in section
2.5.

Instead of using the Fermi Rule to calculate transition rates, it is easier to look for
tabulated rates. Such can be found in [12]. Yet there are two more things to consider.
The laser intensity is affecting the rates. Beside the laser energy, it is important to
keep in mind the mJ-degeneracy of all the J-sublevels of z5P and the autoionizing levels.
Thus the transition rates have to be multiplied by factors respecting the diversity. The
following table (Tab. 4.2) shows the transition diversity from z5P to autoionizing states
due to that mJ degeneracy.

Table 4.2: Number of allowed mJ Transitions between J Sublevels

g5D e3D

J 0 1 2 3 4 1 2 3

3 35 49 63 35 49
z5P 2 15 25 35 15 25 35

1 3 9 15 9 15
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When comparing calculated transition rates and fitted peak heights, there might be
some discrepancy due to non-equal population of the z5P sublevels. Figuring out the
population may give information about transitions to the lowest energy J-sublevel and
also about the ejection process. By combining significant data and theoretical calcula-
tions, it might be possible to gain a better understanding about what really happens
within the droplets. Unfortunately these calculations are complicated.

The PI spectrum fig. 4.18 includes only two peaks. Yet there are other possible transi-
tions from z5P to autoionizing levels at respective wavenumbers. Thus no conclusions
about the z5P sublevel population could be made. This topics latest results including
advanced Cr PI spectra resolving some more lines can be found in section 4.5 and [5].

4.3.5 Continuous Structure

The autoionization mechanism describes the sharp peaks in fig. 4.14. What is now the
reason for in-droplet PI spectra to show a continuous signal structure?

At first the in-droplet states are broadened. The mechanism of broadening is described
in section 2.7. Secondly, direct PI is possible at continuous wavenumbers above the
respective threshold. The total process consisting of in-droplet excitation, ejection and
PI of the bare atom requires two photons. Thus the probability of the process is the
product of the probabilities of the three steps.

The continuous structure of the spectrum shown in fig. 4.14 arises from in-droplet exci-
tation, subsequent ejection followed by direct PI, as outlined in the scheme of fig. 4.20.
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Figure 4.20: Cr - Excitation and Ionization Scheme

At a certain laser wavelength, two requirements have to be fulfilled to enable this
process. First of all the laser energy needs to be higher than the difference of level
energy and first ionization energy. The coloured rows at the bottom of fig. 4.17 mark
the respective thresholds for different intermediate levels. The second thing is that a
signal can only appear, if there is some in-droplet state the laser can excite to from the
in-droplet ground state.

If the first requirement is fulfilled, the PI signal mainly depends on the in-droplet exci-
tation yield. Thus the significant bump in fig. 4.18 at high laser energy is suspected to
represent broadened in-droplet levels such as y7P. The broadening ranges over 800 cm−1.
In paper [1], an excitation spectrum of Ag atoms at comparable wavelengths is found.
Therein broadened peaks could be assigned to bare Ag states. Their in-droplet broad-
ening is also in the range of 500 to 1000 cm−1.
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Figure 4.21: First Laser Energy normalized Cr doped Droplet PI Spectrum

Laser dye: DMQ, 1.5 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 145 W heating power, SR400: 1 s counting time, signal laser energy normalized,

wavenumber measured with monochromator, ion yield optimized ion extraction region
voltages, cold head on: 15 K, 50 bar, date: 30.11.2011, files: PI0106.txt.

In subsection 2.6.1, the Born approximation was introduced to describe direct PI.
For the PI spectrum, this model predicts an absorption edge structure. Edges should
be located at wavenumbers just high enough to reach the ionization potential from the
z5P sublevels. That threshold is marked by a red bar in fig. 4.21. The blue curve is a
showcase of the y7P in-droplet profile.

Yet this spectrum does not show any absorption edges. The reason might be that
at the threshold, the y7P excitation yield is low. However, the ion yield is relatively high
at the threshold and below. That could be due to the high laser pulse energy in this
region, as shown in fig. 4.14. A high pulse energy can enable more complicated processes,
for example two-photon direct PI from an excited level. Thereby the doubled photon
energy is much higher than the difference of ionization threshold and z5P sublevel ener-
gies. Thus it is far away from absorption edges.

This speculation is supported by the finding, that the latest results outlined in sec-
tion 4.5 had been achieved under a 20 times lower laser pulse energy. In spectrum
fig. 4.28, the ion yield is nearly zero at wavelengths on the left hand side of the threshold
marked in fig. 4.21.

All in all it is hard to describe this broad signal structure. It could be an overlay
of several broadened peaks. Theoretical calculations could help in understanding this
broad structure.

4.3.6 Population of Atomic States

The sharp peaks and the continuous structure in fig. 4.17 had been described in the last
two subsections. Yet the fact that Cr atoms are ejected gives rise to another question. Is
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there some population of other atomic states, as in [9]? From the excited droplet state,
there might be ejection to some other state or even transition from z5P. Also relaxation
to the ground state seems possible. The simplest processes are the most likely. Fig. 4.22
is outlining possible transitions.

Figure 4.22: Cr - Transition Scheme

Auto- and direct ionization produce ions. Thus the QMS can be used to observe these
two effects. Yet for atomic transitions, there needs to be some other detection method.
LIF could be a key to that. After laser pulse induced ejection and transition, relaxation
to the ground state causes emission of fluorescence light. As described in section 3.1,
the CLII apparatus is equipped with facilities to detect fluorescence light. Fluorescence
light is emitted for only a few 10 ns after the pulse. Thus it is recommended to use
the SR400 gated counting mode for respective PM pulses. The gated counting mode is
described in section 3.2.

4.3.7 Mass Scans

Beside PI recordings, it was insightful to make use of the QMS mass scan function. The
laser was subsequently set to four different wavelengths to detect ions. The positions of
these wavelengths are marked by arrows in the spectrum fig. 4.17. Results are shown in
fig. 4.23 and fig. 4.24. These plots are showing the interesting sections of complete mass
scans.
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Figure 4.23: First Cr and Rb doped Droplet Mass Spectrum

Laser dye: DMQ, 1.3 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
145 W heating power, ∆ = 0.2 u, SR400: 200 ms counting time, ion yield optimized ion

extraction region voltages, cold head on: 15 K, 50 bar. date: 23.11.2011, files:
QMS1352.txt to QMS1366.txt.

In fig. 4.23, the four Cr isotopes are present in the expected isotopic ratio outlined
in section 2.2. These two mass scans had been recorded at two different laser wave-
lengths. The wavelengths are located offside the peaks of the continuous structure in
fig. 4.17. Formation of CrHe+n and dimerisation is observed. For CrHe+n , the isotopic
ratio holds up to n = 2. CrHe+n of higher n are sporadic, amounts are too for classifi-
cation. Relatively high amounts of CrHe+7 are detected. It looks like seven He atoms
is some magic number, so that CrHe+n is very stabile at n = 7. The Rb source was
still installed, Rb is also present. Although the Rb source had been cooled to minimize
Rb pickup. Cooling was done via thermal connection to a vessel filled with liquid ni-
trogen. Also pure and mixed isotopic dimers and even Cr2He+n are observed sporadically.

CrnHe+m can be formed in two ways. The first possibility is that an in-droplet Cr atom
or cluster gets excited. In the excited state, it can combine with He atoms to form an
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excited molecule, a so-called exciplex, that may not be stable in the groundstate. The
exciplex might be ejected or stays within the droplet. Via PI, only ejected exciplexes
can be detected by the QMS. The reason is outlined in the footnote in subsection 4.3.3.

Otherwise the CrnHe+m can be formed after ionization of ejected Crn. The Cr+n might
catch surrounding He atoms. It is not possible to distinguish between these species and
exciplexes.

Figure 4.24: First Cr doped Droplet Mass Spectrum at Peak Wavelength

Laser dye: DMQ, 1.0 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
145 W heating power, ∆ = 0.2 u, SR400: 200 ms counting time, ion yield optimized ion

extraction region voltages, cold head on: 19 K, 50 bar. date: 30.11.2011, files:
QMS1394.txt, QMS1396.txt.

The two scans in fig. 4.24 had been recorded at the wavelengths of the two peaks in
fig. 4.17. Formation of CrnHem seems to be suppressed. The autoionizing mechanism
is dominant at the peak wavelengths. It might be that Cr atoms or clusters do not
combine with He atoms in the autoionization state.
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4.3.8 Conclusion

The pickup conditions had been optimized to favour droplets doped with one single Cr
atom each. A PI spectrum was recorded showing two remarkable sharp peaks plotted
in fig. 4.14, while fig. 4.15 is giving a more detailed view of the peaks. Using the Cr level
diagram [13] and accounting for the dipole transition rules, these lines could clearly be
interpreted as transitions from z5P bare atomic sublevels to g5D autoionizing sublevels.
g5D levels are situated above the first ionization threshold.

It can thus be concluded that Cr atoms are ejected from the droplets after excitation.
Subsequently, they are directly ionized; or excited to the autoionizing levels from which
they decay into ions. The related scheme is shown in fig. 4.19. Beside z5P, other bare
atomic states may be populated. The PI spectrum was also laser energy normalized, as
shown in fig. 4.17. The normalized heights of the sharp peaks are related to the transi-
tion rates between z5P and the autoionizing levels. Thus the heights are also related to
the population of z5P sublevels times the degeneracy. (Tab. 4.2) is giving the number of
allowed transitions with respect to mJ degeneracy.

Since in-droplet states are broadened and direct ionization goes into a continuum of
states, there are ionization pathways at continuous wavenumbers. That is the reason for
broad structures in the spectra fig. 4.14 and fig. 4.17.

PI mass scans had been performed at four different wavelengths, two of them at the
wavelengths of the two peaks. Results are plotted in fig. 4.23 and fig. 4.24. CrHe+n
are produced up to an order n = 7. Pure and mixed isotopic dimers and Cr2He+n are
produced.

4.4 Cr-doped Droplet Spectra using PTP Laser Dye

After interpreting results of Cr PI using DMQ laser dye, it was interesting to look for
similar effects at next higher laser energy. A dye called PTP solved in 1,4-Dioxane was
found to be suitable for this purpose. For actual conditions, the tuning range of the dye
was 336 to 347 nm, or 28800 to 29700 cm−1. The maximum pulse energy is reached at
342 nm or 29200 cm−1. The dye solution was filled into the circulators and the laser got
readjusted with respect to low ASE. Other settings remained the same.

Fig. 4.13 shows the energy level diagram of Cr. Also within the tuning range of PTP,
there are bare atomic transitions a7S3 → y5P2 at 29584 cm−1. Thus one could expect
similar results and maybe also sharp peaks.

It turned out that the signal is relatively low compared to PI measurements using DMQ.
Therefore three scan repetitions were made, one of them at a higher scan rate. Fig. 4.25
shows a plot of the highest scan rate PI signal. No significant spectral structure arose;
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in principal the signal represents the pulse energy distribution of the laser.

Figure 4.25: Cr doped Droplet PI Spectrum and Laser Pulse Energy

Laser dye: PTP, 0.6 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 150 W heating power, SR400: 1 s counting time, signal not laser energy

normalized, wavenumber measured with monochromator, ion yield optimized ion
extraction region voltages, cold head on: 19 K, 50 bar, date: 12.12.2011, files:

PI0124.txt.

Since the signal to noise ratio was bad, it might be that small spectral structures
are hidden by the noise. Hence the signal was smoothed by means of a 29 points
Savitzky-Golay algorithm. The smoothed spectrum fig. 4.26 shows peak-like but not
very significant structures. It includes the smoothed correspondence of the curve plotted
in fig. 4.25 and the two other curves at a scan rate of 30 steps/nm.
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Figure 4.26: Smoothed Cr doped Droplet PI Spectrum

Laser dye: PTP, 0.6 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 150 W heating power, SR400: 1 s counting time, signal not laser energy

normalized, wavenumber measured with monochromator, ion yield optimized ion
extraction region voltages, cold head on: 19 K, 50 bar, date: 12.12.2011, files:

PI0120.txt, PI0121.txt, PI0124.txt.

For Stilbene 3 and DMQ, laser cross section profiles are shown in fig. 4.5 and fig. 4.16
within subsections 4.1.2 and 4.3.1. The spot sizes are nearly the same. For PTP, no
laser cross section profile was recorded. But it can be approximated by these two others,
although it scales with a lower total pulse energy.

Fig. 4.27 shows the laser energy normalized and smoothed data. The ion yield slightly
falls while scanning the laser up to the high energy limit of the tuning range. The peaks
at the signal boundaries are due to division by a laser energy value of nearly zero.
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Figure 4.27: Smoothed and Laser Energy normalized Cr doped Droplet PI Spectrum

Laser dye: PTP, 0.6 mJ max., XeCl laser: 30 Hz, 60 mJ, QMS: 2.5 kV SEM voltage,
52 u, 150 W heating power, SR400: 1 s counting time, signal laser energy normalized,

wavenumber measured with monochromator, ion yield optimized ion extraction region
voltages, cold head on: 19 K, 50 bar, date: 12.12.2011, files: PI0120.txt, PI0121.txt,

PI0124.txt.

In both fig. 4.26 and fig. 4.27, no significant spectral structure arises, even at 29584 cm−1.
Thus for later investigations, we returned to DMQ and RDC360Neu laser dye. RDC360Neu
has about the same tuning range as DMQ. Latest results are outlined in the following
section.

4.5 Latest Results

This thesis includes the very first results of PI spectroscopy on Cr-doped droplets. Later
results had been more mature due to improved measurement procedures. Fig. 4.28 shows
an advanced spectrum. In fig. 4.17, only transitions from z5P to g5D autoionizing levels
could be resolved. Now transitions to both g5D and e3D had been observed. Fig. 4.29 is
giving a more detailed view of the peak structured regions within the spectrum.
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Figure 4.28: Cr doped Droplet PI Spectrum and Laser Pulse Energy

Laser dye: RDC360Neu, 50µJ max., XeCl laser: 100 Hz, 100 mJ, QMS: 2.5 kV SEM
voltage, 52 u, 170 W heating power, SR400: 1 s counting time, signal laser energy
normalized, wavelength controlled by PC: 100 steps/nm, ion yield optimized ion

extraction region voltages, cold head on: 20 K, 50 bar, date: 25.02.2012, files:
PI0238.txt.

Figure 4.29: Cr doped Droplet PI Spectrum

Laser dye: RDC360Neu, 50µJ max., XeCl laser: 100 Hz, 100 mJ, QMS: 2.5 kV SEM
voltage, 52 u, 170 W heating power, SR400: 1 s counting time, signal laser energy
normalized, wavelength controlled by PC: 500 steps/nm, ion yield optimized ion

extraction region voltages, cold head on: 20 K, 50 bar, date: 25.02.2012, files:
PI0241.txt, PI0242.txt.
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Concerning measurement conditions, it is remarkable that the laser pulse energy was
about 20 times lower than for measurements in section 4.3. The main amplifier pump
pulse was attenuated. The reason for that was to avoid saturation. Saturation may have
played a role during former measurements, although there had been efforts to avoid it, as
described in subsection 3.4.4. The related raw and FFT smoothed dye laser cross-section
profile using RDC360Neu laser dye is plotted in fig. 4.30. It is now scaled in µJ.

Figure 4.30: Raw and FFT smoothed Laser Profile

50µJ pulse energy, 355 nm, date: 25.02.2012, files: Profile RDC360Neu 20120225.mat.

For this profile, the maximum pulse energy density was about 22 mJ
mm2 . To determine

the maximum photon density, relations (3.1) - (3.3) from subsection 3.9.2, a laser wave-
length of 355 nm and a pulse duration of 30 ns was used. The result was 3.9×1013 Photons

mm2

total per pulse and 1.3× 1021 Photons
smm2 during the pulse. The maximum short-time power

density is 730 W
mm2 and the total short time power was 1700 W.

More sophisticated results of PI spectroscopy on Cr including interpretation are found
in [5] and will be found in [19].
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5 Conclusion and Outlook

In course of this master thesis, the very first two-photon-one-colour PI on single Cr atoms
in superfluid helium nanodroplets was realized. Following results had been achieved:

• Appropriate experimental conditions had been found. Measurement devices had
been configured and combined in a suitable way. Controlling- and evaluation
routines had been developed. See the appendix and chapter 3.

• A way of how to adjust the dye laser in the demanded wavelength region was
found. With this adjustment, the pulse energy became sufficiently narrow and
the spectral profile sufficiently small. Especially elimination of ASE improved the
performance. See section 3.4.5.

• The QMS extraction voltages had been optimized to increase the ion yield of
interesting species Rb+ and Cr+. See section 3.1.6.

• Bare Rb transitions had been investigated using PI. It was found that the broad-
ening of transition lines is due to the lasting spectral broadness of the laser light.
This broadening was determined to be gaussian by means of a curve fit. The stan-
dard derivation is 0.4 cm−1. The agreement of the line centers and tabulated Rb
lines is limited by the accuracy of the wavemeter. See section 4.1 and subsection
4.1.3.

• Rb+, RbHe+n and Rb+
2 had been produced by PI and detected by means of mass

spectrometry up to n = 2. PI spectra of these species had been recorded. Beside
the bare Rb transitions at 23715.4 cm−1 and 23792.9 cm−1 mentioned above, the
Rb+ spectrum shows the corresponding in-droplet lines. They are also shown in
the RbHe+ spectrum. They are broadened and blue-shifted. See section 4.2.

• Cr+, CrHe+n and Cr2He+m had been produced by PI and detected by means of mass
spectrometry up to n = 7 and m = 1. Cr+ PI spectra had been recorded in the
wavelength range of the two laser dyes DMQ and PTP. In the PTP region, signal
and signal-to-noise ratio had been low. In the DMQ region, a continuous structure
combined with two sharp peaks at 28199 cm−1 and 28422 cm−1 was recorded. See
section 4.3.

• These two peaks could be identified as bare Cr transitions from z5P to g5D sub-
levels. Thus it was concluded that Cr atoms are ejected from the droplets into
the z5P state after in-droplet excitation. From z5P, the Cr atoms are excited to
autoionization levels g5D, from where they undergo transitions into ionized states.
See subsections 4.3.3 and 4.3.4.
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• It was found that the continuous structure in the PI spectrum comes from the
detection of directly-ionized ejected Cr atoms. See subsection 4.3.5.

Latest Cr PI spectra are not in course of this master thesis, yet documented in section
4.5 and in the paper [5]. Beside autoionization resonances mentioned above, these spec-
tra show further peaks that can be assigned to transitions from z5P to e3D sublevels,
which also decay into ions. The continuous structure seems to be due to the broadening
and blue-shift of the a7S to y7P in-droplet Cr-excitations.

First tests of a two-step-two-colour PI on Cr-doped droplets had been successful. The
dye laser was combined with a part of the excimer pump beam. Excitation was per-
formed by the dye laser, while the excimer beam ionized the fragments. An interesting
future task will be combining PI of Cr with TOF analysis, for example at CLI. Thereby,
ionized fragments of higher masses like entirely ionized droplets can be detected. Fur-
thermore, PI on Cu-doped droplets will be an interesting topic. Yet this will be preceded
by other hot-topics like LIF- and Depletion-measurements on Cr-doped droplets. There-
fore a new LIF transmission was assembled. The QMS was mounted off-axis. Due to
the high magnetic moment, ESR-investigations of Cr will also be an interesting and
challenging topic. Information will be found in [19].
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7 Appendix

The following pages include a description of LabView VIs that had been useful for
controlling and accessing several devices named in chapter 3 by means of a Meilhaus
ME-4660 ADC card. These are modifications of templates from Meilhaus Electronic
GmbH. [40] is giving further information. This appendix also includes CAD drawings of
the components of the laser beam aperture presented in subsection 3.4.5. Also scripts for
importing data from a Logitech C300 into MATLAB are outlined. They are useful for
creating plots of the pulse energy cross-section of a laser beam, as described in section
3.9.

LabView

The CLII PC is equipped with a Meilhaus ME-4660 ADC card. This device has a
500 kHz clock. The cards in- and output devices are accessible by a coax connector
board at the electronic device rack of the lab. This board is shown in fig. 7.1. It is
indicated, to which devices the coax connectors belong.

Figure 7.1: Meilhaus ADC Card Connector Board

The control of the devices using NI LabView is described in the following. The aim was
to develop LabView virtual instruments (VIs) to handle in- and outputs using templates
from Meilhaus Electronic GmbH.

Digital In- and Output

A LabView VI called `singleDIO.vi´ was developed to access the digital in- and output
(DIO) channels of the Meilhaus ADC card. There are eight single-bit channels of a
first and 2 channels of a second DIO device accessible at the board. These are TTL de-
vices having a high-low level difference of 4.6 V and a maximum output current of 10 mA.
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A VI that allows reading from and writing to each DIO bit independently was de-
veloped. Therefore, Boolean variables had been defined in the VI. Since there are two
DIO devices accessible, two rows of boolean LEDs were created in the VIs front panel
shown in Fig. 7.2.

Figure 7.2: Front Panel of singleDIO.vi

Only the output LEDs can be clicked. By clicking onto, they light up or vanish and
change their state. States are 0 or 1. The corresponding output voltage rises from low
to high or falls.

The eight channels are interpreted as a one byte variable. The byte value can thus
be set to values from 0 to 256, or 0 to FF in hexadecimal code. In LabView, the vari-
able is represented as a read-only numerical control and corresponding variable named
`Output Value´

The two DIO devices can be operated simultaneously. There is a switch to select if
either device 1 is output and device 2 is input or vice versa.

The whole program is included in a loop to enable continuous operation. There is a
`Stop´ -Button to exit the loop and thus terminate the program. Fig. 7.3 shows the
corresponding block diagram.
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Figure 7.3: Block Diagram of singleDIO.vi

Section I in fig. 7.3 is handling the input channel. Eight output LEDs are gathered to
a cluster, converted into an eight-bit integer called `Output Value´ and submitted to
devices`meIOSingleConfig.vi´ `me UltilityBundleSingle.vi´ and`meIOSingle.vi´ within
section IV.`meUltilityBundleSingle.vi´ bundles the data and delivers it to`meIOSingle.vi´ ,
which accesses the ME-4660 hardware.

Section II handles the input channel. Section IV returns data from the DIO hardware.
The result is another eight-bit integer displayed by `Input Value´ . It comes from the
return-cluster of`meIOSingle.vi´ and is unbundled by`meUltilityUnbundleSingle.vi´ .After
reconversion to boolean, each bits state is indicated by a LED. Below it is explained why
this section is included in a case structure.

All the figures sections are included in a for-loop counting from 0 to 1. During one
loop cycle, section III is executed at first. It initializes a DIO device. Subsequently,
depending on the actual loop counter value, section I or II is executed performing in-
or output. Afterwards section IV terminates the device. Sections III and IV had been
included in a template from Meilhaus Electronic GmbH. Sections I, II, V and VI in the
figure and the surrounding loops are self-developed.

The VI continues performing output and input. The reason for switching from input
to output is that one cannot access more than one device at the same time using these
Meilhaus templates.

The switching is realized by connecting the for-loop counter value to a port of`meUltility
BundleSingle.vi´ named `Direction´ . This Sub-VI is included in section IV. 0 means

115



input, 1 stands for output. At the same time, one has to submit to a port of `meQuery
SubdeviceType.vi´ called `Subdevice´ . If both `Direction´ and `Subdevice´ are 0 at
the same time, it means input from device 1, both being 1 means output to device 2.

It is useful to enable switching to input from device 2 and output to device 1. It is
enabled by assuring `Subdevice´ to be 1, or 0, while `Direction´ is 0 or 1. The switch
in the front panel fig. 7.3 is responsible for that. In the block diagram, this switch is
represented by another boolean variable in section V.

To make 0 become 1 and 1 become 0, the counter value is subtracted from 1. In case of
1, the case structure transmits the counter value. Otherwise it transmits the subtracted
value.

Finally, a temporal series of in- and output tasks is created. Therefore the 0-1-for-
loop is surrounded by a while loop. There is a stop button included in the front panel
fig. 7.3 to break that loop and terminate the program.

Analog Input

Unlike digital devices, analog output and input devices are separated. Six different
analog input channels are connected with the board on the rack shown in fig. 7.1. The
input voltage working range limits are ± 10 V, inputs are protected up to ± 15 V. Every
channel has a high resistance input stage of typically 600 MΩ and an input capacity of
3 pF.

Within the working range of voltage, it is possible to define cut off limits called minimum
and maximum physical value. The trigger may be `software´ or `external´ .

A VI called `singleAI.vi´ was developed to perform analog input tasks. Fig. 7.4 shows
its front panel. It includes controls to specify minimum and maximum physical value.
Since the device can also be used for triggering, there are controls to specify `Trigger
Type´ , `Trigger Edge´ and `Time Out´ . The VI displays the analog input value in a
form named `Physical Value´ and a waveform chart. By pressing `Stop´ , the program
terminates.
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Figure 7.4: Front Panel of singleAI.vi

Fig. 7.5 shows the corresponding block diagram. Unlike with DIO, only small mod-
ifications of the original Meilhaus template had been necessary. There are blocks for
opening and initialisation of the device, for reading the input value and for closing the
communication. The read-out blocks had been surrounded by a while-loop.

In the loop, `meIOSingle.vi´ accesses the device and returns a cluster. That clusters
units are representing the different input channels. The channel is selected by variable
No. I in fig. 7.5. Each channel is represented as a cluster on its own. These sub-clusters
are unbundled by`meUltilityUnbundleSingle.vi´ and converted by`meUltilityDigitalTo
Physical.vi´ . Outcomes are different values related to the actual channel. Variable No.
II specifies which value should be handed over. The first value in the cluster is the input.
Once more it gets converted and subsequently plotted in a waveform chart.
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Figure 7.5: Block Diagram of singleAI.vi

In this VI, the treatment of the output of `meUltilityDigitalToPhysical.vi´ and the
surrounding while-loop having a delay of 100 ms per loop cycle are the only self-developed
parts.

Analog Output

The Analog Output VI called `singleAO.vi´ is pretty similar to analog input. One can
also specify `Trigger Type´ , `Trigger Edge´ and `Time Out´ , as fig. 7.6 shows. The
most important variable is the output value. In this demonstration VI, it is a sine
function in time. A respective block was inserted in the block diagram, as shown below.
In the front panel, the sine is plotted in a waveform chart. Output voltage ranges from
-10 to +10 V, the output current should not exceed ± 5 mA. The user can select the
channel via some extra control. `Stop´ terminates the program.

Figure 7.6: Front Panel of singleAO.vi

Fig. 7.7 shows the corresponding block diagram. It is almost identical to the original
template. Yet the output components had been surrounded by a while-loop. A sine
function and a 10 ms delay per loop cycle had been inserted. The sine value is converted
by `meUltilityPhysicalToDigital.vi´ . The converted value is bundled with some other
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specific values by `meUltilityBundleSingle.vi´ and passed on to `meIOSingle.vi´ , which
accesses the device.

Figure 7.7: Block Diagram of singleAO.vi

The sine function can easily be substituted by an arbitrary output function, as desired.
The user could also be enabled to specify the output value in a form of the block diagram.

Counter

The Counter VI is called `singleCTR.vi´ . Its front panel is shown in fig. 7.8. There are
three counter devices accessible at the connector board shown in fig. 7.1. Each of them
is a 82C54 standard counter chip. The counter signal is connected to the GATE. The
form named `Device´ allows selecting one of the three counting devices. A `Starting
Value´ can also be set. The actual counter reading is displayed by the form `Counter
Value´ .

`8254 Mode´ is the only entry of `Configuration´ . The counter clock `Reference´ can
be`Internal´ or`External´ . In case of `External´ , a clock signal needs to be connected
with the CLK input. The `Loop delay´ is described below.
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Figure 7.8: Front Panel of singleCTR.vi

Fig. 7.9 shows the corresponding block diagram. As before, only minor modifications
of the original template had been necessary. A while-loop including a user-defined de-
lay had been created. During every loop cycle, the counter reading is obtained from
`meIOSingle.vi´ and `meUltilityUnBundleSingle.vi´ . The reading is displayed in the
front panel and plotted in the waveform chart.

Figure 7.9: Block Diagram of singleCTR.vi

The Meilhaus ADC card manual [40] includes further information about these devices.
During the experiments described in chapter 4, the developed VIs had been rather useful.
They were included in more complex VIs for recording PI spectra and laser spectral
profiles. Therefore the Analog Input device was used to record the output signals of a
laser powerhead and the picoamperemeter combined with an analog processor described
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in section 3.7.
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%Hasewend Matthias
%Institute of Experimental Physics
%TU Graz
%2011/12
%
%++++++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++
%This MATLAB vers.7 program is used to
%
%+ obtain data from an USB Logitech C300 webcam rec ording the intensity
%profile of an attenuated laser beam.

%
%+ FFT-smooth the laser profil.
%
%+ scale the x- and y-markers of the FFT-smoothed p rofile so that its size
%fits to CCD chip it was recorded with.
%
%+ scale the intensity so that it represents the la ser intensity in terms
%of pulse energy density by means of the total puls e energy.
%++++++++++++++++++++++++++++++++++++++++++++++++++ +++++++++++++++++++++
 
%input
vid = videoinput('winvideo', 1)

data = getsnapshot(vid)
 
%display image
image(data)
 
%select the colour channel that fits the best to th e laser
%1 = red, 2 = green, 3 = blue
channel = 
data = double(data(:,:,1))
 
%reduce the image size to 1/n
n = 

siz = size(data)
ii1 = 1:4:siz(1)
ii2 = 1:4:siz(2)
data = data(ii1,ii2)
 
%plot the raw profile
figure()
surf(data,'EdatageColor','none','LineStyle','none', 'FaceLighting','phong')
xlabel('x / px')
ylabel('y / px')
title('Raw laser intensity profile')

 
%2D-FastFourierTransform of the image
data_fft = fft2(data)
 
%cut-off parameter: depends on the noise of the pro file and the size
%and thus has to be determined manually. For the ca m's default image size
%and typical noise, the default par is 150000.
par = 
 
%cut-off and re-transfrom
data_fft(abs(data_fft) <= 150000) = 
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data = real(ifft2(data_fft))
 
%cut off nonpositive FFT artifacts
data(data <= 0) = 
 
%plot the smoothed profile
figure()
surf(data,'EdatageColor','none','LineStyle','none', 'FaceLighting','phong')
xlabel('x / px')
ylabel('y / px')

title('Smoothed laser intensity profile')
 
%height and width of the CCD
hei = 
wid = 
 
%sum normalization
data = data./sum(data(:))
 
%total pulse energy in mJ
en = 
 

%scale values in order to make the integral of the pulse energy density
%across the CCD area become the total pulse energy 
data = data/((hei/siz(2))*(wid/siz(1)))*en
 
%create x and y grid
xx = repmat(1:siz(2),siz(1),1)
yy = repmat((1:siz(1))',1,siz(2))
 
%scale grid to the size of the CCD
xx = xx./siz(2)*hei
yy = yy./siz(1)*wid
 

%plot the profile
figure()
surf(xx,yy,data,'EdgeColor','none','LineStyle','non e','FaceLighting','phong')
grid off
title('Laser beam profile / mJ/mm²')
colorbar
view([0,90])
xlabel('x / mm')
ylabel('y / mm')
 


