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Abstract
The main topic of this thesis is to study experimentally an ultrafast and efficient non
radiative mechanism – the well-known interatomic Coulombic decay (ICD) – in noble
gas clusters by employing fluorescence spectrometry technique in combination with
synchrotron radiation. Using Neon clusters as prototype systems, a special variety of
ICD, termed resonant ICD (RICD), has been investigated by a selective excitation of
one component of the cluster and for different mean cluster sizes.

The first part of the thesis was devoted to observe new open cluster fluorescing
decay channels following ICD, reveal the associated resonant ICD (RICD) process,
and hence, extensively characterize its radiative final states. Here, simultaneous mea-
surements of undispersed vacuum ultraviolet (VUV) and UV/visible photons emitted
from 2s inner-valence-excited Neon clusters were made. At first glance, the observed
cluster features in the measured VUV fluorescence yield suggest that the initially
created 2s inner-valence state in Neon cluster relaxes predominantly by a specta-
tor RICD. At second glance, the direct correspondence of the structures observed in
the measured VUV and UV/visible cluster fluorescence signals implies that the final
states of the spectator RICD release their excess energy by photon emission cascade:
First, by the Rydberg-to-Rydberg transitions in the UV/visible spectral range, and
then, by the Rydberg-to-valence transition in the VUV range. To trace the decay
pathway during this radiative cascade, an additionally dispersed VUV fluorescence
measurement was performed for the most intense RICD fluorescence feature.

The second part of the thesis concerns investigation of VUV fluorescence emis-
sion from Neon clusters of varying sizes after excitation with photons of energies
near and far below the 2s-electron photoionization thresold of Neon atoms. In the
Neon 2s-regime, the cluster size-dependent VUV fluorescence excitation functions of
Neon clusters show a series of distinct cluster fluorescence features; four of which are
attributed to the resonant 2s → np (n = 3, 4, 5, 6) excitations of cluster-surface
atoms and one to 2s → 3p excitation of cluster-bulk atoms. Included in these are
the ones emerged from spectator RICD which are found to be visible for all cluster
sizes but appear to be less prominent in the VUV fluorescence excitation functions of
the larger clusters due to additional structureless fluorescence emission that increases
with increasing cluster size. This emission has a threshold energy of 35.8 eV and is
observed increasing almost linearly with energy at lower exciting-photon energy. It is
interpreted as due to inelastic scattering of the initially outgoing 2p photoelectrons
with condensed neutral Neon atoms.

Due to the longer escape length of photons versus electrons emitted from dense
matter, this work in general brings about a possibility of using fluorescence spec-
trometry as a potential detection sheme to reveal interatomic/molecular electronic
processes in real dense media towards understanding, for example, the details of ra-
diation damage in living tissues such as DNA double-strand breaks.



Zusammenfassung
Das Hauptthema der vorliegenden Arbeit ist die experimentelle Untersuchung eines
ultraschnellen und effizienten nicht-strahlenden Mechanismus - des bekannten in-
teratomaren Coulomb-Zerfalls (ICD) - in Edelgasclustern mittels Fluoreszenzspek-
trometrie nach Anregung durch Synchrotronstrahlung. Unter Verwendung von Neon-
Clustern als Prototypsystemen wurde eine spezielle Variante von ICD, resonante ICD
(RICD) genannt, durch selektive Anregung einer Komponente des Clusters und für
verschiedene Clustergrößen untersucht.

Der erste Teil dieser Arbeit ist der Beobachtung neuer offener Fluoreszenz-Cluster-
Zerfallskanäle, die nur nach ICD auftreten können, gewidmet. Dazu war es nötig,
den zugehörigen resonanten ICD (RICD)-Prozess zu enthüllen und seine radiativen
Endzustände zu charakterisieren. Hier werden simultane Messungen von im Vakuu-
multravioletten (VUV) und ultravioletten (UV)/sichtbaren Photonen durchgeführt,
die von 2s-Valenz-angeregten Neonclustern emittiert werden. Außerdem wurden Mes-
sungen an undispergierten (VUV) und unter UV-Licht sichtbaren Photonen, die
aus 2s inner-Valenz-angeregten Neon Clustern emittiert wurde, durchgeführt. Auf
den ersten Blick deuten die beobachteten Clustermerkmale in der gemessenen VUV-
Fluoreszenzausbeute darauf hin, dass der anfänglich erzeugte Neoncluster mit innerem
Valenzzustand hauptsächlich durch RICD eines benachbarten Atoms (sogenannter
spectator RICD) relaxiert. Auf den zweiten Blick impliziert die direkte Übereinstim-
mung der beobachteten Strukturen in den gemessenen VUV- und UV/sichtbaren-
Cluster-Fluoreszenzsignalen, dass die Endzustände des RICD ihre überschüssige En-
ergie durch die Photonenemissionskaskade freisetzen: Erstens durch die Rydberg-
Rydberg-Übergänge in den UV/sichtbaren Spektralbereich und dann durch den
Rydberg-zu-Valenz-Übergang im VUV-Bereich. Um den Zerfallspfad während dieser
Strahlungskaskade zu verfolgen, wurde eine zusätzlich dispergierte
VUV-Fluoreszenzmessung für das intensivste RICD-Fluoreszenzmerkmal durchge-
führt.

Der zweite Teil der Arbeit beschäftigt sich mit der Untersuchung der
VUV-Fluoreszenzemission von Neonclustern unterschiedlicher Größe nach Anregung
mit Photonen mit Energien nahe und weit unterhalb der
2s-Elektronen-Photoionisationsschwelle von Neonatomen. Im Neon-2s-Regime zeigen
die Clustergrößen-abhängigen VUV-Fluoreszenzanregungsfunktionen von Neonclus-
tern eine Reihe von ausgeprägten Clusterfluoreszenzmerkmalen; Vier davon werden
den resonanten 2s → np (n = 3, 4, 5, 6) Anregungen von
Cluster-Oberflächenatomen und einer der 2s→ 3pAnregung von Cluster-Bulk-Atomen
zugeschrieben. In diesen enthalten sind die aus dem RICD hervorgegangen Merk-
male, die für alle Clustergrößen sichtbar waren; aufgrund zusätzlichen strukturlosen
Fluoreszenzemission, die mit zunehmender Clustergröße zunimmt, erscheinen diese
Merkmale in den VUV-Fluoreszenzanregungsfunktionen der größeren Cluster weniger
auffällig. Diese Emission hat eine Schwellenenergie von 35.8 eV . Ihre Intensität
steigt annähernd linear mit der Energie bei geringerer Anregungsphotonenenergie.



Dies wird als Folge einer inelastischen Streuung der ursprünglich emittierten 2p Pho-
toelektronen mit kondensierten neutralen Neonatomen interpretiert.

Aufgrund der längeren Austrittslänge von Photonen im Vergleich zu Elektronen,
die von dichter Materie emittiert werden, entwickelt diese Arbeit im Allgemeinen
die Möglichkeit, die Fluoreszenzspektrometrie als potentielles Detektionsschema zu
verwenden, um interatomare und intermolekulare elektronische Prozesse in realen
dichten Medien zu entdecken, um z.b. die Strahlenschäden in lebenden Geweben wie
DNA-Doppelstrangbrüchen zu verstehen.
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Chapter 1

Introduction

The three major states of matter, i.e. gas, liquid and solid, are often described in

an easy way. For example, a gas expands to fill a container completely, and a liquid

takes on the shape of its container, whereas a solid requires considerable force to

effect changes in its shape. Such descriptions, however, are inadequate in a strict

sense when one consider, for example, thixotropic fluids (e.g. some clays and gels)

which flow only upon considerable application of stress, or glasses which have the

properties of supercooled liquids instead of solids [DS01]. These definitions become

even more limited when one consider systems of small dimension, that is, clusters

[CJ06], which are aggregates of atoms or molecules that are bound together and have

properties between gaseous and condensed states. As a rule of thumb, any finite

system somewhere between 2 and ≈ 3 × 107 atomic or molecular units is considered

a cluster. Clusters therefore play a central role in forming a natural bridge between

an isolated system and macroscopic matter. The study of their properties has grown

tremendously for many years in the aim of gaining an explanation of the gradual

transition from single atom or molecule to the condensed state with increasing cluster

size [Jor84, GS05, CJK86, CB96, JKR92, Hab94].

In the first instance, clusters are distinguished from condensed matter in so far

as their properties are strongly affected by the existence of an appreciable number of

their component sites on the surface. For example, in a cluster of 55 atoms of Sodium

or Argon, at least 32 atoms are located on its surface. With increasing cluster size, the
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surface fraction decreases compared to the fraction of sites situated in the interior of

the cluster, the so-called bulk. The nature of forces binding the particles inside clusters

rules their classification. Some clusters are held together by strong forces of attraction

that make ionic or covalent chemical bonds which lead to the specific features of

salt clusters (e.g. (NaCl)n) or Carbon clusters (e.g. C60), respectively [Hab94].

Others are held together by the kind of bonding which is provided by the delocalized

valence electrons such as in clusters of metal atoms [Hab94] (e.g. cluster of Sodium,

Copper or Iron). Clusters belong to the class of loosely bound systems and which

are held together by weak forces such as van der Waals clusters (e.g. cluster of noble

gases) or hydrogen-bonded clusters (e.g. cluster of water molecules). Most of these

clusters provide an excellent medium for investigating various intracluster dynamic

processes. When these systems interact, for instance, with high-energy photons, a

non-equilibrium configuration of their electronic and nuclear structures is prepared

and the initially deposited energy into their electronic system can be released by

a variety of relaxation processes. What are the relevant and important decaying

mechanisms which can occur once a site is perturbed in a cluster? How to probe

them? How do these mechanisms evolve with cluster size? Also of great interest is

studying secondary processes occurring outside the perturbed site, e.g. intracluster

electron scattering process, and how these processes can be treated.

This work deals with an ultrafast and efficient non-radiative decay process that

only occurs if the perturbed site belongs to a weakly-bound systems, e.g. noble gas

clusters or hydrogen bonded clusters, and hence different from decay processes which

take place in an isolated system, a process termed interatomic/molecular Coulombic

decay (ICD). ICD was first predicted in the late 1990s by Cederbaum et al. [CZT97]

and since that time it has been the focus of numerous experimental and theoretical

investigations [ADK11, Her11, Jah15]. The important consequence of ICD is that

the excess energy of an electronically excited site is used to eject a low-kinetic energy

electron (the ICD electron) from a neighboring site, thereby ionizing this entity. These

electrons are generally proven to be genotoxic and may induce irreparable damage in

living tissues [BCH00, MBC04, AOS15].
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It has been shown experimentally [BJM05, AIH06, TWW13, ORB13] and theoret-

ically [GAC06, KGC09, JKC14], that ICD process can also be triggered by resonant

excitation of one component of noble gas dimers and clusters, the process termed

resonant ICD (RICD). RICD faces competition from intra−atomic autoionization

(AI) which occurs roughly on a similar femtosecond time scale and which lead to elec-

tron emission from the initially excited atomic site within the cluster. As shown in

[GAC06, KGC09] AI is dominant after resonant excitations to lower principal quan-

tum numbers (n) while the RICD process becomes the dominating decay channel with

increasing n. RICD leads therefore to the formation of singly charged and excited

clusters which in some cases cannot release their energy by further electron emission.

For such cases fluorescence emission is the only decay channel. Close to all experi-

mental investigations aiming at ICD used electron and/or ion spectroscopy techniques

(e.g. Cold Target Recoil Ion Momentum Spectrscopy (COLTRIMS) [DMJ00]) for the

probe of the process. These techniques, however, cannot easily be extended to systems

of biological relevance in their natural environment as the necessary vacuum condi-

tions cannot be met and the charged particles cannot be detected inside a medium

due to their very short mean free path. Although detection of emitted photons is less

straightforward experimentally they may be used to probe ICD as the mean free path

of photons is orders of magnitude larger than for electrons. This may open a door

to investigate interatomic/molecular processes inside dense media. Here, the overall

goal of this thesis is to study experimentally RICD in Neon clusters after excitation

with synchrotron radiation (SR) by employing fluorescence spectrometry method.

The thesis consists of six chapters, including the introduction, and is structured

as follows. Chapter two and three will discuss the method and concept relevant to the

understanding of this thesis. Chapter two addresses the production, composition, and

structure of pure noble gas clusters. Chapter three gives the underlying physics and

the research method which motivate this work. Chapter four provides an overview of

the experimental details. It is divided into three parts. The first part gives general

comments on the basis and properties of SR. In the second part, the apparatus for

photon-induced fluorescence spectroscopy (PIFS) measurements such as experimental
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station and cluster source used for the production of the noble gas clusters will be

described. The third part gives a description of the used detection devices for collect-

ing fluorescence from excited noble gas clusters and also the employed procedures for

data acquisition. Chapter five presents results on radiative final states of spectator

RICD occuring in 2s-excited Neon cluster. In this chapter, also results connected

with photoelectron impact induced VUV photon emission from excited Neon clus-

ters of varying size will be presented and interpreted. Finally, in the last chapter, a

short conclusion and some remarks on the suitability of the fluorescence spectrometry

technique in studying relaxation phenomena in dense media will be given.
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Chapter 2

Noble gas clusters

2.1 Cluster formation and size distribution

Clusters from noble gases can be produced by supersonic expansion; i.e. generally, by

expanding adiabatically a gas of atoms with random velocity through a small nozzle

of diameter d from a region of higher pressure into a region of lower pressure, as

shown schematically in figure 2.1.

Gas
supply

Stagnation
chamber

xp0, T0

StreamlineNozzle

Figure 2.1: Free jet expansion of a gas emerging from a chamber held at high pressure

through a small nozzle of diameter d into vacuum.

This can take place only if the mean free path of the atoms becomes shorter than

the nozzle diameter. In this case, atoms escaping through the nozzle will incur many

collisions and the enthalpy1 of the gas in the stagnation chamber will be converted

into kinetic energy and rest enthalpy of a directed mass flow along the expansion
1The atomic gas in the stagnation chamber is at rest. Its enthalpy under constant pressure can

thus be regarded as an added heat that is defined as H0 = CpT0 where Cp is the specific heat at
constant pressure.
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direction. During the expansion the average gas flow velocity will be increased, but

the gas temperature and the local speed of sound in the gas flow will get decreased.

The local speed of sound can be defined as a = (γkBT
m

)1/2, according to [Hab94], where

m is the atom mass, kB = 8.617 3303 10−5 eV/K is the Boltzmann constant, T is

the local temperature along a stream line of the expanding gas and γ = Cp

Cv
is the

heat capacity ratio. It relates the average gas flow velocity u via the so called Mach

number (M); i.e. M = u
a
[Hab94]. The expanded gas flow becomes supersonic only

when M has a value beyond unity. The supersonic expansion actually slows down

the atoms up to a point at which binding between two neighboring atoms becomes

energetically favorable and thereby a nucleation into dimers may take place. This is,

however, possible only if the thermal or internal energy of the beam is lower than the

binding energy of the dimer and that the excess energy from the dimerization has to

be removed as kinetic energy by a third atom; i.e. three body collision. In case of

Argon, for exapmle, the dimerization process can be written as follows:

Ar + Ar + Ar → Ar + Ar2 (2.1)

There are three atoms necessary for this process; otherwise, energy and momen-

tum conservation cannot be fulfilled at the same time. The kinetic energy of the

Argon atom on the right-hand side of Eq. (2.1) has to be so high that the other

two Argon atoms find themselves bound. Once the dimers are formed, they act as

condensation site for further cluster growth. The total number of three body collision

occurring during the expansion is proportional to n2
0d (with n0 is the atomic gas den-

sity before expansion and is related to the stagnation pressure p0 and temperature

T0 as follows: n0 = p0
kBT0

), while the mass throughput through the nozzle is propor-

tional to n0d
2 [SWL77, Mor96]. So, the production of clusters depends highly on the

source stagnation conditions and nozzle geometry. For instance, an increase in the

stagnation pressure p0 and decrease in the gas source temperature T0 may result in

supersaturated expanding gas, and hence a favored condensation process. A use of a

nozzle with a small diameter is always recommended to achieve a higher condensation
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rate. It should be noted here that only a fraction of gas atoms taking part in the ex-

pansion ends up in a cluster. This means that there is always a significant amount of

uncondensed gas, i.e. a residual gas, around the condensed beam. Collisions between

the residual gas and the formed clusters may lead to a decrease of the pressure in

the expanding beam, and hence shock waves2 [Mor96] can be formed which may heat

up the cluster beam. As a result, clustering will diminish. In this case a skimmer

is recommended to be placed at a defined distance from the nozzle and along the

expansion axis (figure 2.2) to cut off partially the uncondensed atoms and hence to

avoid the formation of the shock waves. The skimmer now serves to transmit the

main part of the condensed beam from the expansion chamber into a second chamber

that operates at much lower pressure (Experimental chamber). Atoms not passing

through the skimmer may cause a high background pressure in the expansion cham-

ber that can lead to a significant attenuation of the transmitted beam through the

skimmer. Therefore, the residual gas needs to be pumped by a high capacity pump

to maintain a low background pressure in the expansion chamber.

The principles described above provide the conditions necessary to create a par-

tially condensed beam made up of small, medium or large noble gas clusters where

the atoms are held together by Van der Waals forces. The degree of cluster conden-

sation in the beam can be characterized by the Hagena′s reduced scaling parameter

Γ∗ [Hag87, Hag92, KJS93] that depends on the stagnation pressure p0 in mbar, the

nozzle temperature T0 in Kelvin (K) and the nozzle diameter d in µm. It is given by:

Γ∗ = p0d
0.85

T 2.2875
0

k (2.2)

where k is a gas specific constant that can be determined, according to [Hag87, HO72,

Hag92], from the sublimation enthalpy per atom ∆h0
0 at 0 K and the van der Waals

bond length, which is roughly equivalent to r = (m
ρ

)1/3 where m is the atom mass and

ρ is the density of the respective solid. Numerical values of k have been calculated
2A shock wave generally starts to form when the properties of the expanding beam becomes

similar to that of the background gas. It is thus characterized by an abrupt change in the density
of the expanding beam.
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Gas
supply

Stagnation
chamber

(p0 ∼ 2 bar)

Expansion chamber
(P ∼ 10−4 mbar)

Experimental chamber
(P ∼ 10−6 mbar)

High-capacity
pump

Pu
m
p

SkimmerNozzle

Figure 2.2: Illustration of supersonic cluster jet. The different chambers needed for the

cluster production are labeled along with the typical pressure in mbar. The expanded

gas atoms from the stagnation chamber and through the nozzle are partially cutted off

by a skimmer inserted between the expansion chamber and the experimental chamber.

by Karnbach et al. [KJS93] and are presented in table 2.1. In case of conical nozzles

the nozzle diameter d has to be replaced by an equivalent diameter deq, which is a

relation between the orifice d and half opening cone angle θ [Hag81]:

deq = 0.74d/θ (2.3)

Elements Neon Argon Krypton Xenon
k 185 1646 2980 5554

Table 2.1: Gas specific constants for noble gas elements calculated from the molar

sublimation enthalpy ∆h0
0 at 0 K (see Karnbach et al. [KJS93] and references therein).

The clusters created in the beam are distributed around a certain mean size < N >

which is only a function of Γ∗. Cluster beams produced under different conditions

but with the same Γ∗ should have the same mean cluster size < N >. For the case of
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Argon clusters, Buck et al. [BK96] have reported the following formulae for estimation

of < N > in different ranges of Γ∗:

< N >=



a0 + a1Γ∗ + a2(Γ∗)2 + a3(Γ∗)3 Γ∗ ≤ 350

38.4( Γ∗
1000)1.64 350 ≤ Γ∗ ≤ 1800

[b0 + b1(lnΓ∗)0.8] Γ∗ ≥ 1800

(2.4)

where the constants a0, a1, a2, a3, b0, and b1 equal to 2.23, 7.00 × 10−3, 8.30 × 10−5,

2.55 × 10−7, −12.83 and 3.51, respectively.

Note that the formula for Γ∗ ≥ 1800 in Eq. 2.4 is valid only when using a conical

nozzels. In case of using a flat nozzels, it is recommended to use the following Hagena’s

formula [Hag92] for larger values of Γ∗:

< N >= 33( Γ∗
1000)2.35 (2.5)

Some other scaling laws, e.g. see [BBF98, DBC03, BAsH06] and FIG. 9 in [BK96],

exist for estimating < N >, but all giving somewhat different results and usually come

within a factor of 2 from each other. Since the cluster formation is always a statistical

process, a log-normal distribution [WHL94] is generally used to describe the cluster

size distribution with a width that is typically taken to be half of the average cluster

size.

2.2 Bonding of noble-gas clusters

In their neutral ground state, noble gas atoms have a closed-shell electronic structure

with np6 outer shell. Under normal conditions, they are therefore unable to form

chemical bonds. However, bonds are formed, under cryogenic conditions, and hold

noble gas atoms together to form either a cluster or solid. These bonds are formed by

9



van der Waals force originated from instantaneous dipoles which arise as a result

of fluctuations on the electron clouds of two neighbour atoms. The interaction be-

tween two noble gas atoms at large interatomic distance is attractive, of long-range

type and varies as −R−6, where R is the separation between the two involved atoms

[Lon30]. As the atoms are brought together their electron distribution gradually over-

laps and the electrostatic energy of the system consequently changes. At sufficiently

close separations any two electrons in the system are prohibited from having the same

quantum state according to the Pauli exclusion principle. The electronic clouds of

a two neighbouring atoms can thereby overlap at a short interatomic distance only if

the electrons are partially promoted to higher energy states of the atoms. The overlap

thus increases the total energy of the system and gives a repulsive contribution to the

interaction. The overlap energy for two atoms at close separation actually depends

on the radial distribution of the electrons surrounding each atomic nucleus. An expo-

nential form e−aR, where a is a constant, that falls off very rapidly with increasing the

interatomic distance R are widely used to describe the repulsive interaction between

two noble gas atoms near to each other [Sla28, BM34, Buc38]. Being used together

with the long range attractive interaction, Lennard-Jones aprroximates the repulsive

interaction as being proportionnal to the 12th of the separation distance R in order

to determine the total potential energy (U(R)) of two atoms holding each other by

van der Waals forces [Jon24, Len30, LJ31]:

U(R) = ε

[(
Req

R

)12
− 2

(
Req

R

)6]
(2.6)

where ε is the well depth that measures of how strongly two atoms attract each other

and Req is the equilibrium interatomic separation at which the energy passes through

a minimum.

The approximation mentioned above on the repulsive term of the Lennard-Jones

potential energy (U(R)) usually gives a good agreement with experimental data.

Typical potentials of homogeneous noble gas dimers are displayed in figure 2.3.
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Figure 2.3: Lennard-Jones potential energy curves of homogeneous noble gas dimers.

The ε and Req values which are used to obtain the numerical data of figure 2.3

were taken from reference [TT03]. The displayed potential curves illustrate that the

well depth and the equilibrium distance increase as the noble gas species become

heavier and more polarisable3 (Table 2.2). This means that the strength of the van

der Waals bond increases with increasing the electric dipole polarizability4 [MB78].

He-He Ne-Ne Ar-Ar Kr-Kr Xe-Xe

ε (meV) 0.95 3.64 12.35 17.36 24.38

Req (Å) 2.97 3.09 3.76 4.01 4.36

α (Å3) 0.205 0.395 1.64 2.48 4.04

Table 2.2: Well depth (ε) and interatomic distance (Req) at the equilibrium [TT03]

for noble gas dimers. The table also shows the static electric dipole polarizabilities α

for noble gas elements [MB78].

In the cluster growth, means from dimers to the condensed bulk, the pairwise
3More the system contains electrons, higher is the polarizability.
4The electric dipole polarizability reflects the degree to which the electronic structure of an atom

can be deformed by a potential binding partner.
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interaction between bulk atoms contributes the most to the total interaction energy

of the system and thereby leads to higher cohesive energy [Kit96], i.e. greater bonding

strength, as compared to the case of dimers. The cohesive energy can thus be regarded

as the total binding energy per atom that a system gains by being in a condensed

bulk phase in comparison with the phase in which atoms are so far apart. Therefore,

the more bulk coordination a cluster contains, the higher the binding energy per

atom is. This also means that when a majority of atoms are in a position within the

cluster, they have a maximum possible number of nearest neighbors. Table 2.3 gives

the cohesive energies as well as the melting temperatures of the noble gases in a solid

phase. The higher cohesive energy of Xenon means that Xenon clusters will be formed

more efficiently at a higher temperature than Neon, Argon, and Krypton clusters.

Cluster formation, as mentioned above, always involves temperature, so that at each

local position along the expansion axis when the clusters are produced they must have

a finite temperature. This finite temperature or cluster temperature can be linked to

the cluster’s internal energy E∗ and defined as follows: T = E∗

kB(3N−6) where 3N − 6 is

the vibrational degrees of freedom in a cluster of size N > 2 [Hab94]. Clusters with an

increased internal energy5 may primarly become hot while clustering, but then they

cool down once the evaporation process of atoms becomes favorable enough. Table

2.3 also shows the cluster temperature obtained by Farges et al. [FdFR81] via electron

diffraction measurements, which is different from one noble gas cluster to another and

is clearly lower than the melting temperature of the noble gases. This is believable

since the cluster temperature is a characteristic of the expanded gas, and vary as the

bonding strength between two neighbouring atoms (or the dimer well depth ε) vary

[FdFR81].
5The internal energy of the cluster is increased when the condensation heat is primarly released

within the cluster, and hence as when as the evaporation process is less favorable than the conden-
sation process.
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Neon Argon Krypton Xenon

Cohesive energy (eV/atom) 0.02 0.08 0.116 0.16

Melting temperature (K) 24.56 83.81 115.8 161.4

Cluster temperature (K) 10 ± 4 37 ± 5 53 ± 6 79 ± 8

Table 2.3: Cohesive energy (at 0 K and 1 atm.) and melting temperature (at 1 atm.)

of solid Ne, Ar, Kr and Xe [Kit96]. The temperatures of large noble gas clusters

measured by electron diffraction at about 5 cm after the nozzle (see [FdFR81] and

[Hab94] p. 216) are also included in the table.

2.3 Structure of noble gas clusters

Clusters made of noble gases are the most weakly bound of all clusters, and are known

by their different favored and stable structures at different cluster sizes. The stability

of noble gas clusters is mainly based on the bonding strength; i.e. the most stable

clusters those which have the maximum number of bonds between nearest neighbors.

The overall evolution of noble gas cluster structure as a function of cluster size is

well established before [Hab94, JKR92, GSS93]. Small noble-gas clusters adopt an

icosahedral structure. The smallest member of an icosahedron contains N = 13 as

number of atoms;i.e. a central atom with two pentagon caps. The clusters grow by

addition of atoms to their sides until the next larger icosahedron is built, having N =

55, 147, 309, 561, etc6. These number of atoms, including N = 13, are called magic

numbers [ESR81] and are elements of the following series [Hab94]:

N = 1 +
n∑
k=1

(10k2 + 2) (2.7)

where n gives the number of concentric atomic layers in the icosahedron and (10k2 +

2) is the number of atoms in the kth shell.

All the icosahedra N = 13, 55, 147, 309, 561, etc. have five-fold symmetry and
6The details of this growing sequence have been discussed in details in [Nor87].
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each atom in the interior of a closed-shell icosahedron is 12-fold coordinated. Figure

2.4 shows the growth sequence of the first five icosahedra for the shell number n = 1

up to n = 5.

Figure 2.4: Icosahedral structure with increasing number of layers; i.e. from one

layer to five layers. The number of atoms in each cluster is 13, 55, 147, 309 and 561,

respectively. Adapted from [Hab94].

Many mass spectrometric evidences show that noble gas clusters with a complete

icosahedral structure are characterized by an enhanced stability compared to those

with incomplete shells so that they are highly abundant in mass spectra of cluster jets

[ESR81]. As an example, figure 2.5 shows the mass spectrum of Xe clusters covering

the size range where the 2nd and 3rd icosahedral shells are expected to fill.

Figure 2.5: Mass spectrum of Xe clusters formed as a result of free jet expansion.

The spectrum indicates closure of the 3rd icosahedral shell at n = 147. Adapted from

[MKL89], with the permission of AIP Publishing and Copyright Clearance Center.

The pronounced intensity maxima at n = 55 and n = 147 in the abundance

spectrum of Xe clusters do agree with the number of atoms in filled icosahedra for

shell number 2 and 3 and hence they correspond to the anticipated magic numbers
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in the size range n 6 147. The structure between these numbers also exhibits many

additional intensity maxima, e.g. at n = 71, 87, 116, which can be attributed to

subshell closures with some adjacent faces being completly unfilled [MEK89, HKN84,

MKL89]. A drop in intensity is clearly seen at or very close to each of these intensity

maxima, especially close to n = 55 and n = 147. The reader can refer to Ref. [MKL89]

for the mass spectra of large noble gas clusters which indicate the closure of the 4th,

5th and 6th icosahedral shell at n = 309, 561 and 923, respectively.

In an icosahedron, the interatomic spacing is not uniform, and most atoms are

surface atoms. Therefore, this structure is favorable in small clusters with a large

surface-to-bulk ratio. The number of surface atoms Ns in an icosahedral cluster with

n layers can be calculated by [Lun07]:

Ns(n > 1) = 10n2 − 20n+ 12 (2.8)

With an increasing number of atoms, the icosahedron structure becomes increasingly

strained as a result of atom-atom radial compression pointing towards the center of

the icosahedron. This induces a mechanical stress that destabilizes the icosahedral

structure so that at some cluster size the fcc structure becomes favored. Large noble

gas clusters are actually known to adopt an fcc structure. Whether, how and at which

cluster size the system undergoes a phase transition to the fcc structure is still unclear.

For instance, Argon clusters formed via supersonic expansion and studied by electron

diffraction are known to have a polyicosahedral when 20 < N < 50 [FdFR83] and

a multilayer icosahedral when 50 < N < 750 [FdFR83]. However, for large Argon

clusters containing up to about 750 atoms, a transition to the fcc crystalline bulk

structure was found to occur [FdFR86].
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Chapter 3

Light-matter interaction

In considering the interaction of electromagnetic (EM) radiation, i.e. light, with

atoms, absorption and radiative emission processes are known to occur in the form of

quanta of energy commonly referred as photons. In the context of quantum electro-

dynamics, the quantum Hamiltonian of the EM radiation is equal to the sum of an

infinite number of Hamiltonians of harmonic oscillators [Wei78]. Each oscillator is as-

sociated with a mode of radiation field characterized by a wave vector k (where |k| =
2πν
c

with ν is the frequency and c is the speed of light) and unit vector of polarization

ek. The energy of each mode can only take one of the following values: E = hν (n +
1
2) where n > 0 is an integer, defining the number of photons with an energy of hν in

the radiation field. If an atom in initial state i absorbs a photon with a given energy

hν lower than its electronic binding energy, it therefore undergoes a transition to a

final state f through an induced dipole charge oscillations and the leading process

is called photoexcitation. In the final state f , the atom is electronically excited and

often relaxes by emission of a photon. If the energy of the absorbed photon is now

higher than the electronic binding energy of the atom, an electron from the atomic

ground state can be removed as a photoelectron and the process in that case called

a photoionization. All of these processes and their consequences will be described in

greater details in this chapter in case of isolated and extended systems after a brief

quantum mechanics description of atoms.
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3.1 Quantum mechanics of atoms

3.1.1 Electron configuration

In quantum mechanics, an atom can be viewed as a positively-charged nucleus and

a surrounding cloud of electrons where the angular momentum of each electron must

be an integer multiple of the reduced Planck constant ~ = h
2π . For Hydrogen as sim-

plest atom, the Schrödinger equation, i.e. H|Ψ〉 = E|Ψ〉 (where H, Ψ and E are the

Hamiltonian, the total wave function and energy of the atomic system, respectively),

can be solved analytically to determine the energy of the atomic levels. The Hamil-

tonian H is here regarded as the total energy operator of the system and expressed

as follows:

H = p2

2m + V (3.1)

where V is the potential energy of the system, p is the momentum operator given by

−i ~ ∇ (i is an imaginary unit and ∇ is a gradient operator) and m is the mass of

the system.

Unlike Hydrogenic case, the Schrödinger equation of many electron atoms, e.g.

noble gas atoms, can not be solved analytically because the interaction between the

electrons should be taken into account in addition to the interaction between the

electrons and the nucleus. Therefore, approximation methods are used for better

description of these atoms. This is often treated by using perturbation theory based,

for example, on the so-called central field approximation [BJ83] where one thinks

that each electron moves in an effective centrally symmetric potential created by the

nucleus and all the other electrons and which depends only on the electron-nucleus

distance r. Formally, this approximation means separating the Hamiltonian H of Eq.

(3.1) in two terms; one denoted by H0 representing the sum of the kinetic energy and

the effective potential energy Vc(r) of an electron in the central field, and the other

one denoted by H1 containing the spherical and non-spherical parts of the mutual
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interaction between the electrons [BJ83]:

H = H0 +H1 (3.2)

where

H0 =
N∑
i=1

[ P
2
i

2m + Vc(ri)] (3.3)

and the perturbation H1 is usually neglected since it is a small correction to the

central potential field. The Schrödinger equation for the spatial part of N electrons

central field wave function Ψ0 then reads

N∑
i=1

[ P
2
i

2m + Vc(ri)]Ψ0 = E0Ψ0 (3.4)

The solutions of this equation can be a quite formidable endeavor [BJ83] since Ψ0 is

a product of the individual electron orbitals which can be determined as in the case

of the hydrogenic system. However, contrary to the hydrogenic case, the total energy

E0 in that case is the sum of the individual electron energy which depends on the

principal quantum number n and the electron angular momentum l, namely

E0 =
N∑
i=1

Enili (3.5)

with n > l + 1.

Therefore, the total energy E0 is entirely determined by the electron configuration;

i.e. by the distribution of the electrons with respect to the quantum number n and l.

For a given value of n, l can take the values 0, 1, 2, ... n−1 which are usually denoted

with lower-case letters s, p, d, f ,.... Thus the state n = 1, l = 0 is denoted 1s, the

state n = 2, l = 1 is denoted 2p, and so on. For each value of the electron angular

momentum l there are in fact 2l + 1 states differing by the values of the magnetic

quantum number ml = −l, −l + 1, ..., l − 1, l. Each ml state can accommodate up

to two electrons with opposite spins; i.e. s = ± 1
2 . The assignment of an electron

configuration of an atom thus requires the enumeration of the value n and l for all

the electrons. If there are several electrons with the same values of n and l, this is
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denoted as (nl)k, where k is the number of the electrons. For instance, noble gas

atoms have a particularly simple electron configuration, since all the shells are filled,

e.g. the electron configuration of Neon is 1s22s22p6.

3.1.2 Spin-orbit interaction

For an atom in a Coulomb field the energy levels are in fact n2-fold degenerate as in

case of hydrogen atom; each state have a sub-shells characterized by l. For certain n

the degeneracy is partly lifted because of spin-orbit interaction:

E = En + Eso (3.6)

where Eso is a perturbation term that depends on the mutual orientation of the

angular momenta l and the spin s of the electron; i.e. on the value of the total

angular momentum of the atom j = l + s. Since the magnitude of the spin is ±1
2 ,

thus the spin-orbit interaction leads to a splitting of the atom energy level nl into two

components l + 1
2 and l − 1

2 . The value of j is usually written as a subscript after the

spectroscopic notation of l. For example, the state n, l = 1, j = 1
2 is denoted np1/2,

the state n = 4, l = 2, j = 3
2 is 4d3/2, and so on.

3.1.3 LS coupling

When the spin-orbit interaction is weak, e.g. in the case of multi-electron atoms with

smaller nuclear charge (Z), the electrostatic interaction between electrons dominates,

and the orbital angular momenta couple together to form a combined angular momen-

tum L = ∑
i li. The weak spin-orbit interaction now couples the total spin S = ∑

i si

to the combined orbital angular momenta, and so the total angular momentum J

is the resultant of L and S: J = L + S. Depending on which values are possible

for L, S and J , a variety of terms can arise from any given configuration. Such a

spectroscopic term is often called LS coupling or Russell − Saunders term [Sob92]

and designated as
2S+1LJ (3.7)
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where 2S + 1 is called multiplicity, L can have the values 0, 1, 2, 3, 4, etc. with the

symboles S, P , D, F , G, etc. and J can take the values | L − S | 6 J 6 L + S.

The state of an atom with more electrons can thus be described using L, J , and

S, instead of l and s for each electron. For instance, the ground state of a Neon atom

in the Russel-Saunders notation is 1S0.

3.2 Interaction Hamiltonian

The most basic representation of the mutual interaction between light and matter is

the minimal coupling that relates the momentum of a charge particle to the vector

potential of the light field. In presence of EM field, the electron Hamiltonian expressed

in Eq. (3.1) has now the following form [Deg14, Wei78]:

H = (p+ eA(r, t))2

2m − eΦ(r, t) + V (r) (3.8)

where A(r, t) and Φ(r, t) are the spatial-time-dependent vectorial and scalar potentials

of the EM field, respectively.

In accordance with the principle of electrodynamics [Jac99], Gauge invariance

ensures that the dynamic of such physical operator should remain unchanged following

a gauge transformation on the scalar and vector potentials. By setting Φ(r, t) = 0

and substituting p by −i~∇, the Hamiltonian H of Eq. (3.8) becomes (after taken

into account the Coulomb Gauge: ∇ · A(r, t) = 0) as follows:

H = − ~2

2m∇
2 + V − ie~

m
A(r, t) · ∇+ e2

2m |A(r, t)|2 (3.9)

where the vector potential A(r, t) can be viewed as a transverse plane waves oscillating

in time t at angular frequency ω and propagating in space in the direction along the

wave vector k:

A(r, t) = A0e
i(k.r−ωt) + c.c (3.10)

with c.c indicates the complex conjugate and A0 is a vector perpendicular to the
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wave vector k and which describes both the amplitude and the polarization of EM

radiation wave.

In the case of a weak EM radiation field, the last term in A2 in Eq. (3.9) is so small

compared to the term in A. This means while the atom interacting with light only

the absorption or emission of one photon should be considered. The absorption or

simultaneous emission of two photons is generally negligible in this case. By neglecting

eA2, the field-matter interaction Hamiltonian Hint can be defined as follow:

Hint(r, t) = −ie~
m
A(r, t) · ∇ (3.11)

Hint is relatively small compared to the left hand term (− ~2

2m∇
2 + V ) of Eq. (3.9).

It is therefore convenient to regard it as a perturbation term to the total Hamiltonian

H of the system.

There is another (and widely used) equivalent form of Hint(t) within the so called

electric dipole approximation. This approximation says that if the wavelength of

the radiation field (e.g. UV, visible, and infrared (but not X-ray) radiation)1 is much

larger than the atomic dimension (∼ the radius of Bohr atom a0 = 0.529 177 Å),

then the exponentials eikr and e−ikr which appear in the vector potential A(r, t) of

Eq. (3.10) can be replaced by unity since the quantity (kr) is so small. In this

approximation, Hint(t) defined in Eq. (3.11) becomes

Hint(t) = −ie~
m

[e−iωt + eiωt]A0 · ∇ = − ie

mω
E(t) · p (3.12)

where the electric field E(t) = 2E0cos(ωt) with E0 = iωA0 since E(t) = −∂A(t)
∂t

.

3.3 Transition rate

When an atomic system (or even a molecular system) is exposed to an oscillating

perturbation of frequency w and which has, for example, a time-dependent form as
1The dipole approximation becomes less accurate as the frequency of the radiation increases, and

is so inadequate for X-ray radiation.
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Hint(t) = Hint(eiwt + e−iwt), after a time t it may undergo a transition from a certain

discrete energy level to another energy level. Time-dependent perturbation theory

shows that the probability of finding such system in a state f with energy Ef if

initially it was in a state i (e.g. ground state) with energy Ei raises linearly in time

as Pf (t) = Γi→f × t where Γi→f is the transition rate and given by Fermi′s Golden

rule as follows:

Γi→f = dPf (t)
dt

= 2π
~
|〈f |Hint|i〉|2ρ(Ef ) (3.13)

Here |〈f |Hint|i〉|2 is the square of the transition matrix element and ρ(Ef ) is the

density of final states, where Ef = Ei + ~ω which states the energy-conservation

condition. The appearence of ρ(Ef ) as a factor in the transition rate Γi→f is in fact

due to that atoms or molecules often have numerous states with the same energies,

e.g. degenerate states – so that a transition normally takes place to a band of states

covering a narrow band of energies. Note that the Fermi′s Golden rule used in Eq.

(3.13) can also be used to determine the rate of the transition f → i that corresponds

to an emission process.

The transition matrix element |〈f |Hint|i〉|, and thus the transition rate Γi→f , can

be evaluated easily within the electric dipole approximation. By using the Hamilto-

nian Hint of Eq. (3.12) and taking into account that 〈f |p|i〉 = m(Ei−Ef )
i~ 〈f |r|i〉 since

p = im~ [H0, r], Γi→f reads

Γi→f = 2π
~
ωfi
ω
E2

0 |〈f |µ|i〉|2ρ(Ef ) (3.14)

where ωfi = Ei−Ef

~ , 〈f |µ|i〉 is the transition dipole matrix and µ = er is the electric

dipole moment of the system.

3.4 Spectral line broadening

According to the transition rate described in Eq. (3.14), any radiation emitted or

absorbed between the atomic level of energies Ei and Ef is therefore associated with

an exact amount of energy E = Ei − Ef and thus has an infinitely sharp spectral

22



line. However, if this radiation will be measured by means of some spectroscopic

techniques, its spectral line will not be sharp even when an infinitely narrow resolution

is considered. The spectral line of the radiation will rather appear with a particular

broad shape. Numerous effects can contribute to the spectral line broadening. Among

of these effects are:

• Natural width: It is connected with the uncertainty principle which states that

the energy of such a level can not be precisely determined, but must be uncertain by

an amount of order ~
τ
where τ is the finite lifetime of the state to which the transition

occurs.

• Pressure broadening effect: It arises due to the collisions between atoms in a

gas while emitting or absorbing a radiation. These collisions depend on the pressure

of the gas (the targed density). During collision when excited atoms collide with the

surrounding gas, there will be an exchange of energy which will lead to a broadening

of the atomic energy levels, and hence to a decrease in the lifetime of the atomic

excited states.

• Doppler effect: This effect happens when the atoms are moving relative to the

observer. It mainly leads to a frequency shift of the radiation emitted by the moving

atoms.

3.5 Selection rules

Experiments show that the absorption or emission spectrum of an atom, e.g., hydro-

gen atom, does not contain all possible frequencies ν according to the transition rate

described above. There must be certain selection rules which constrains the possible

transition of the atom from one quantum state to another. Finding the conditions un-

der which the transition dipole matrix described in Eq. (3.14) is non-zero is actually

equivalent to finding the selection rules for which a transition is allowed.

In general, any electron transition which involves an absorption or emission of a

photon must involves, within the electric dipole approximation, a change of unity in

the atom’s angular momentum since the photon has an intrinsic angular momentum of
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one. The photon in that case can only exchange up to one unit of angular momentum

with the atom, so that the angular momentum of the atomic system conserves; i.e.

Jf = Ji + 1. This leads to the following angular momentum selection rules:

∆J = ±1, 0 (Ji = 0 9 Jf = 0) (3.15)

When the spin-orbit interaction is small, the electron spin in fact does not change

in an electric dipole transition. Within the LS coupling scheme, the selection rules

are therefore as follows:

∆S = 0, ∆L = ±1, 0 (Li = 0 9 Lf = 0) (3.16)

Here, ∆S rule reflects that an absorption or emission of a photon by or from an atom

do not effect the internal spin angular momentum of the electron and ∆L rule states

the conservation of the angular momentum.

To these selection rules, it is necessary to add the selection rule with respect to

parity − the so called Laporte selection rule:

∆l = ±1 (3.17)

According to ∆l rule, the only allowed electric dipole transitions are those which

are involving a change of parity; i.e. even → even and odd → odd are forbiden;

however, even ↔ odd are allowed.

3.6 Excited states configuration

The excitation of one electron from the ground state of an isolated atomic system

to unoccupied orbitals of higher energy gives rise to additional configurations of the

involved system. Following the selection rules which govern orbital angular momen-

tum, the excited electron in some cases undergoes a transition to lower energy levels,

releasing the excess energy of the system by emission of a photon (fluorescence) in
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the ∼ ns timescale regime. The spectral lines which are originated from an electronic

radiative decay may fall into an emission line series with different spectral ranges2.

To find out a notation of such emission spectral lines, one should first understand

the mechanism of interaction between the electrons. The electrostatic interaction of

the electrons of the atomic core with the excited electron is small in comparison with

their spin-orbit interaction. So, the LS coupling scheme in that case is not applicable.

However, the atomic core can be described using the LS notation 2S+1Lj (with L,

S, j is the orbital angular momentum, the spin, and the total angular momentum

of the atomic core, respectively) as it has equivalent electron configuration (e.g. np5

configuration for noble gas atoms) for which the electrostatic interaction is always

large. In comparison with the weak coupling between the spin of the excited electron

and the atomic core electrons, the electrostatic interaction of the excited electron

with the atomic core electrons is actually strong enough to give a series of levels, each

of which can be described by an angular momentum vector K that arises from the so

called jl coupling [Sob92]:

K = j + l (3.18)

with l is the orbital angular momentum vector of the excited electron, j is the total

orbital angular momentum vector of the atomic core and K can take the values j +

l, j + l − 1, ... | j − l |.

Finally, the coupling between the spin of the excited electron and the quantum

number K leads to two components of the total angular momentum vector J of the

atom:

J = K ± 1
2 (3.19)

Any excited state described by the set of quantum numbers LSjlKJ is often given
2The simplest atom of hydrogen, for example, exhibits a regular lines series with a decrease of

intensity and separation towards shorter wavelengths; i.e. Lyman series, Balmer series, Paschen
series, etc.. While noble gas atoms exhibit irregular spectral lines lying in the vacuum ultraviolet
region (transition to the ground level), visible and infrared regions (transition between excited levels).
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by the following notation [Sob92]:

2S+1Ljnl[K]J (3.20)

For example, in the case of an outer-shell excitation of a 2p electron in Neon atom

to the 4s unoccupied state, on can have the following four levels: 2p5 2P3/24s[3/2]2,1;

2p5 2P1/24s[1/2]0,1.

3.7 Atomic Rydberg states

Rydberg states of an atom are highly excited states which can generally be described

in term of series that converge on energy levels of the atomic ion core. They can

nowadays easily be prepared, due to the availability of tunable excitation sources

such as SR, by promoting one electron from the ground state of the atom to an

unoccupied state with a very high principal quantum number n. When an electron

from an atom with many electrons is excited to higher energy unoccupied state (nl),

it becomes effectively shielded from the electric field of the nucleus by the electronic

cloud of the atom. As a result, the excited electron generally ”sees” the atomic core

as one nucleus and will behave much like the electron of the hydrogen atom as long

as it does not come too close to the core. If the excited atom is further facing various

perturbations, the excited electron can, however, easily be removed apart since it is so

weakly bound to the atomic core. The energy of an excited electron in such Rydberg

state nl can be determined by using the following Rydberg formula:

En = Eth −
R

(n− δ)2 (3.21)

where R is the Rydberg constant equal to 1.097 373 × 105 cm−1, n is the principal

quantum number, δ is the quantum defect [RI97] and Eth is the threshold energy

which represents the convergence limit of the Rydberg series as n tends to infinity.

A highly excited atom is often called Rydberg atom [Met80], after the Swedish

spectroscopist Johannes Rydberg.
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3.8 Photoionization

The minimum amount of energy that is required to remove an electron from an atomic,

molecular or ionic system is called ionization energy (IE) or more commonly electron

binding energy (Ebind). When an atom, for instance, absorbs a photon with an energy

hν ≥ IE, it therefore becomes ionized. This is known by the photoionization process

or, when a metal is ionized, the process is called photoelectric effect as pointed out

by Einstein in 1905 [Ein05]. The photoelectric effect principle is based on a simple

but fundamental rule: an electron can be ejected as a photoelectron from a metal

only if it receives an energy at least equivalent to its binding energy; i.e. the work

function for the metal involved. When the energy of the photon hν exceeds the work

function and a photoelectron is emitted, any excess of photon energy over the work

function must appear as a kinetic energy of the emitted electron. In other words, the

kinetic energy Ekin of the photoelectron is directly related to its binding energy via:

Ekin = hν − Ebind (3.22)

In fact, not every photon encounters an atom, molecule or ion will eject an electron

from the atomic, molecular or ionic ground state. The probability of photoionization is

related to a photoionization cross section that depends on the energy of the photon

and the target being considered. According to [BS96], the photoionization cross-

section can be given as follows:

σ(hν) = 4π2αa2
0hν

3 |〈f |µ|i〉|2 (3.23)

where α = 1
137.036 is the fine-structure constant, a0 = 0.529 177 Å is the Bohr radius,

hν is the photon energy and µ is the electric dipole moment of the the system.

If several nl orbital levels are involved in the photoionization process, then the

summation of partial photoionization cross section should bring about the total pho-

toionization cross section σtot:
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σtot(hν) =
∑
nl

σnl(hν) (3.24)

The differential form of σ, gives information on the angular distribution of the

ejected electron; i.e. dσ
dΩ . For linearly polarized incident light, dσ

dΩ has the following

general form [Sch92, BS96, CZ68]:

dσ(hν)
dΩ = σ(hν)

4π

[
1 + β

2 (3cos2Θ− 1)
]

(3.25)

where β is an asymmetry parameter [CZ68] and Θ measures the angle between the

direction of the ejected electron and the polarization of the incident light.

3.9 Extended systems

3.9.1 Example: noble gas dimers

When two neutral noble gas atoms combine to form a dimer, an interaction between

their atomic valence orbitals rises up and valence molecular-like orbitals may tend

to form since the valence electrons are likely delocalized. For instance, from the 1s

atomic orbitals of Helium one can construct two molecular orbitals: a bonding σg and

an antibonding σu. The indices g and u designate the gerade and ungerade symmetry

state of the wave function with respect to interchange of the nuclei, respectively. He2

possesses inversion symmetry as in case of diatomic systems (e.g. the molecule of

Oxygen O2 or Nitrogen N2), so that under inversion the bonding σg is unaffected

wherease the antibonding σu changes sign. Each σ orbital can accommodate up to

two electrons of opposite spin. For other homonuclear noble gas species the orbital

energies are different enough, so that only orbitals of the same energy interact to a

significant degree to form bonding and antibonding orbitals. As an example, for the

Ne2 dimer one can construct six full valence molecular-like orbitals correlated with

the localazed 2s and 2p valence orbitals in the separated atoms limit, namely,
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2σg, 2σu, 3σg, 1πu, 1πg, 3σu (3.26)

Here, the bonding and antibonding effects nearly cancel each other, so that the

well depth of the Ne2 interaction potential is only of about few meV (≈ 3.64 meV ).

Here also, note that the bonding 1πu and the antibonding 1πg both accommodates

four electrons.

3.9.2 Potential energy curves of ionized Ne2

The removal of an electron from one of the six valence molecular-like orbitals of the

Ne2 system leads to a strong chemical bond for the formed Ne+
2 -ion, and hence to

an energetic increase in the well depth. Figure 3.1 enphasizes this fact. It shows the

qualitative potential energy curve of the neutral ground state of Ne2 as well as of the

outer- and inner-valence states of Ne+
2 . Due to the weak van der Waals interaction,

the Ne2 dimer is initially in its electronic ground state3 1Σg. The corresponding

potential curve is quite flat, has a very shallow minimum at about 3.2 Å and is

supporting only two vibrational levels [SZC00]. By outer-valence ionization of a 2p

electron, the Ne2 ground state wave function can be lifted up to four outer-valence

(ov) cationic states Ne+
2 (ov). Two of them are lower lying states denoted by 1 2Σ+

u

and 1 2Π+
g , and which possess distinct minima. The two other are higher lying states

denoted by 1 2Π+
u and 1 2Σ+

g , and which are purely repulsives. In contrast to the

outer-valence ionization, the removal of a 2s electron out of the Ne2 system can

result to two inner-valence (iv) cationic states Ne+
2 (iv), i.e. 2 2Σ+

u and 2 2Σ+
g . The

inner-valence 2 2Σ+
u state has a distinct energy minimum at about 2.2 Å, supporting

11 vibrational bound states, whereas the 2 2Σ+
g state is purely repulsive and has a

very shallow minimum with a single vibrational level [SCM03].
3The ground state of the Ne2 diatomic system is a singlet (S = 0) and has a term symbol of 1Σg

because the net orbital angular momentum is zero and all the electrons must be paired so that the
overall parity is gerade (g) according to the multiplication rule g × u = u, g × g = g, u × u = g.
See e.g. [Atk83] for more details concenring the term symbols for diatomic molecules.
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Figure 3.1: Qualitative potential energy curves for the electronic state of Ne2 (bot-

tom), the outer-valence states of Ne+
2 (middle) and the inner-valence states of

Ne+
2 (top). Adapted with permission from [MSZ01]. Copyright 2001 by AIP Pub-

lishing LLC.

3.10 Relaxation prcocesses

Upon outer-shell photoexcitation, an atomic or molecular system often relaxes radia-

tively into its ground state or photoionizes as long as one of its outer-valence electrons

is removed apart. Upon inner or core-shell photoexcitation, the system may, how-

ever, undergo different relaxation processes since it still possesses an excess energy

after the primary excitation. Among these relaxation decays the so-called intra− and

inter atomic decay processes according to whether the system is isolated or belongs

to a chemical environment, respectively. In this section, I will present the most rele-
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vant relaxation mechanisms which can occur when a high energetic photon efficiently

interacts with an isolated and extended system.

3.10.1 Intra-atomic decay processes

An intra-atomic decay process or more commonly autoionization (AI) is a process by

which an isolated system in an excited state spontaneously emits one of its outer-shell

electrons, thus going from a state with charge Z to a state with charge Z + 1. For a

core-ionized system, the process is called normal Auger decay process [Mei22, Aug23].

Generally, in Auger decay process, an initially prepared core-shell vacancy is filled

with an electron from energetically higher valence shells while the remaining excess

energy in the system is released by emission of an electron from the outermost-valence

shell. The isolated system is then left with two outer-valence vacancies final states,

as illustrated in Figure 3.2(a).

1s

2s

2p

(a): Auger decay

Ne++

1s

2s

2p

(b): Autoionization

Ne+

1s

2s

2p

(c): Radiative decay

Ne+

Figure 3.2: Illustration of possible relaxation mechanisms that may occur in an iso-

lated Neon atom, after absorbing an incident photon. (a) Auger decay, (b) Autoion-

ization (AI) and (c) Radiative decay.

Auger decay can only happen, if the excess energy is sufficient to overcome the

binding energy of the outer-valence shell electron. Otherwise, the energy is released

in terms of an X-ray photon (fluorescence).
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Other possibilities for AI can also exist following a resonant excitation of an elec-

tron from the core shell of a given isolated system into an unoccupied bound state.

Here, the uncharged-excited system likely decays via emission of an electron. If the

initially excited electron participates in the decay, the process is called participator

Auger decay and the system is left with one final state vacancy. If not, it is called

spectator Auger decay where the system is left with two vacancies final states as long

as the initially excited electron is removed apart.

AI process may also occur following a resonant excitation of an electron from

the inner-shell of the isolated system to an unoccupied energy level nl. For example,

following excitation of an inner-valence 2s electron of a Neon atom into an unoccupied

bound state nl, an autoionizing states may exist beyond the first ionization limit of

Neon due to the interference between the nl discrete states and the continuum final

states far above the first ionization limit. Here, the AI occurs via the np → 2s

de-excitation which provides the energy needed to remove one 2p electron from the

outer-valence shells and form the Ne+ ground state. The excited Neon atom has

also the same final state Ne+ when the generated excess energy from the 2p → 2s

de-excitation used to kick out the initially excited nl electron, as illustrated in Figure

3.2(b). For an inner-valence ionized state, the isolated system likely decays by photon

emission, as shown in figure 3.2(c) for the case of an ionized Neon atom; i.e. a photon

is emitted due to the electronic transition 2p → 2s.

Due to electron correlation, one absorbed photon by an isolated system may also

excite two electrons simultaneously, e.g. from the outer valence shell, into the con-

tinuum. If one of the electrons relaxes, it transfers its energy to the other excited

electron, which is consequently ejected and the system is left with one final state

vacancy. This process is also called AI.

3.10.2 Interatomic/molecular Coulombic decay

The removal of an electron from an isolated system by photoionization often leads

to dissociation of that system or produces energetic ions which give off their excess

energy by photon emission (as illustrated in figure 3.2(c)) or−if energy permits−by
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electron emission (as illustrated in figure 3.2(a) and (b)). However, in a cluster with

one or more neighboring sites, the situation can be different since the environment

may influence the relaxation process of the excited entity. In the late 1990s it has

been found theoretically by Cederbaum et al., [CZT97] that an ultrafast (v tens

of femtoseconds (fs)) and efficient decay channel termed interatomic or molecualr

Coulombic decay (ICD) indeed occurs in weakly bound systems, e.g. hydrogen

bonded clusters or noble gas clusters, by which the excess energy of an inner-shell

ionized atom or molecule is transferred to a neighboring site, thereby ionizing it.

ICD as a non radiative cluster specific decay can set in only if the initially per-

turbed atom or molecule is in a state energetically higher than the ionization threshold

of other neighboring sites. If one consider, for example, an inner valence vacancy in

a given cluster with an energy above the double ionization threshold of the cluster, it

might then decay by ICD such that the cluster is doubly ionized in the final state and

end up with two vacancies located on two different sites. This is because the double

ionization threshold of the cluster lies much lower than the one of the isolated system

[MC06, RSS92]. Few year later after its discovery, ICD has been verified experimen-

tally [MKH03, JCS04] and since then has been the focus of numerous experimental

and theoretical investigations [Her11, Her12, Jah15, ADK11]. Extended systems, for

which ICD is relevant, range from van-der-Waals to polar water clusters and from

inorganic to biological samples such that the ICD scientific community claims: ICD

appears everywhere [SSO11]!

• Aspects and nature of ICD process: The important aspect of ICD is that

the excess energy of the excited site is used to eject a low kinetic energy electron

(the ICD electron) from the neighboring site. These electrons are generally proven to

be genotoxic and may induce irreparable damage in living tissue [BCH00, MBC04,

AOS15]. ICD therefore leads to a subsequent fragmentation of the involved system

into smaller units at specific sites, repelling each other due to Coulomb explosion.

Figure 3.3 illustrates the ICD process in Neon dimer.
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(b): Energy transfer
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(c): Coulomb explosion
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Figure 3.3: Illustration of ICD process in Ne2. (a) Upon photoionization, an inner-

valence 2s electron is removed from one atom of the Ne2 dimer. (b) The photocreated

inner-valence 2s vacancy is filled by an outer-valence 2p electron from the same ion-

ized atom, and the energy (≈ 26.84 eV [JCS04]) due to this electronic transition is

transferred to the neighbouring Neon atom. (c) Due to the transferred energy, a 2p

electron is ejected from the neighbouring atom and the finale state of the system con-

sists of two singly charged Ne+ ions which repel each other due to Coulomb explosion.
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At first an absorbed photon with an energy higher than the Neon 2s-electron

photoionization threshold (∼ 48.475 eV [SDP96]) removes an inner-valence 2s electron

from one of the atoms of the dimer (figure 3.3(a)). After that, an outervalence 2p

electron fills the photocreated inner-valence 2s vacancy. The amount of excess energy,

∼ 26.84 eV [JCS04], due to the electronic transition 2p→ 2s, is not sufficient to kick

out an outer-valence 2p electron from the singly charged ion Ne+, which requires

more than 40 eV ; i.e. local autoionization is energetically forbidden. However, it is

sufficient to remove an outer-valence 2p electron from the neighboring neutral Neon

atom, which has a binding energy of about 21.56 eV ; i.e. ICD is energetically allowed

(figure 3.3(b and c)). As consequence of ICD, the final state of the system is two

singly charged ions Ne+ 2p−1 repelling each other due to Coulomb explosion (figure

3.3(c)). The energy difference to a final state consisting of two atomicNe+ 2p−1 ions is

48.475 eV − 2 × 21.56 eV = 5.35 eV . Due to energy conservation, this amount of

energy will be shared between the kinetic energy of the ICD electron and the kinetic

energy release (KER) [JCS04, JCS07] of the Ne+ 2p−1 ion pair.

• ICD final states: The relevant potential energy curves for all the electronic

states involved in the excitation and ICD processes described above are shown in

figure 3.4. The Ne2 system is initially in the lowest vibrational level of its ground

state which has a minimum at about 3.2 Å. Upon inner-valence ionization, the

ground state wave function is lifted up to 2 2Σ+
u and 2 2Σ+

g states of Ne+
2 . The

probability that the Ne2 system can end up in any particular vibrational level of

the 2 2Σ+
u and 2 2Σ+

g states of Ne+
2 is, according to the Franck-Condon principle 4

[Atk83], proportional to the square of the overlap of the vibrational wavefunctions of

the ground and final state. In the region of interatomic distance where the transition

occurs, mainly in the Franck − Condon region5, these inner-valence cationic states

are relatively flat, which means that the excitation of the vibrational states, which are

spatially extended, is favored. The 2 2Σ+
u and 2 2Σ+

g states both can undergo electron
4Franck-Condon principle states that a transition from one vibrational level to another will be

more likely to happen if the two vibrational wave functions overlap more significantly.
5The Franck Condon region is the spatial extension of the vibrational wavefunctons of the ground

state. Outside this geometric limit, the vibrational wavefunction become very small, effectively zero.
An electronic transition to upper state can therefore only be reached within this region.
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emission resulting in two outer valence cationic states Ne+(ov) having one vacancy

on each of the Neon atoms [SZC00]. These Ne+(ov) states are found to be lower

in energy than the inner-valence states for the most interatomic distance [SZC00],

and hence giving rise to an efficient ICD. At the contrary, the Ne2+
2 states with both

vacancies being localized on the same Neon atom are actually much higher in energy

≈ 60.9 eV [SZC00]. They are therefore like the dicationic states in the isolated Neon

atom, not accessible for an electronic decay of the inner-valence cationic states. One

of the potential energy curves of the two Ne+(ov) states is plotted in dark yellow in

figure 3.4. Since the two Ne+(ov) states repelling one another by the Coulomb force

acting between them, their potential enrgy curves are highly repulsive, intersecting

the 2 2Σ+
u state at approximately 2.1 Å and very similar to each other.
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Figure 3.4: Qualitative potential energy curves of the electronic ground states Ne2,

inner-valence states of Ne+
2 and the two-site outer-valence states of Ne2+

2 . Since

these dicationic state are all very similar to each other, only one is plotted in dark

yellow. By inner-valence ionization the vibrational ground state wave function of Ne2

is lifted up to the 2Σ+
u and 2 2Σ+

g states of Ne+
2 . For most interatomic distances the

dicationic two-site states are lower in energy than the inner-valence state, giving rise

to an efficient ICD. The separation between the two vertical dashed lines highlights

the Frank-Condon region. Adapted with permission from [MSZ01]. Copyright 2001

by AIP Publishing LLC.

• ICD transition rate: Like autoionization process, ICD is driven by the Coulomb

interaction between the electrons involved in the transition. The decay rate of an

inner valence vacancy is proportionnal according to the Fermi′s Golden rule to the

transition matrix element of the process:

Γiv ∝ |Vov1,ov2[iv,k]|2 (3.27)

where iv, ov1, ov2, and k denotes the inner-valence, the two outer-valence and the con-
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tinuum orbitals participating in the process and Vov1,ov2[iv,k] = Vov1,ov2,iv,k−Vov1,ov2,k,iv

is the electron-electron Coulomb repulsion operator where Vov1,ov2,iv,k and Vov1,ov2,k,iv

are designated as direct and exchange term, respectively.

The direct term Vov1,ov2,iv,k is associated with an energy transfer mechanism that

occurs between an initially inner-valence ionized atom in a cluster and its neighbor,

as illustrated in figure 3.3 (b and c) for the case of Neon dimers. The exchange

term Vov1,ov2,k,iv, however, describes a charge transfer process in which, for example,

an initially inner-valence 2s vacancy created in one atom of a Neon cluster is filled

up with an outer-valence 2p electron from a neighboring Neon atom and the excess

energy due to this electronic transition is used to eject an outer-valence 2p electron

from the same initially ionized Neon atom into the continuum. By denoting ϕ as the

wavefunction of such orbital involved in the decay process, the integral forms of the

direct and exchange ICD terms can be written, respectively, as follows [Jah15]:

Vov1,ov2,iv,k = e2
∫ ∫

ϕov1(r1)ϕiv1(r1) 1
|r1 − r2|

ϕov2(r2)ϕk(r2)d3r1d
3r2 (3.28)

and

Vov1,ov2,k,iv = e2
∫ ∫

ϕov1(r1)ϕk(r1) 1
|r1 − r2|

ϕov2(r2)ϕiv1(r2)d3r1d
3r2 (3.29)

The contribution of these two terms to the decay rate depends very differently on

the internuclear distance R separating the two atoms involved in the decay process.

The exchange ICD term arises at small R due to the increasing overlap between the

orbitals ov2 and iv, and its matrix element die off exponentially with increasing R

[AMC04]. Neglecting the overlap between ov2 and iv at sufficiently large R, the direct

ICD matrix element behave as R−6 – characteristic of a dipole-dipole interaction –

as demonstrated in [SC02] via expanding Vov1,ov2,iv,k(R) in inverse-power series6 in R.

In realistic cases however, finite overlap between the orbitals strongly modifies the

ICD rate. That is saying, when R is decreased from assymptotically large distances
6See Ref. [LR73] and references therein for more details concerning the validity of the inverse-

power expansion in approximating the long-range Coulombic interaction potential V (R).
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the ICD rate increases much faster than R−6 as overlap sets in [AMC04]. Since noble

gas clusters are usually characterized by large equilibrium internuclear distances, the

exchange ICD matrix element is expected to be small and it is rather the direct ICD

matrix element that dominates by far. Jahnke et al. [JCS07] showed experimentally

that this is the case in the ICD of Neon 2p shake-up states. It was also found that

for the case of inner-valence ionization of Neon dimer/clusters and other noble gas

clusters ICD occurs almost completely due to the direct contribution [AMC04].

As reported in [TMW02, AMC04], ICD rate can also be approximated at large

R using the interatomic Auger rate expression obtained by Mathew and Komninos

[MK75]:

Γ = 3~
4π

c4

ω4
τ−1σvir.ph

R6 (3.30)

where τ is the radiative lifetime of the vacancy on the initially ionized atom and

σvir.ph is the total photoionization cross section of an electron from a neighbor atom

by a virtual photon of frequency ω.

The characteristic R−6 behaviour of the direct ICD rate is known as well from

other non-local process of energy transfer – the so called Förster resonant energy

transfer (FRET ) [Cle09]. FRET is a mechanism of energy transfer that can also

occur via a non-radiative dipole-dipole interaction between two biological molecules;

i.e. between a donor and acceptor. In FRET, the energy which is used to resonantly

excite one molecule A is transferred to another molecule B in vicinity. In turn, the

former molecule B resonantly absorbs that energy, becomes excited, and then releases

the absorbed energy via fluorescence emission. Direct ICD is however different from

FRET since it is not a resonant process. It is rather mediated by an exchange of a

virtual photon [AMC04]. Moreover, FRET occurs efficiently at separation distances

typically in the range of 1 to 10 nm which are more larger than the required inter-

atomic distance for the occurence of ICD in weakly bound systems. Although the

description of the direct ICD term is basically equivalent to the theoretical descrip-

tion of FRET as it incorporates the dipole-dipole coupling, the description of the

exchange ICD term is, however, in line with that of the non-local character of charge
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exchange in Penning ionization (PI) [Jah15, Sha74, MM77, HN69] which also re-

quires an orbital overlap between the two atomic or molecular species involved in the

process. PI is a collisional (non-local) autoionization process and mainly a result of

a chemical reaction in which an electronically excited gas-phase atom or molecule

X∗ collides with a neutral target atom or molecule Y , thereby forming together a

metastable excited quasi − molecule (XY )∗ that may release its stored energy by

charge transfer that leads to an emission of an electron from the system and produce

the following final state: (XY )∗ → X + Y + + e−. Regardless the non-local and

short range character of PI, the exchange ICD as well as the direct ICD are however

distinguishable from PI as they both involves a dipole-allowed transition, for example

the 2s → 2p electronic transiton in case of 2s-ionized Ne2 dimer, to occur, whereas

the occurence of PI requires the involvement of a metastable states or a long-lived

excited states where a transition to the ground state is forbidden by selection rules

governing orbital angular momentum and electron spin [Sha74]. Thus, metastable

states are the main source of PI as compared to ICD.

• ICD related processes: Independent of what kind of electronic excitation is

at hand, various ICD related interatomic/molecular processes may also occur when

an electronically excited atom or molecule is in a state energetically higher than

the ionization threshold of other neighbouring entity. Among of these ICD related

processes are the electron-transfer-mediated decay (ETMD) [ZSC01, FMA11], ra-

diative charge transfer (RCT ) [KJW08, HOS10, RJAMD16, HSH18], Auger-ICD

cascade [SC03, MLS06] and excitation-transfer-ionization (ETI) [GTS05]. Similar

to ICD, all of the aforementioned relaxation processes are non-local autoionizing de-

cay channels accessible in weakly-bound systems where energy is transferred between

nearst neighbours. In ETMD, for instance, the energy transfer is mediated through

charge transfer triggering the excess energy to either electron donator, ETMD (2),

or a third neighbouring atom, ETMD (3) [BSC03, SGC16]. ETMD is relatively a

weaker decay channel as compared to ICD with a lower decay widths of several or-

ders of magnitude at typical noble gas cluster interatomic distances [ZSC01]. For

systems where ICD is energetically forbidden, it has recently been shown that ETMD
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is the dominant decay pathway and much stronger than its radiative charge transfer

counterparts; i.e. ETMD proceeds on a time scale of magnitude faster than RCT

[SKcvG13, SKG14, LSG16]. It should also be noted here that for high concentrated-

noble gases maintained at ambient temperature RCT can occur as a result of three-

body collision process as experimentally reported before and for the first time in

[JB78].

3.10.3 Resonant interatomic Coulombic decay

The direct ICD process described above and illustrated in figure 3.3 is a characteristic

of an inner-valence ionized state of the cluster. We may now ask what are the lead-

ing decay processes when an inner-valence electron of one component of the cluster

is selectively promoted to an unoccupied nl state? This question has been experi-

mentally addressed in the past by Barth et al., [BJM05] to investigate the possible

open channel decays following a resonant excitation of an inner-valence 2s electron

in Neon clusters. Their results show that the resonant excitation of one component

of the cluster also triggers ICD. They first resonantly photoexcited a 2s electron of

a Neon atom belonging to about 70 Neon atoms per cluster into 3p Rydberg state

and then detected the emitted ICD electrons from a neighboring entity as a result

of transfer of energy which is being stored in the initially excited atom due to the

electronic transion 2s → 2p. The leading relaxation process in that case has been

called resonant ICD (RICD) since the excited 3p electron does not participate in the

ICD process. This non-local decay phenomenon can also be classified more precisely

as spectator RICD. In fact, RICD can be classified as spectator RICD or participator

RICD according to whether the initially excited electron is active or inactive in the

energy transfer process, respectively.

While the direct ICD is typically orders of magnitude faster than its only com-

peting process-radiative decay, RICD may face competition from intra-atomic au-

toionization which occurs roughly on a similar timescale, i.e. fs regime, and leads

to the emission of an electron from the initially excited cluster site. As shown in

[GAC06, KGC09], the autoionization process is dominant for lower principal quan-
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tum number (n) while the spectator RICD process becomes the dominating channel

with increasing n (figure 3.5). As consequence of spectator RICD, formation of singly

charged and excited moieties in the cluster which cannot be in some cases release their

energy by further electron emission. However, for such cases fluorescence emission is

the only decay channel.

slightly higher, is the �2s−14pz�
1�u

+ inner-valence-excited
state. The WW-TDA results for the AI+ pRICD and the
sRICD widths of this resonance are shown in Fig. 3. It stands
out that the AI width as a function of R is not a constant, but
rather exhibits pronounced minima and maxima. These fluc-
tuations originate from interactions with neighboring states.
On the other hand, the corresponding �-type resonance,
�2s−13px,y�

1�u
+, is characterized by nearly geometry-

independent AI+ pRICD width �see Fig. 3�, since the decay-
ing state is not affected strongly by the interactions with
other states of �u

+ symmetry. Overall, the rate for the sRICD
shows the expected power-law decrease,8 but fluctuates. At
the equilibrium distance of the neutral cluster, the autoioniz-
ation rate is five times larger than the sRICD rate. Compared
to the case of the �2s−13pz�

1�u
+ resonance the suppression of

the sRICD is clearly reduced. This originates from the much
lower AI rate and the slightly higher sRICD rate which made
it possible for Aoto et al. to see this resonance �see Fig. 3 in
Ref. 7�. Since the increase in the sRICD rate is not large
enough to compensate for the decrease of the AI rate, the
lifetimes of the 2s−14p resonances are significantly larger
than the lifetime of the 2s−13p resonances.

The next higher Rydberg state is the �2s−15pz�
1�u

+. The
WW-TDA results for the AI+ pRICD and the sRICD of this
excited state are shown in Fig. 4. As in the previous case, the
rates for AI+ pRICD and sRICD are strongly affected by
interactions with energetically closely lying states. At the
equilibrium distance, the AI+ pRICD and sRICD rates are
close to each other with the sRICD becoming now the domi-
nant decay channel. Similar trends are observed also for the
AI+ pRICD and the sRICD widths of the corresponding
�-type resonance, �2s−15px,y�

1�u
+ �see Fig. 4�. Given that the

AI widths of the 2s−1np1 states of Ne decrease with n, we
conclude that the sRICD is the dominant decay channel also
for the higher �n�5� resonances.

VI. CONCLUSIONS

We have presented a scheme for calculation of the decay
widths of excited states delocalized due to inversion symme-
try which is based on the WW theory and the TDA. Using

the approach of the adapted final states of the decay, we have
shown that one can separate the sRICD process from the AI
and pRICD processes �see Fig. 1�. This is achieved by con-
structing the 2h2p final states out of pairs of 2h2p RHF con-
figurations involving symmetry-related �gerade-ungerade�
MOs. It has been found that a similar separation of the AI
and the pRICD processes is impractical, at least if one uses
the MOs obtained from the RHF solution of the neutral clus-
ter.

We have applied the new scheme to the intra- and inter-
atomic decay widths of a few lowest inner-valence-excited
states of Ne2 which are accessible by optical excitations from
the ground state. More specifically, we have calculated the
combined AI+ pRICD and sRICD widths for the
�2s−1npz�

1�u
+ and the �2s−1npx,y�

1�u, n=3,4 ,5 resonance
states. The results show that the decay of Ne��2s−13p�Ne
states is dominated by the very efficient AI. Thus, in the
experiment of Aoto et al. these states could not give rise to
production of Ne+ ion pairs characteristic of the sRICD pro-
cess �see Fig. 3 of Ref. 7�. While Ne2 has been a natural
choice as the paradigm ICD system3,9 and a subject of a
recent experimental work,7 the suggested scheme can be ap-
plied to any excited state in an arbitrary centrosymmetric
cluster that decays by electron emission.

The results for the Ne��2s−14p�Ne and Ne��2s−15p�Ne
resonances show that with increasing n, the sRICD process
becomes the dominating decay channel while the AI rate
decreases. Since the enhancement of the sRICD is not suffi-
ciently large to compensate for the decrease in the AI with
the growing quantum number n, the lifetime of the �2s−1np�
states still increases with increasing n. At large n, one would
expect the lifetime to approach that of �2s−1�Ne+Ne deter-
mined by regular ICD. Furthermore, we have shown that the
decay rates do not depend strongly on the excited state sym-
metry, i.e., � or �. Only for the Ne��2s−14p�Ne resonance
we could find a significant difference between the decay
widths stemming from the strong interaction of the �-state
with the neighboring states and the relative “isolation” of its
�-counterpart.

While the present theory constitutes a clear improvement
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Figure 3.5: Left panel: The autoionization (AI) + participator RICD (pRICD) and

spectator RICD (sRICD) rates as a function of the internuclear distance for the

(2s−14pz)1Σ+
u (diamonds and triangles, respectively) and the (2s−14px,y)1Πu (squares

and circles, respectively) states of Ne2 obtained in [KGC09] using theoretical cal-

culations. Right panel: same as in left panel, but for the (2s−15pz)1Σ+
u and the

(2s−15px,y)1Πu. The arrow at 6.4 a.u. denotes the equilibrium distance of the ground

state of the neutral cluster. Reprinted with permission from [KGC09]. Copyright 2009

by AIP Publishing LLC.

The overall process of the spectator RICD is illustrated in figure 3.6 for the proto-

typical Neon clusters and as follows. An incoming photon, at first, resonantly excites

an inner-valence 2s electron of Neon atom to np-Rydberg state (figure 3.6(a)). In an

isolated atom, this excitation is followed by ultrafast autoionization, as shown above

in figure 3.2(b), which usually dominates over radiative decay and thus suppresses

any emission of fluorescence. Only for very high principal quantum numbers n, ra-

diative decay can compete with autoionization [LPH00]. Because of the presence of

neighbors in the cluster, the 2s inner-valence excited state can alternatively relax
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via ICD, in which the excess energy is transferred to a neighboring atom to release

a slow ICD electron from it (figure 3.6(b)). After the ICD took place, the initially

excited atom still stores a part of its excess energy remaining the excited electron.

This energy is not sufficient to ionize the system further and can only be released

by emission of a photon. As the radiative decay rate grows significantly with the

energy of the emitted photon, one can expect that the Rydberg-to-valence np → 2p

transition will dominate over the Rydberg-to-Rydberg np → 3s one. A predominant

fluorescence emission in the VUV range due to the np → 2p electronic decay transi-

tion would likely occur as expected in [KHF14]. In spite of the above argumentation

and for a centrosymmetric system, the still excited atom may, however, release its

excess energy by a cascade of radiative decays; e.g. first by UV/visible fluorescence

due to a Rydberg-to-Rydberg transition, and subsequently by VUV fluorescence due

to a Rydberg-to-valence transition (figure 3.6(c)). Part of this PhD work is devoted

to prove experimentally this fluorescence cascade following the occurrence of ICD in

2s-excited Neon cluster.
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Figure 3.6: Illustration of spectator RICD (sRICD) process in neon cluster. (a) An

incident photon resonantly excites an inner-valence 2s electron into an unoccupied

np-Rydberg state. (b) In the presence of the excited np electron, the photocreated

2s vacancy is filled by a 2p electron from the same excited atom, while the energy

released by that is transferred to a neighboring Neon atom resulting in an ejection

of a slow electron (ICD electron) from its 2p outer-valence shell; i.e. occurence of

sRICD process. (c) After sRICD took place, the still excited Neon atom likely relaxes

by fluorescence cascade [HLF17]: First, by an np-Rydberg → 3s transition emitting

a UV/visible photon, and then, by a 3s → 2p transition releasing a VUV photon.
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3.11 Cluster size effect on ICD probability

Indeed, ICD is a pure environment effect. It has been shown theoretically [SZC01,

SC03, OTL04] that the ICD lifetime of one originally inner-valence excited site drops

with increasing number of nearest neighbors of the excited center, implying an increase

of ICD probability as a function of cluster size for very small clusters (figure 3.7).

If the number of nearest neighbors is saturated, the ICD probability is, however,

expected to not show an effect on increasing cluster size. As a result, an increase

of the ICD probability per cluster with increasing cluster size is expected for small

clusters and saturating as a function of cluster size for large clusters.

The number of relevant decay channels should be propor-
tional to n21, n being the number of atoms in the cluster,
because for efficient coupling one of the final-state holes
must be localized on the central neon atom. In fact, as a
careful analysis of our numerical data has confirmed, decay
channels withboth final-state holes in the coordination shell
of the central monomer do not give any appreciable contri-
bution toG iv . The coupling of the relevant decay channels to
the innervalence hole state might be affected by the inter-
atomic distanceswithin the coordination shell—the distances
of all shell atoms to the central atom are identical, but the
distances between shell atoms decrease with increasing clus-
ter size. The consequence would be a noticeable dependence
of the average partial decay width on the number of atoms.
This is one possible reason why the calculated ICD width is
not linear as a function of cluster size~see Fig. 5!. Another
reason might be the quality of the Gaussian basis set used:
the basis set improves with the size of the cluster. This im-
plies that the description of the ICD electron is best for Ne13.

By focusing on an innervalence hole on the central mono-
mer we simulated the situation inside the solid. The ICD
lifetime found in Ne13 is a restrictive upper bound for the
ICD lifetime of a 2s hole in a neon crystal. For surface
atoms, which do not possess a complete coordination shell of
nearest neighbors, our data suggest that the ICD lifetime is of
the order of 10 fs.

In principle the innervalence ionized cluster can give off
its excess energy by photon emission. The fluorescence de-
cay width of an innervalence excited Ne atom is of the order
of 1 meV ~see Ref. 47, and references therein!. That quan-
tity is expected to be of similar magnitude in a neon cluster.
We have shown that ICD is faster by at least three orders of
magnitude than relaxation by photon emission, which may
therefore be neglected. In Ne2, nuclear dynamics and ICD
take place on comparable time scales, giving rise to interest-
ing dynamical effects accompanying ICD.15,34 However, in
view of the ultrashort lifetimes found in the larger neon clus-
ters, it is very likely that for these systems ICD is the fastest
process occurring.

IV. SUGGESTIONS FOR EXPERIMENTS

Based on our work it seems likely that intermolecular
Coulombic decay of innervalence vacancies plays an impor-
tant role in the huge class of weakly bound clusters and
condensed matter, comprising such systems as water, carbon
dioxide, and ethanole. If energy conservation allows ICD to
take place, it is expected to dominate the relaxation of inner-
valence holes. The only competing processes typically occur
on a longer time scale. The kinetic energy distribution of the
ICD electrons extends from 0 up to several electronvolts. Its
detailed structure depends on the available electronic decay
channels and on effects induced by the motion of the atomic
nuclei, which we have found to make a particularly pro-
nounced impact due to the Coulomb repulsion acting in the
dicationic final state.15,34 From these considerations it is evi-
dent that ICD deserves attention.

A simple experimental approach to ICD is suggested by
the results of the previous section. One could sort the clusters
according to size and measure, with a high resolution, the
spectral line of the innervalence photoelectron for each clus-
ter size. While the line position is insensitive to cluster size
~see, for example, Fig. 3!, the width is expected to be size
dependent~Fig. 5!. Pursuing this strategy is, presumably, not
too difficult, but the wealth of information the ICD effect
contains cannot be revealed in this way. To that end a mea-
surement of the kinetic energy distribution of the ICD elec-
tron is needed.

There are, however, a few obstacles to observing ICD
electrons in a routine experiment. First, electron spectros-
copy in the energy range of a few electronvolts is more prob-
lematic than for faster electrons. This is a technical difficulty,
and experimentalists certainly are making progress in this
direction. The second problem is somewhat more fundamen-
tal. In order to investigate the decay of an innervalence hole
one would expose a given system to photons whose energy is
sufficient to produce such a vacancy. Obviously, for systems
that can undergo ICD this photon energy is above the double
ionization threshold. Thus it may happen that an absorbed
photon simultaneously ejects two outervalence electrons, in-
stead of ionizing an innervalence electron that is followed, in
a second step, by the spontaneous emission of an ICD
electron.

The emission of correlated electron pairs from the surface
of a solid following one-photon absorption has been investi-
gated experimentally by Biester and co-workers26 and by
Herrmann et al.,48 and within a theoretical approach by
Berakdar.49 With the restriction of energy conservation, the
energy of each of the electrons in a correlated pair can take
on any value between 0 andEmax, which is the energy of the
absorbed photon minus the double ionization potential of the
generated dication. The two correlated electrons share the
total energy available to them,Emax, in a complementary
fashion, that is, if one of the electrons has kinetic energy«,
the other one has kinetic energyEmax2«. The corresponding
continuous spectrum, which can be influenced by varying the
photon energy, may interfere with the measurement of the
kinetic energy distribution of the ICD electrons.

The question now is how electrons stemming from two-

FIG. 5. Electronic decay width and corresponding lifetime of an
innervalence (2s) hole in neon clusters of different sizes. The data
were calculated by means of Eq.~20!.

ROBIN SANTRA, JÜRGEN ZOBELEY, AND LORENZ S. CEDERBAUM PHYSICAL REVIEW B64 245104

245104-8

Figure 3.7: Electronic decay width and corresponding lifetime of an innervalence (2s)

vacancy in Neon clusters of different sizes. Reprinted with permission from [SZC01].

Copyright 2009 by AIP Publishing LLC.

The ICD life time is actually extremly short [OTL04, KC07, SSK13]. This makes

ICD a highly efficient interatomic decay process for an excited atom embedded in an

environment [FAH13]. The ICD efficiency has also been studied experimentally before

following a creation of an inner-valence vacancy in Neon clusters and as a function

of cluster size ranging from 50 up to 600 atom/cluster [BMK06]. It was found to be
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equal to unity for all the investigated cluster sizes; except towards bigger clusters (N

> 500) it shows a slight increase which was interpreted as might be due to inelastic

electron scattering processes inside Neon cluster [BMK06].

3.12 Intracluster scattering processes

+
e-
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*/+1
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v

Figure 3.8: Illustration of different scattering pathways in a cluster. i: unscattered

electron which escapes the cluster. ii: an inelastic scattering leading to excitation or

ionization of an atom in the cluster. iii: an elastic scattering. iv and v: backscattering

after elastic or inelastic scattering, respectively.

An electron is a low-mass, negatively charged particle. When it moves freely in

close vicinity of a neutral atom, it may easily be deflected once it experiences an

electrostatic interaction with the electron cloud or the nucleus of the neutral atom.

This Coulomb interaction may cause electron scattering process which can be treated

as elastic, if the kinetic energy of the electron is conserved, or inelastic when there is

an energy exchange with surrounding atoms. For instance, all free and fast electrons,

e.g. photoelectrons or Auger electron, traveling through a cluster will have a kinetic

energy dependent probability to scatter inelastically in several processes: by exciting

or ionizing an atom, as illustrated by pathway ii in figure 3.8, or by creating an

exciton in the cluster.
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Inelastic photoelectron scattering in noble gas clusters was investigated before

by photoemission methods, and it was shown to lead to the production of excitonic

satellites which are not present in the atomic case [JBM06, HKR02], and also to the

formation of zero-kinetic-energy photoelectrons (ZEKE) [KJK94].

Eventually, most of the primary energy of photoelectrons that inelastically scat-

tered in cluster is converted to kinetic energy of slow electrons [PL07]. These slow

electrons from inelastic intracluster scattering may experimentally mask the low-

kinetic energy electrons created as the outcome of ICD process. These two effects

have been investigated in the past [MAF15, BMK06] on Neon clusters using electron-

electron coincidence spectroscopy technique. Additionally, it was shown that the

probability for inelastic scattering increases with cluster size. Intracluster inelastic

scattering of emitted ICD electrons may occur as well in cluster as shown for Neon

clusters multiply excited by intense free electron laser (FEL) radiation [INF16], and

it was found that it affects the ICD relaxation of Neon bulk atoms.

A fast electron can also back scattered inside cluster, as illustrated by pathway

v and iv in figure 3.8. This was demonstrated before in case when an Auger decay

occurs in a core-ionized cluster [LLÖ08]. Backscattering is thereby a mechanism

in which an arbitrary kinetic energy-photoelectron is backscattered by neighboring

atoms in the cluster, loses its energy, and then recaptured in a Rydberg orbital of

the core-ionized atom before the Auger decay. It is thus so similar to the so called

postcollision− interaction (PCI) induced recapture process [EBJ88], but also with

a significant difference since the PCI occurs only near threshold where the kinetic

energy of the photoelectron is too small [TAW90, FWS05]. Elastic scattering and

backscattering processes are not the focus of this thesis, however, inelastic electron

scattering that induces secondary processes is of great interest and will be discussed

further in the results chapter.

47



Chapter 4

Experimental set-up

4.1 An overview of the experimental set-up

The experiment was carried out for fluorescence measurements on noble gas clus-

ters. It was performed with an established photon-induced fluorescence spectroscopy

set-up (PIFS) [SLV01] in the synchrotron radiation (SR) facility SOLEIL, Paris at

the PLEIADES beamline in its multi-bunch operation mode. The set-up consists of

the light source (SR beam), a cluster source for formation of Neon cluster beam and

several detection devices for collecting emitted photons from excited clusters. The

Neon cluster jet is produced by supersonic expansion through a 32 µm diameter flat

copper nozzle separating a high pressure stagnation chamber from the vacuum in the

expansion chamber with being cooled by a liquid Helium flow cryostat. After passing

through a skimmer of 1.5 mm diameter, the cluster jet entered the interaction cham-

ber, where it crossed the linear polarized photon beam of the monochromatized SR

at an angle of 45◦. Undispersed vacuum-ultraviolet (VUV) and UV/visible photons

emitted from excited Neon clusters were collected by an open face microchannel plates

(MCPs) stack (λfl < 120 nm) and MCP detector (300 nm < λfl < 630 nm) equipped

with a bialkali photocathode and fused silica window, respectively. A position sensi-

tive MCP detector (40 nm < λfl < 120 nm) based on wedge and stripe anode was

used to collect the VUV photons which were dispersed by a 1-m-normal-incidence

photon spectrometer equipped with a coated gold grating 1200 l/mm. Before getting
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dispersed by the grating, the emitted VUV photons went through a 1 mm width slit

located in the entrance of 1-m-normal-incidence monochromator. This slit was also

connected to a voltage source of −19.3 V , and hence used as an electrically connected

electrode in order to measure the yield of positively-charged Ne+ ions. A Faraday

cup was used behind the interaction region for monitoring the transmitted light.

4.2 Synchrotron radiation

4.2.1 Emission mechanism

Synchrotron radiation (SR) is electromagnetic radiation that is emitted from acceler-

ated charged particles moving almost at the speed of light; i.e. at relativistic veloc-

ities. The phenomenon is named after its discovery in Schenectady, New York from

the General Electric Synchrotron accelerator [EGL47]. Similar radiation can also be

produced naturally in the interstellar medium, e.g. Crab nebula, when charged par-

ticles enter in a region of strong magnetic field [Hes08]. Today electron storage rings

are routinely used to provide SR in a wide spectral range to users for investigating the

properties of matter in many different fields, like, e.g. molecular and atomic physics,

cell biology, nanotechnology and cultural heritage. The peculiar characteristic of the

electron storage ring is that the electrons are stored in orbit and traveling with high

energy through magnetic fields. The emission mechanism of radiation from the accel-

erated electrons in a storage ring is similar to that of a radio antenna, but with the

difference that the relativistic speed of electrons will change the observed frequency

since the radiation source is moving. The radiation, in this case, can be seen as col-

limated in the direction of the electrons motion. Figure 4.1 illustrates the radiation

pattern from a moving electron with two different velocity fractions, β = v
c
where c

and v are the speed of light and the accelerated electron, respectively.
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Figure 4.1: Qualitative radiation patterns related to charged particles moving in a

circular orbit. The dipole pattern achieved for slow particle (β ≺≺ 1) (left) is distorted

into a narrow cone when β ≈ 1 (right). The symbols v, A and ψ show the direction

of the traveling electron, the direction of the acceleration and the half opening angle

of the cone-radiation, respectively. Adapted with permission from [TH56]. Copyright

1956 by American Physical Society.

The collimation is particularly effective for highly relativistic electrons β ≈ 1. This

results in a very intense radiation beam where most of the radiation is concentrated

into a small cone around the forward direction with a half opening angle ψ = 1
γ
,

typically between 0.05 to 0.5 mrad, given by

1
γ

=
√

1− β2 (4.1)

where γ is the Lorentz factor.

4.2.2 Insertion devices

To further improve the intensity of the radiation, the storage rings are often equipped

with magnetics tools called insertion devices such as undulators or wigglers. For

instance, an undulator consists of a periodic structure of dipole magnets generating

an alternating static magnetic field which deflects the electrons sinusoidally along the
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undulator (Figure 4.2).

N periods

e-

1
cen Y N

Fig. 1. Continuously tunable short-wavelength undulator radia-
tion is generated by the passage of relativistic electrons through a
periodic magnet structure.

odic magnet structure.' 6-' 8 The observed wave-
length is described by the equation

Au I
X. =x1

K 2
2

(1)

where X, is the undulator period, -y = 1/[1 - (v2 /c2 )]1/2

is the Lorentz contraction factor familiar from stud-
ies of relativistic motion, v is the axial electron
velocity, c is the velocity of light in vacuum, 0 is the
observation angle measured from the axis of symme-
try, and K is a dimensionless measure of the magnetic
field in a periodic structure,' 7 given by

K = eBO0M .u (2)
2'rrmc

B0 is the maximum magnetic-field strength on axis,
and e and m are the electron charge and the rest
mass, respectively.

Typical parameters of interest here'9 include an
8-cm magnetic period, y 3000, and K varying from
0.5 to 3.9. This gives a broad tuning range extend-
ing from 45 to 400 A. A typical value for the relative
spectral bandwidth is

AX 1
(3)

where N is the number of magnetic periods (electron
oscillations), 0.016 for a 4.96-m-long undulator
with 62 periods of 8.0 cm each. This can be accom-
plished with a simple aperture of angular acceptance,

1
Ocen = y*V` ' (4)

where the asterisk denotes a modified Lorentz factor,

ly= '(1 + 2

which accounts for the decreased axial velocity in a
periodic magnetic field (where a portion of the con-
served energy is directed to transverse motion). The
central radiation cone, of half-angle 0

cen, contains to
first order the radiation of bandwidth 1/N. To
obtain radiation with a narrower spectral bandwidth,
a monochromator must be used, albeit with reduced
photon flux because of both the narrower bandwidth
and the finite efficiency of the various components.

The average power radiated in the central radiation
cone is readily determined' 6 in analytic form from
considerations of classical dipole radiation and appro-
priate use of Lorentz transformations for the case of
K < 1. For K substantially larger than 1, numerical
simulations are required because strongly nonsinusoi-
dal motion sets in and because the dipole approxima-
tion begins to fail. For modest field strength (K < 1)
the power in the central cone (Ocen = 1/y*FN, X/AX
N) can be written as

rreK 2 ,2

Pcen lTreK 2 
2 (5)

EOX, 1 + 2

where eo is the permittivity of free space, and I is the
average current. As used here, expression (5) repre-
sents only that power radiated in the fundamental
(n = 1). At the Advanced Light Source (ALS), cur-
rently under construction at the Lawrence Berkeley
Laboratory, where a current of 0.4 A is expected at
y = 2940, expression (5) indicates that a central cone
power of 1.1 W can be expected within a 1.6%
relative spectral bandwidth (1/N) at X = 130 A from
an 8.0-cm undulator operated at a magnet strength
corresponding to K = 1.9. Numerical simulations2 0

show the radiated power at K = 1.9 to be 0.93 W at
130 A in a spectral pattern that is approximated by
AX/X = 1/N. Figure 2 graphs power in the central
radiation cone (n = 1, AX/X 1/N), according to
expression (5), through typical tuning ranges of 5.5-
and 8.0-cm periodic undulators at the ALS. Because
both magnetic structures are constrained to 5-m total
lengths, values of N and thus of nominal values of
AX/X differ for the two cases, as indicated by expres-
sion (3). Thus, although the powers are quite simi-
lar, the powers per unit bandwidth are not. Note
that the conversion from wavelength to photon en-
ergy (E = hw) is

EX = 12,399 eVA. (6)

For K values greater than unity, electron motion in
a periodic magnetic structure becomes nonsinusoidal,
that is, the motion becomes more complex than a
single frequency, exhibiting ever larger components
of multiples of the fundamental frequency. That is,
the motion has significant harmonic content for K >
1 and radiates accordingly into harmonics of wave-
length X/n with interesting polarization and phase
effects. Numerical simulations that account for the
nonsinusoidal motion at a high K value and for the

7024 APPLIED OPTICS / Vol. 32, No. 34 / 1 December 1993

Figure 4.2: Schematic drawing of an undulator. Adapted from [ASB93].

Upon entering the magnet, the electrons perform sinusoidal transverse oscillations

and return again to their original motion after they exit the undulator. As a conse-

quence of this motion, the electrons are forced to emit radiation with a wavelength

proportional to the spatial period length λu of the undulator. The produced radiation

is very intense and mostly emitted within an opening angle of 1
γ
√
N
, as indicated in

figure 4.2, where N is the number of the undulator period. These special radiation

properties of an undulator arise due to a constructive interference that occurs be-

tween the emitted radiation cones during each oscillation. This leads to an increase

in Brilliance 1. Figure 4.3 shows the principle of the constructive interference between

the radiation cones emitted by the same electron in the undulator.
1Brilliance is a collective measurement of the intensity, the point-likeness of the source, and the

directionality of the radiation.
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Figure 4.3: Illustration of the principle of constructive interference between radiation

cones in an undulator. Taken from [Jac99], available under the Creative Commons

Atrribution 2.5 Generic licence.

When an electron moves sinusoidally and over one period from the point A to

the point B, the photon which is created at point A will propagate ahead and con-

structively interefere with the emitted photon at point B. The time for the electron

to travel one period is equal to λu

cβ̄z
, where β̄ is the relative average velocity in the

forward direction and given by:

β̄z = 1− 1
2γ2

(
1 + K2

2

)
(4.2)

with K is the so called undulator parameter which is related to the spatial period

λu of the undulator as follows:

K = eB0λu

2πmec
(4.3)

where e is the electron charge, B0 is the magnetic field, me is the electron rest mass,

and c is the speed of light.

In this time the emitted photon at point A will travel the distance λu

β̄z
in order to

interfere with the emitted photon at point B. Thus, the condition of the constructive

interference between them is

d = λu

β̄
− λu cos θ = nλn (4.4)
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where θ is the observation angle and n is an integer. Expanding cos θ ≈ 1− θ2

2 and

neglecting the terms O(θ2) in the resulting equation, one obtains:

λn = λu

2γ2n

1 + K2

2 + γ2θ2

β̄

 (4.5)

and finally for β̄z → 1 one obtains the so called undulator equation:

λn = λu

2γ2n

(
1 + K2

2 + γ2θ2
)

(4.6)

The emitted radiation now shows a sharp distribution around the wavelength λn

where n indicates the number of harmonics. By varying the strength of the magnetic

field, in practice by changing the gap between a two arrays of permanent magnets, one

can thus tune the undulator to the required photon energy to suit the experimental

demands.

In general, the photons produced in this manner are collectively called synchrotron

light that has the following main properties:

1. tunable photon energy.

2. high photon flux from the far infrared into the hard X-ray region.

3. high Brilliance of the source.

4. high spatial stability in the range of micrometers.

5. extremely high degree of light polarization.

6. pulsed time structure (pulse lengths as short as approximately tens of picosec-

onds).

4.2.3 Synchrotron radiation facility SOLEIL

The experiment described in this thesis is made at the SOLEIL electron storage ring,

in Paris. Figure 4.4 shows an overview of this ring.
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Figure 4.4: Overview of SOLEIL electron storage ring with the different SR beamlines

[sto].

The ring has a circumference of 354 m. In each turn in the ring, the electrons

pass through the insertion devices which force them to follow a wavy path and in

the process, photons are emitted. These emitted photons are captured, selected,

focused, and then directed in a SR beam center called beamline toward the sample

being studied, as shown by arrows in Figure 4.4. Each time an electron bunch passes

in front of a beamline, the beamline receives a flash of intense light pulses. Some

scientists use these light pulses to study phenomena evolving over time. To do that,

they must synchronize their devices with bunches of electrons flying inside the storage

ring and added delays to compensate the cable and device time offsets. The SOLEIL

electron storage ring launches three main bunch filling patterns; i.e. single bunch

mode, eight bunch mode, and multi-bunch mode. In multi-bunch mode operation,
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there are 416 bunches of electrons inside the storage ring, which are bunched by a

radio-frequency (RF) of about 352.202 MHz. This leads to ≈ 1.18 µs as revolution

period (or ≈ 846.6 kHz as revolution frequency) of one bunch of electrons to make

one turn inside the storage ring. Figure 4.5 illustrates how the bunching of electrons

and the revolution of one electron bunch work out in multi-bunch mode.

Figure 4.5: Illustration of the electrons bunching at the storage ring SOLEIL by the

radio-frequency cavities (Catalin Miron, private communication, February 15, 2014).

CLK-SR denotes the storage ring clock for a bunch of electrons to make one turn

inside the storage ring (the revolution period). It is a temporal reference allowing to

be always synchronized to the same bunch of electron.

The main characteristics defining the performances of the SOLEIL electron storage

ring are listed in Table 4.1.
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SOLEIL

Electron energy 2.75 GeV

Circumference 354 m

Revolution frequency 846.64 kHz

Maximum stored current 400 mA

Horizental emittence 3.9 nm.rad

Bunch length 18 ps

Average pressure 6.510−10 mbar

Lifetime 18 h

Number of beamlines 29

Table 4.1: Characteristics of the SOLEIL electron storage ring.

4.2.4 PLEIADES beamline

The experimental results presented in this work were obtained at PLEIADES beam-

line at the SR facility SOLEIL. PLEIADES is an ultra-high resolution soft X-ray

beamline (ultimate resolving power of about 1000000 at 50 eV) dedicated to study

spectroscopically the atomic and molecular physics of diluted samples [PLE]. Figure

4.6 shows the optical layout of the PLEIADES beamline.
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(c) Oksana Travnikova

Figure 4.6: Diagram showing the optics and the three users ports of the PLEIADES

beamline (Minna Patanen, private communication, September 7, 2016).

The SR which fed the PLEIADES beamline can be generated through two avail-

able insertion devices. A 256 mm period electromagnetic undulator (HU256) for the

photon energy range of 9-100 eV [BBC07a, BBC07b] or an Apple II permanent mag-

net elliptical undulator with a period of 80 mm (HU80) for the photon energy range

of 35-1000 eV. The beamline thus allows photon energies to be selected within the

range of 9-1000 eV. In this work, the electromagnetic undulator (HU256) was used to

generate horizontal and vertical linearly polarized light. The beamline optics consist

of:

i. a pair pre-focusing mirrors (M1 mirrors).

ii. a plane grating monochromator (PGM). Varied line spacing (VLS) and groove

depth (VGD) are used for PGM to efficiently reject higher orders.

iii. a plane mirror (M2).

iv. horizontal and vertical exit slits. In this work, only the vertical exit slit was

used.

v. switching mirrors are implemented after the exit slit to allow the distribution

of the incident photon beam from the monochromator into three different branches,

i.e. high-resolution electron spectroscopy branch, an energy and Auger electron-

ion coincidence (EPICEA) branch and a dedicated branch (MAIA) for positive and

negative ion photoionization studies. In each branch, several permanent end stations
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are available together with free ports offering the external users the possibility of

installing their own set-ups.

vi. a focalization mirror is implemented in each branch to focus the photon beam

into the end of the station.

The experimental set-up used for this work is attached to the last valve of the high-

resolution electron spectroscopy branch where the VG Scienta R4000 hemispherical

electron energy analyzer is implemented. The last mirror (M6) which was used to

focus the photon beam into the experimental chamber is made of silica and coated

with titanium. A photodiode was used to measure the current on the last mirror of

the beamline. The photon beam size and divergence at the focus is 180 (Horizontal)

× 100 (Vertical) µm2 and 2 mrad horizontally (0.6 mrad vertically), respectively.
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4.3 Experimental station 1
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Figure 4.7: Top view of the experimental station before implementing the cryostat,

detectors and electronics. I, II, III and IV indicates the position of the cryostat, open

face MCPs stack detector, Quantar-MCP detector and the position sensitive open face

MCP detector, respectively.

The station is a rigid body mounted on an adjustable frame. It is mainly formed by

three differentiated vacuum chambers to which pumps, pressure gauges, valves, and

detectors are attached. Figure 4.7 shows a technical drawing of the station. The first

part of the station is the expansion chamber where a movable cluster source with a

flat nozzle of diameter 32 is implemented to prepare the cluster beam. The end of the

cluster source is perpendicularly connected to the cryostat cold tip in the center of the

expansion chamber. The cryostat is located on the top of the expansion chamber and

attached to xyz-manipulator via a rotatable CF63 flange for adjusting the cluster

source in xyz motions. This assembly, i.e. expansion chamber, cluster source with a

flat nozzle of diameter 32 µm, cryostat and manipulator, was provided as an attached

part from the group of Prof. Reinhard Dörner at the Goethe-Universität Frankfurt.
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The expansion chamber is pumped with a high capacity Edwards STP − XA2703c

turbo molecular pump provided from the PLEIADES beamline team at SR facility

SOLEIL in Paris to maintain the expansion pressure at about 10−3 mbar. The second

part of the station is the main chamber (experimental chamber designed by Andreas

Hans) where the interaction between the SR beam and the cluster beam takes place.

It is attached to the expansion chamber via a CF 150-CF 100 adapter and pumped

with a Pfeiffer vacuum pump to keep maintaining the experimental pressure at about

10−5 mbar. To transfer the partially condensed beam into the main chamber, a skim-

mer with a diameter of 1.5 mm was installed between the interaction chamber and

the expansion chamber. Along the expansion axis of the cluster beam and after the

interaction region, a jet dump differentially pumped with a V ariant Turbo molecular

pump was attached to the main chamber. The bottom side of the interaction cham-

ber is connected to 1-m-normal incidence McPherson spectrometer equipped with

a gold-coated 1200 l/mm grating used for spectrally resolved fluorescence measure-

ments. The spectrometer is implemented in a separated pumped chamber to reach

a background pressure of typically 10−7 mbar. A small slit of 1 mm width was im-

plemented in the entrance of the spectrometer for the propagation of the emitted

photons from the interaction region towards the spectrometer. The third part of the

station is the differential pumping stage situated at 45◦ from the interaction chamber.

It consists of two Pfeiffer pumps and an aperture with two pumping sides. The role of

this differential pumping stage is to reduce the high experimental pressure of about

10−5 mbar to about 10−7 mbar with the aim to preserve the high vacuum in the

beamline. A Faraday cup was attached to the main chamber via a CF40 behind

the interaction region to monitor the transmitted light. Figure 4.8 shows the com-

plete assembly of the experimental setup in real life, after being get attached to the

PLEIADES beamline and while running the cluster source.
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Figure 4.8: The experimental setup in real life at the PLEIADES bemline with im-

plemented detectors and cryostat, and which obviously can be very different from

schematic illustrations. The flexible tube connecting the big Helium tank to the Cryo-

stat is the cryogenic transfer line.

4.4 Cluster source

The cluster source utilized in this work was designed by Gregor Kastirke from the ex-

perimental atomic physics group of professor Reinhard Dörner at Goethe-Universität

Frankfurt. It is a system which allows the production of noble gas clusters by super-

sonic expansion through a small nozzle. The technical drawing of the used cluster

source is given in appendix B. To give great details about the cluster source and its

most relevant working parameters, I will present in this section a bi− nozzle cluster

source that I designed during my Ph.D. project and which is mainly inspired from the

aforestated designed one by Gregor Kastirke. The main differences between the two

cluster sources are the nozzle head and the Cryostat adapter. The objective behind

the built of a bi−nozzle cluster source is in fact to have the choice of using two nozzles

with different diameters in vaccuum; one for example can be used for producing a

cluster jet with high cluster density and another one for producing a cluster jet with

low cluster density. For future investigation, the production of a cluster jet with high
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cluster density will likely permit to acheive a high photon energy resolution through

using a narrower bandwidth of the incident photons from the beamline, and hence to

extract information about the details of atomic properties inside the cluster.

4.4.1 Design considerations

Figure 4.9: Home-built bi-nozzle cluster source for noble gas clusters production. The

technical drawing of the cluster source is given in appendix C.

Figure 4.9 shows the bi-nozzle cluster source with its cylindrical shape in real. It is

made in copper and consists of four main parts:

i. Two heads where the distance between them is 16 mm. Each head has, on the

top side, one hole with a diameter of 2 mm surround by 4 holes with a diameter of

2 mm for connecting the nozzle to the cluster source via screws. In addition to the

connection with screws, the nozzles were sealed to the cluster source-heads with an

Indium gasket to avoid any loss of gas during the cooling or heating procedures. The

need to use a gasket made with Indium is because most other sealing materials work at

standard operating temperatures and will crack and break at cryogenic temperatures

of about 123.15 K. However, Indium remains malleable at cryogenic temperatures

and even soft and pliable, so it fills the imperfections in mating the back side surface

of the nozzle to the surface of the cluster source head, thereby, creates a hermetic seal

between them.

ii. Two conical nozzles with the same half opening angle of 15◦, but with different

opening diameters d; e.g. d = 60 µm and d = 20 µm. A technical drawing of a conical

nozzle with an opening diameter of d = 60 µm is shown in figure 4.10.
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Figure 4.10: Sketch of a typical conical nozzle with a diameter of 60 µm and half

opening angle of 15◦.

iii. Two gas inlets located at a distance of 170 mm to the nozzles to let in the

incoming gas from the gas cylinder into the cluster source.

iv. One Cryostat adapter located at the end of the cluster source with three holes

for connecting perpendicularly the cold tip of an LT -4B cryostat. The cold tip of the

LT -4B cryostat has a length of 25 mm, a diameter of 19 mm and a 1/4-28 tapped

hole in the center. For controlling the temperature at the region of the cluster source

adapter, a Silicon diode temperature sensor (model: DT -670B-SD) with a stability

of about 2 mK was connected to the LT -4B cold tip. The silicon diode sensor is

sensitive to the temperature range of 1.4 K to 325 K and has an accuracy of about

25 mK over the temperature range of 30 K to 325 K. The complete cold head

assembly of the LT -4B cryostat is displayed in Figure 4.11.
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Figure 4.11: Cold head assembly of the LT-4B Cryostat for cooling down noble gases

with liquid Nitrogen or Helium. The complete assembly is manufactured by the Ad-

vanced Research Systems (ARS) cryogenic company located in 7476 Industrial Park

Way, Macungie, PA 18062 USA. The technical drawing of the LT-4B cryostat is

shown in appendix D.

v. Two excavated regions closed to the nozzle heads for holding PT100 tem-

perature sensors. The reason to use temperature sensors at a position closer to the

nozzle heads is to get an accurate nozzle temperature values and a controlled constant

gradient temperature along the cluster source.

4.4.2 Cluster source parameters

The most important experimental parameters of the used cluster source in this work

are:

The nozzle geometry: All measurements on Neon clusters described in this thesis

work were performed with a 30 µm diameter flat copper nozzle with being cooled by

a liquid Helium flow cryostat.

The nozzle temperature: By controlling the flow of liquid Helium and using a

regulated heater, the nozzle temperature can be kept in the range of 32 K to 300 K

with an uncertainty of about ± 1 K. The nozzle temperature might drift during the

cooling. This drift increases the nozzle temperature uncertainty to about ± 2 K for

measurements longer than about 20 minutes.

The stagnation and expansion pressures: The setted high pressure of the gas
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atoms which fed the stagnation chamber was in the range of 3-11 bar. After passing

through the cooled nozzle, the gas atoms enter the expansion chamber and the cluster

starts to form up. The majority of the introduced gas atoms never end up in a cluster.

This means that even after the formation of the clusters there is still a lot of free

atoms in the expansion chamber. Since the cluster formation takes place on the axis

of the supersonic beam, a skimmer with a diameter of 1.5 mm was placed at about

5 mm from the nozzle to separate the cluster beam from most of the uncondensed

atoms. The atoms not passing through the skimmer is pumped away by a high-

capacity turbo pump that kept the pressure in the expansion chamber in the range

of 10−4/10−3 mbar.

Mounting and adjusting of the cluster source: The assembly cluster source +

cryostat were mounted on a xyz-manipulator via a rotatable CF 63. The manipulator

can move along the x and y directions up to ± 12.5 mm and along z direction up

to 250 mm. Before starting the measurement, two essential and consecutive steps

were considered for the alignment and the optimization of the cluster jet along the

skimmer axis and are as follows: in a first step, the nozzle was kept at a far distance

from the skimmer and the yz positions of the cluster source were roughly adjusted

by the manipulator. In a second step, the cluster jet was optimized by maximizing

the obtained count rate of emitted photons from the excited cluster while keeping

the exciting-photon energy at a certain fixed value. To maximize further the fluores-

cence count rate, a fine adjustment of the cluster source position was done in all xyz

directions. Parallel to these two steps, the behavior of the jet dump pressure while

adjusting the position of the cluster source was also used as an index to optimize the

cluster jet. The distance between nozzle and skimmer was kept at about 5 mm after

optimizing the cluster jet.

Figure 4.12 shows an example of how the expansion and jet dump pressures behave

while an optimized Neon cluster jet is running for different high-gas pressures and at

nozzle temperature of 60 K.
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Figure 4.12: Expansion pressure as well as jet dump pressure as a function of stag-

nation pressure p0 while running an optimized Neon cluster jet.

By taking into account all the above mentioned and most important experimental

parameters, Neon clusters with a mean cluster size of 40 up to about

7000 atoms/cluster were produced in this work. The average cluster sizes for small

and medium Neon clusters were estimated according to [BK96], whereas those for

bigger Neon clusters, e.g. 7000 atoms/cluster, were estimated according to [Hag92].

4.5 Fluorescence detection modes

The fluorescence measurements made in this work were performed on Neon clusters

with an established photon-induced fluorescence spectroscopy (PIFS) set-up [SLV01].

The experimental set-up mainly consists of SR beam, a Neon cluster source for pro-

ducing Neon cluster jet and detection devices for collecting fluorescence from excited

Neon cluster jet. The experimental arrangements are schematically outlined in Figure

4.13.
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Figure 4.13: A schematic showing the interaction region as well as the used detec-

tion devices for collecting fluorescence from excited clusters. The schematic of the

detection devices are used here after kind permission from Philipp Reiß.

The Neon cluster jet is produced by supersonic expansion through a flat copper

nozzle of 32 µm diameter separating the high pressure-stagnation inlet from the vac-

uum in the expansion chamber with being cooled by a liquid Helium flow cryostat. A

skimmer with a diameter of 1.5 mm distant from the nozzle and along the expansion

axis by about 5 mm was used to transfer a beam of partially condensed Neon atoms

into the interaction chamber. There in the interaction chamber, the partially con-
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densed beam crossed with a linearly polarized photon beam of the monochromatized

SR at an angle of 45◦. To study the various cluster specific relaxation processes,

mainly the RICD, by means of fluorescence spectroscopy, two different modes of flu-

orescence detection were used:

I. Registration of undispersed VUV and UV/visible photons emitted from excited

Neon clusters as a function of exciting-photon energy. A stack of two bare MCPs, i.e.

open face MCPs stack detector, was used to collect undispersed VUV fluorescence.

As the MCP quantum efficiency for photons drops below 1 % for photon wavelengths

longer than about 120 nm (see, e.g. [Hes08, Ham]) and remains at around 10 %

for shorter wavelengths this detector is essentially capable to detect only photons

with wavelengths below 120 nm. A Quantar-MCP detector equipped with a bialkali

photocathode and combined with a fused silica window was used to collect undispersed

UV/visible fluorescence in a wavelength range from 300 nm to 630 nm.

II. Spectrally resolved detection of emitted VUV photons with a 1-m-normal-

incidence monochromator equipped with a gold-coated 1200l/mm grating and a po-

sition sensitive open-face MCP detector based on wedge and stripe anode readout.

The detector was mounted at the focusing plane of the grating for collecting dis-

persed VUV photons in a wavelength range between 40 and 120 nm [KHF14] in

the first order of diffraction. The low wavelength cutoff, i.e. at about 40 nm, can

be explained by the angle of reflection of the grating that may lead to a drop in

the grating efficiency at edges [MMH74]. The high wavelength cutoff, i.e. at about

120 nm, can be explained by the quantum efficiency of the used bare MCPs that

drops below 1 % for photon wavelengths longer than about 120 nm [Hes08, Ham].

4.6 Detection systems and signals processing

4.6.1 Open-face MCPs detector

To perform the undispersed VUV fluorescence measurements, the used open-face

MCPs stack detector was mounted in a differentially pumped chamber, separated
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from the interaction chamber by an aperture, to reach a pressure below 10−5 mbar.

To ensure only the detection of photons, an operating voltage of −2580 V was applied

to the front of the MCPs stack with respect to the rear side of the second MCP. By

that, electrons were rejected. Additionally, a −133 V voltage was applied between

the rear side of the second MCP and the anode, which was kept at ground potential.

Ions were rejected by a mesh in front of the first MCP, set to +36 V . Figure 4.14

shows the operation mode of the used MCPs stack detector for collecting undispersed

VUV photons with a wavelength below 120 nm.

cha
nn
el

incident photon

≈
10

4 ele
ctr
on
s

HV

output
anode-1

33
V

-2
58
0
V

incident photon

two-stage
MCPelectron

cloud

Figure 4.14: Sketch of an open face stack of two MCPs used for detecting undispersed

emitted VUV photons from the target. The right-hand sketch illustrates the operation

principle of a single MCP.

When an incident photon hits one channel of the first MCP, an emission of photo-

electron from the channel wall takes place. The photoelectron is then accelerated with

a high potential and collided with the channel walls of the first and second MCPs,

producing yet more electrons which leave the second MCP as a cascade of electrons

toward the readout anode device. Usually, the signals coming out from an MCP

detector are not always constant. Neither the amplitude nor the pulse width of the

MCP signal are constant; i.e. a walk (time shift) may appear between simultaneously
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produced MCP signals. With the aim to minimize signal degradation and eliminate

the walk, the output MCP signals must be first amplified by a Quad Fast Amplifier

(FA 4000) and then discriminated by a constant fraction discriminator (CFD). This

is done while operating this detector by splitting each amplified MCP signal which

acts as an unipolar input signal in the CFD into two signals with a different ratio.

One of the signals is attenuated while the other delayed and inverted. Adding both

signals again will produce a bipolar CFD signal with a zero crossing point which must

be constant. The delay or the walk must be tuned up to get maximal oscillations in

the CFD signal, so that the zero− crossing appears when the CFD signal becomes

strong on its high level as well as on its low level. The CFD threshold must be ad-

justed as needed to filter out any noise or interfering signals and should always be as

low as possible. The discriminated MCP signal is then transferred as a NIM output

signal to a TTL output signal and finally acquired by a home-built acquisition PC

software packages written in Python programming language by Philipp Schmidt.

4.6.2 Quantar-detector system

To perform the undispersed UV/visible fluorescence measurements, a Quantar −

technology model 2600 photon counting detector system in combination with a fused

silica window was used to detect emitted UV/visible photons in the wavelength range

of 300 to 630 nm.

The Quantar detector system is a permanently vacuum-sealed assembly and con-

tains multiple elements; i.e. a bialkali photocathode, a stack of three MCPs and a

resistive anode designed for a 2-D photon imaging detection. Figure 4.15 illustrates

the operation principle of the detector system and the elements mentioned above.

The Photocathode and the MCPs were operated at high voltages, whereas the

anode was kept at ground potential. The detector system also contains an electronic

sensing circuit for reducing any bias voltage between the photocathode and the first

MCP to a slightly positive voltage, and also to electronically shutter the detector

system when the detected count rate exceeds preset count rate limit. This provides a

substantial level of protection of the detector system against permanent damage that
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might be caused by excessive input light exposure.
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Figure 4.15: Sketch of MCPs detector equipped with a bialkali photocathode and com-

bined with a fused silica window used for collecting UV/visible photons emitted from

the cluster jet. The left-hand sketch depicts the read out principle of a resistive anode.

When an incident photon is transmitted through the fused silica window, it strikes

the photocathode and generates a photoelectron. In turn, this photoelectron meets

the first MCP surface due to the influence of a strong electric field. Since there is

no spacing between the three MCPs, the charge amplification along the channels of

the three MCPs cause the incoming photoelectron to avalanche into a charge cloud

consisting of over 107 electrons at the opposite side of the third MCP. The amplified

electron cloud is then intercepted by the resistive anode which produces, in turn,

charge division between four corner collection electrodes (A, B, C, D) in proportion

to the spatial position of the incident electron cloud. The four output charge signals

are amplified and shaped by the preamp and then sent to a Position Analyzer. Using

the sums and ratios of signals from the preamplifiers, the Position Analyzer performs

a fast computation of the incident positions in two dimensions (X and Y) and provides

analog output signals corresponding to each according to the following ratio formula:

71



X ∝ B + C

A+B + C +D
, Y ∝ A+B

A+B + C +D
(4.7)

The X and Y analog signals can be digitized via an analog-to-digital converter

(ADC) and then acquired by a required acquisition software package in the PC.

In fact, the readout of the X and Y analog signals by external devices can be done

only when the ADC is triggered by an analog TTL STROBE signal; i.e. as to when

all data events are sampled and recorded. In this undispersed visible fluorescence

measurement, the digital STROBE signal that starts immediately at the end of the

ADC conversion was actually used to monitor the total number of the events in the

detector area (total counts). This was done by connecting the TTL STROBE output

channel on the rear side of the Position Analyzer to a data acquisition device driver

in order to transfer the signal to the PC for display and analysis by a home-built

acquisition software packages written in Python programming language.

Note that this Quantar-detector system is operated simultanously with the open

face MCPs detector being described above during the experiment with the aim to per-

form simultaneous measurements of UV/Vis and VUV emitted photons from excited

Neon clusters. Before conducting an experiment on Neon clusters, the electronics

of both detectors are checked and tested. For testing the operation mode of both

detectors, a reference gas of Neon atoms excited with photons of energies below the

first ionization energy limit of Neon atoms (21.56 eV [KM72]) was used. Figure

4.16 shows a simultanously recorded VUV and UV/visible fluorescence excitation

functions of isolated Neon atoms at different exciting-photon energy ranges below

the 2p-electron binding energy of Neon atoms (21.56 eV [KM72]). In the shown

exciting-photon energy range of 19.50-21.60 eV , both excitation functions exhibit the

well-known atomic Ne−2p5nl(nl 6= 3s) resonances as a form of sharp features. In the

shown exciting-photon energy range of 16.66-16.68 eV , only the VUV fluorescence ex-

citation function of Neon atoms does show the atomic Ne− 2p5(2P3/2)3s resonance

which is obvious since no UV/Vis photons should be detected in this energy range.

72



16.66 16.67 16.68 19.5 20.0 20.5 21.0 21.5 22.0
0

2

4

6

8

10

12

14

16

18

20
2p5  nl (n l p, nl 3s)

 

 

 VUV
 UV/Vis

Fl
uo

re
sc

en
ce

 y
ie

ld
 x

10
3  [c

ps
]

Exciting-photon energy [eV]

2s22p5(2P3/2)3s

2p-1Ne atoms

Figure 4.16: Simultanously recorded UV/visible (Vis) and VUV fluorescence excita-

tion function for an effusive beam of neon atoms and at an exciting-photon energies

below the 2p-electron binding energy of Neon atoms. To produce an effusive beam

of free Neon atoms, the gas pressure was set to 6 bar. The exciting-photon energy

was varied in steps of 0.25 meV and 2.5 meV in the energy range of 16.66-16.88 eV

and 19.50-21.60 eV , respectively. The 2p-electron binding energy of Neon atoms is

indicated by an arrow at 21.56 eV [KM72].

4.6.3 Wedge and stripe anode detector

To carry out the dispersed VUV fluorescence measurements, a 1-m-normal incidence

monochromator installed at PIFS set-up was used. The spectrometer is equipped

with a gold-coated optical grating and a position-sensitive MCP detector. To allow

the propagation of the emitted VUV photons from the interaction region towards

the grating, a slit of 1 mm width was used in the entrance of the spectrometer.

The optical grating is blazed at the wavelength 80 nm and ruled with a 1200 l/mm

allowing a wavelength resolution limit of about δ λ ∼ 0.06 nm. The position-sensitive

MCP detector consists of a stack of two MCPs combined with a wedge and stripe

anode (WSA) and was mounted at the focusing plane of the grating for collecting
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dispersed VUV photons in a wavelength range between 40 and 120 nm [KHF14]. To

ensure only the detection of photons, an operating voltage of −1200 V was applied

to the front of each MCP with respect to their rear side. By that, electrons were

rejected. Additionally, a −300 V voltage was applied between the rear side of the

second MCP and the anode, which was kept at ground potential. Ions were rejected

by a mesh in front of the first MCP, set to +151 V . The working principle of the

position-sensitive detector based on wedge and stripe anode is illustrated in figure

4.17 and as follows.
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Figure 4.17: Sketch of an open face MCPs stack detector with a wedge and stripe

anode (WSA) used for collecting dispersed emitted VUV photons from the target.

The right-hand sketch depicts the read out principle of wedge and stripe anode.

When an incoming photon hits a channel wall of the first MCP, it leads to an

emission of a photoelectron that starts a cascade of secondary electrons along the

channel, after being accelerated with the high potential. These secondary electrons

exit the first MCP on the opposite side and start another cascade of electrons in the

second MCP, resulting in an amplified electron cloud which exit in turn the opposite

side of the second MCP. Then, the amplified electron cloud, containing about 105 to

106 electrons, travel toward the anode which consists of electrically separated areas

with a wedge and stripe structure at a typical periodicity, as illustrated in the left-

hand sketch of figure 4.17. The charge cloud centroid can be deduced from the ratio
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of charge on all anode segments as long as the cloud covers an area larger than one

period of the anode structure. To extract information on the charge cloud centroid

position, the charge signals of the wedge and stripe segments have therefore to be

normalized to the collected total charge, which varies from event to event. The total

charge is given by the charge sum of all anode segments. Since the wedge area varies

linearly with position in one axis, and the stripe area also varies linearly with position

in the other axis so the charge cloud centroid position in each axis is given by

X ∝ QS

QS +Qw +QM

, Y ∝ Qw

QS +Qw +QM

(4.8)

where Qw, Qs and QM are the charge signals on the wedge, strip and meander elec-

trodes, respectively.

All the three charge signals Qw, Qs and QM are first amplified in separate charge-

sensitive preamplifiers and subsequent TENNELEC amplifiers (TC 241 amplifier)

operated in an NIM -rack, and then acquired by home-built acquisition PC software

packages written in Python programming language. The event-by-event normaliza-

tion and calibration procedure was done separately.

Figure 4.18 shows two typical images of the WSA detector used in this work while

performing a dispersed VUV fluorescence measurement on effusive atomic Neon beam

and Neon cluster beam at two different exciting-photon energies, but at same grating

position. It also shows the integrated fluorescence intensities in pixel of the atomic

and cluster VUV fluorescence features seen in the images of the detector.
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Figure 4.18: Tow images of the WSA detector obtained while performing dispersed

VUV fluorescence measurements on effusive atomic Neon beam and Neon cluster beam

at exciting-photon energy of 16.7 eV and 47.09 eV , respectively. The grating position

is the same for the two measurements. The data in black and red shows the integrated

VUV fluorescence intensity in pixel obtained for a free atomic jet of Neon atoms and

Neon clusters beam, respectively. The pixel channel axis used in this figure corresponds

to a wavelength windows of about 58 − 85 nm. Each data is obtained by integrating

over the selected rectangle width in the corresponding detector image. The integration

time for the shown cluster fluorescence spectrum is 20 minutes, whereas for the atomic

fluorescence spectrum it is 5 minutes.

The images of the detector obtained for dispersed VUV fluorescence measurement

on Neon clusters and effusive beam do not show the same data distributions. The data

distribution obtained in case of an effusive beam may reflect the geometry of the used

slit in the entrance of the 1-m-normal incidence spectrometer. In case of cluster, the

detector image, however, shows a spot that somehow reflects the interaction region

where the incident SR beam crosses the produced cluster beam.
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Chapter 5

Results

5.1 Resonant interatomic Coulombic decay (RICD)

in Neon clusters

Figure 5.1 shows a total VUV fluorescence yield recorded for a mixed beam of

Neon atoms and clusters (upper panel) with an average cluster size of < N >

∼ 40 in the exciting-photon energy range of 46.8 − 48.8 eV ; i.e. near the 2s-

electron photoionization threshold of Neon atom (48.475 eV [SDP96]). To per-

form this measurement, a slit-width of 300 µm of the plane grating monochro-

mater (PGM) of the beamline was chosen to obtain a bandwidth of the exciting-

photons of about 13 meV at 44 eV . The exciting-photon energy was varied in en-

ergy steps of 25 meV with a timing of 15 s for each energy step. The same yield

recorded for effusive beam of Neon atoms is also plotted in figure 5.1 (lower panel)

for comparison, after being background-corrected. The background observed in the

atomic fluorescence signal behaves linearly and is interpreted as mainly due to the

electronic noise of the detector and the scattered SR that falls into the sensitiv-

ity of the detector. The only prominent feature in the VUV fluorescence yield of

monomers starts at the Neon 2s-electron photoionization threshold, above which sub-

sequent fluorescence transitions, i.e. 2s12p6 2S1/2 → 2s22p5 2P3/2,1/2 at 46.0 nm and

46.2 nm within NeII [SMM92], can take place. It is also seen in the VUV fluorescence
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signal recorded for the mixed beam of Neon atoms and clusters used for calibrating

the exciting-photon energy axes.
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Figure 5.1: Total VUV fluorescence yield measured for Neon monomers (lower panel)

and a mixed monomers+clusters beam (upper panel) for a mean cluster size of

< N > ∼ 40 in the exciting-photon energy range of 46.8 − 48.8 eV .

The fluorescence yield of Neon monomers exhibit prominent features only close

to the 2s electron photoionization threshold. An interpretation is given in

the text. They are also seen in the VUV fluorescence signal recorded for

the clusters and atoms mixture (upper panel). The VUV fluorescence sig-

nal from clusters shows two additional new features which are interpreted in

[KHF14] as originated from RICD. The exciting-photon energy axis is roughly

calibrated against the 2s-electron photoionization threshold of Neon atoms at

48.475 eV according to [SDP96]. The VUV fluorescence data from Neon monomers

has been measured at the SR facility BESSY and was used here after kind permission

from André Knie.

Indications of the narrow features corresponding to resonant excitations of the

NeI 2s12p6np-Rydberg states with subsequent fluorescence decay in the Neon atoms

already observed by other authors [LPH00] are seen close to the 2s-electron ionization
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threshold in the VUV-fluorescence signal for free Neon atoms as well as for the mixed

beam of Neon atoms and clusters. The absence of features in the fluorescence signal of

Neon monomeres (lower panel) at lower energies below the Neon 2s-electron photoion-

ization threshold is known to be due to the fast autoionization of the 2s → np reso-

nances, suppress any fluorescence emission. For the mixed jet of atoms and clusters,

two additional peaks are seen in the

46.8 − 47.7 eV region of the total VUV fluorescence yield of cluster. These two

features are originated from resonant interatomic Coulombic decay (RICD), as well

interpreted before in [KHF14] for < N > ∼ 20, following a photoexcitation of a 2s-

inner valence electron of a Neon atom within a cluster to unoccupied orbital (nl).

More precisely, they are due to the radiative decay of the final states of the spectator

RICD process. This observation chiefly entails that the VUV fluorescence emission

cross section of Neon clusters changes dramatically compared to Neon atoms; i.e.

atomic radiative decay paths are quenched by ICD while ICD following resonant ex-

citation opens new fluorescence paths. The overall RICD process that occurs in Neon

clusters excited with an incident photon of energy hν below the Neon 2s-electron

photoionization threshold is as follows:

NeN(2s22p6) + hν → Ne(2s−12p6nl)NeN−1(2s22p6)

→ Ne(2s22p5nl)Ne+(2s22p5)NeN−2(2s22p6) + e−ICD

→ Ne(2s22p6)Ne+(2s22p5)NeN−2(2s22p6) + e−ICD + hν
′

where e−ICD and hν
′ designates an ICD electron and photon, respectively, emitted

after the ICD took place, and N is the number of atoms in the cluster.

The sudden intensity increase in the fluorescence signal measured for free Neon

atoms and also for the mixed beam of Neon atoms and clusters at the Neon 2s-

electron emission threshold does not show a steep or an ideal edge but rather a

sigmoide edge that can be explained as a result of the interplay of the instrumental

apparatus inherent in the measurement process (e.g. the exit slit of the beamline).
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Mathematically, an ideal edge can be described by a step function [AS12]. The only

use of a step function is, however, not applicable in that case. Whereas a convolution

of an apparatus function, e.g. a Gaussian function, with a step function can be used

as a mathematical tool to model the observed shape of the VUV fluorescence signal

at the Neon 2s-electron emission threshold in figure 5.1. One means of defining the

aforestated convolution is the so-called error function (erf). The step increase in

intensity at the Neon 2s-electron emission threshold of figure 5.1 can thus be modeled

by the following expression (see Appendix A):

C(hν) = C0 + A

2 erf(hν − Eth
w
√

2
) (5.1)

where A measures the magnitude of the step, Eth identifies the location of the step,

w is the width of the Gaussian and C0 represents a constant offset.

Figure 5. 2 shows the obtained simulation using Eq. (5.1) of the measured fluores-

cence intensity increase seen in the upper panel of figure 5.1 at the Neon 2s-electron

emission threshold. It also shows a Gaussian fit of the 1st derivative of the fluo-

rescence intensity increase in the exciting-photon energy range of 48.30-48.65 eV .

The fit with a Gaussian function reveals information on the location of the Neon

2s-electron photoionization threshold as well on the experimental width of the instru-

mental Gaussian response inherent in the measurement process (see figure 5.2). The

obtained width (w) of the instrumental Gaussian function used is about 29.4 meV . It

is almost consistent with the resolution of the experiment which can be viewed as the

lower boundary of the experimental error and has a value of about 28.2 meV . The

28.2 meV is deduced from the combination of the used beamline energy bandwidth

(13 meV ) and the chosen energy scanning step width interval (25 meV ) via using the

propagation of uncertainties formula [Ku66], i.e.
√

(0.013)2 + (0.025)2 ≈ 28.2 meV .
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Figure 5.2: (a) A convolution of a Gaussian function with a step function was used

to model the observed fluorescence intensity increase at the Neon 2s-electron pho-

toionization threshold. (b) A Gaussian fit of the 1st derivative of the shown flu-

orescence intensity increase in panel (a). The deviation w = 29.4 meV obtained

from the simulation using a convolution is in good agreement with the width value

which is obtained from the fitted Gaussian. The center of the fitted Gaussian

(48.475 ± 0.002) eV was used to determine the location of the 2s-electron photoion-

ization threshold Eth at 48.475 eV according to [SDP96] and hence to roughly calibrate

the exciting-photon energy axis.

Section summary

In this section, the VUV fluorescence yield recorded for a Neon cluster jet with a mean

cluster size of < N > ∼ 40 and for effusive beam of Neon atoms are compared and

interpreted. The VUV fluorescence emission signal of Neon cluster changes dramat-

ically compared to Neon atoms. It exhibits two additional prominent fluorescence
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features below the Neon 2s-electron photoionization threshold. These features are

connected with spectator RICD. Furthermore, care has been taken in this section to

roughly calibrate the exciting-photon energy axis through using the observed Neon

monomers fluorescence signal at the Neon 2s-electron photoionization threshold.
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5.2 Radiative decay of RICD final states
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Figure 5.3: Total yields for VUV fluorescence (panel a) and UV/visible (panel b)

recorded simultanously across the 2s → 4p and 2s → 5p excitations [FKKG14] in

Neon clusters. To guide the eye, the UV/visible signal is additionally smoothed by

FFT (Fast Fourier Transform) filter (black line). More details are given in the text

and [HLF17].

Figure 5.3 compares the total VUV (panel (a)) and UV/visible (panel (b)) fluores-

cence yields of Neon clusters measured simultaneously for < N > ∼ 56 as mean

cluster size in a narrower exciting-photon energy range of 46.9-47.7 eV . The two

distinct resonant features seen in the total VUV fluorescence are arising from spec-

tator RICD, as mentioned above and interpreted before in previous work [KHF14].

According to the calculation performed by Flesch et al. [FKKG14], they are assigned

to the 2s → np (n = 4, 5) Rydberg excitations in Neon clusters. These 2s → np (n

= 4, 5) cluster excitations will be discussed in more details in section 5.3. After the
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RICD took place, the excited cluster still possesses a part of the excess energy, which

can only be released by the emission of photon. Because the radiative decay rate

grows significantly with the energy of the emitted photon (Γr ∼ ω3
fl, see for example

Ref. [Deg14], pages 273-274), one would expect that the Rydberg-to-valence np →

2p transition 1 will dominate over the Rydberg-to-Rydberg np → 3s one, and hence

a predominant fluorescence emission in the VUV range can be expected as implied

in [KHF14]. However, the direct correspondence of the resonant structure observed

in the VUV and UV/visible fluorescence signals displayed in figure 5.3 unequivocally

suggests that the latter fluorescence emerges owing to spectator RICD as well. This

entails that the spectator RICD final states release their excess energy by photon

emissions cascade in different spectral ranges, consecutively in the UV/visible and

VUV ranges as schematically illustrated in figure 3.6 in section (3.9.3) of chapter

III. From the energy consideration, the UV/visible photon can only be released by

a Rydberg-to-Rydberg transition and solely in the first step of this cascade; i.e. via

np (n = 4, 5) → 3s radiative decay. The VUV photon, in turn, is emitted by a

Rydberg-to-valence transition in the second relaxation step; i.e. via 3s → 2p tran-

sition. To trace the decay pathway during this radiative cascade, an additionally

dispersed VUV fluorescence measurement was performed for the most intense 2s →

4p cluster fluorescence resonance. In this separate measurement, the emitted VUV

photons are dispersed by a 1 −m−normal-incidence monochromator equipped with

a gold-coated 1200 l/mm grating and then detected by a position-sensitive open

face MCP detector capable of detecting photons within a wavelength range between

40 and 120 nm [KHF14]. The dispersed VUV fluorescence spectrum of Neon clusters

in the wavelength interval of 58 − 85 nm is depicted in red in figure 5.4 in com-

parison with the Neon atomic fluorescence spectrum (depicted in black) that was

recorded at an exciting-photon energy of 16.7 eV . The spectral resolution ∆ λ has

been determined to be about 1.5 nm full width at half maximum (FWHM) by fitting

a Gaussian curve over the Neon atomic fluorescence line seen at about 74.37 nm.

With the present wavelength resolution, only one cluster fluorescence line at about
1Note that the np → 2p transition is forbidden only in systems with central symmetry.
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74 nm was observed. No VUV signal with larger wavelengths (smaller photon ener-

gies), even in the wavelength range above 85 nm (not shown in the figure) was seen.

Thus, one concluded that the observed fluorescence line corresponds to the relaxation

of the lowermost outer-valence excited state, i.e., to the 3s → 2p transition in Neon

clusters. This cluster fluorescence line is the analogue of the atomic fluorescence lines

2s22p5(2P3/2)3s → 2s22p6 [SS04, KYR15] seen at about 74.37 nm, as indicated in

figure 5.4, which supports the presently suggested assignment.
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Figure 5.4: Dispersed VUV fluorescence spectrum of Neon clusters recorded at an

exciting-photon energy of 47.09 eV [HLF17], which corresponds to the 2s → 4p res-

onant feature [FKKG14]. The cluster fluorescence line observed around 74 nm is

the analogue of the atomic fluorescence line 2s22p5(2P3/2)3s → 2s22p6 in the neon

atom [SS04, KYR15], as plotted in black. The fluorescence wavelength scale is cal-

ibrated against the shown atomic transition line at 74.37 nm. The integration time

for the shown cluster fluorescence spectrum is 40 minutes, whereas for the atomic

fluorescence spectrum it is 5 minutes.

Importantly, no VUV fluorescence line with shorter wavelengths (larger photon
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energies) was observed. It was implied in [KHF14] that such a fluorescence signal

could be expected as the result of the direct relaxation of the spectator RICD final

state; i.e. by the direct radiative decay of the outer-valence excited cluster in its

ground electronic state via 4p → 2p transition. According to atomic data tables

[KYR15], one would expect this VUV fluorescence line around 61 nm. The absence

of the signal in the wavelength range between 58 nm and 72 nm (see figure 5.4)

can only be explained by the validity of the dipole selection rules, which shows the

atomic character of the excited states inside the cluster. As a consequence, the

spectator RICD final state has only one possible relaxation pathway via the np→ 3s

Rydberg-to-Rydberg radiative decay in the UV/visible fluorescence range.

Section summary

Fluorescence emission cascade evoked by spectator RICD of 2s inner-valence excited

Neon clusters are presented and discussed in this section. The fluorescence cascade is

experimentally observed by combining VUV and UV/visible fluorescence spectroscopy

and additionally dispersing the VUV fluorescence. In the first step of this cascade,

the spectator resonant interatomic Coulombic decay (RICD) efficiently quenches au-

toionization of the excited Neon atom and opens thereby a possibility for subsequent

fluorescence relaxation pathways. In the second step, the spectator RICD final states

emit UV/visible fluorescence by a transition to the lowest 3s-Rydberg state. Fi-

nally, the VUV photon is released by the relaxation of this Rydberg electron into the

ground state in the third step of the cascade of decays. This finding demonstrates a

possibility of detecting interatomic electronic processes in dense media by UV/visible

fluorescence spectroscopy.
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5.3 VUV fluorescence emission from Ne clusters

of varying sizes
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Figure 5.5: (a) Relative Ne+-ion yields of free Neon atoms normal-

ized on the photocurrent of the last refocussing mirror [LHS18]. (b)

VUV fluorescence yields below the 2s ionization threshold for different av-

erage sizes of Neon clusters [LHS18]. The grey-shaded region from 46.9

eV to 47.6 eV highlights the two spectator RICD features at about

47.06 eV and 47.51 eV [KHF14]. The assignement have been made according to

[SDP96] for atomic 2s → np excitation energies in (a), and [FKKG14] for the 2s →

np (n=3, 4, 5, 6) cluster excitations in (b). The 2s-electron photoionization threshold

of Neon atoms is pointed out by a vertical solid line at 48.475 eV [SDP96, JBM06]

in (a) and (b).

Figure 5.5(a) shows yield of Ne+-ions recorded for an effusive pure Neon jet (no clus-

ters in the jet) following photoionization of Neon atoms for exciting-photon energies
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between 44.0 eV − 48.7 eV , and after being normalized for the flux of the exciting-

photons. The exciting-photon energy range was varied in energy steps of 10meV with

a timing of 10 s for each energy step. The Ne+-ion yield is dominated by a series of

Fano-profile [Fan61, FC65] features corresponding to autoionizing 2s12p6np-Rydberg

states embedded in the 2p-electron continuum. This Rydberg series converges to the

Neon 2s-electron ionization threshold at 48.475 eV [SDP96, JBM06]. In addition

the atomic Ne+-ion yield exhibits a feature at around 44.98 eV due to the atomic

2p4(3P )3s(2P1/2,3/2)3p-transition and its subsequent autoionization [SDP96].

Figure 5.5(b) displays the undispersed-VUV-fluorescence excitation functions mea-

sured in the exciting-photon energy range of 44.0−48.7 eV for Neon clusters of varying

cluster size from ∼ 40 up to ∼ 7000 atoms per cluster. The exciting-photon energy

range was varied in energy steps of 25 meV with a timing of 15 s for each energy step.

To record the VUV fluorescence signals of Neon clusters with an averange cluster size

from ∼ 40 up to ∼ 700 atoms per cluster, the nozzle temperature was fixed at 60 K,

whereas the stagnation pressure was changed consecutively by 2 bar from 3 bar to 11

bar. The VUV fluorescence signal of Neon cluster for a cluster condition of < N > ∼

7000 was recorded at a nozzle temperature of 40 K and for a stagnation pressure of

9 bar. To perform all of these measurements, a slit-width of 300 µm of the plane

grating monochromater (PGM) of the beamline was chosen to obtain a bandwidth

of the exciting-photons of about 13 meV at 44 eV ; except for the measurement

with a cluster condition of ∼ 7000 the exit slit of the beamline was opened up to

400 µm. Here, the raison behind opening the exit slit of the beamline is to increase

the flux of the exciting-photons energy in order to measure a decent cluster signal

under a cluster conditions (where the nozzle temperature lowered up to 40 K and

the stagnation pressure fixed at 9 bar) by which the mean cluster size is increased up

to ∼ 7000 but the net atomic density would decrease as compared to the case with

a cluster condition of ∼ 700 where the stagnation pressure was set to 11 bar. For

all of these measurements, a signal of atomic Ne+-ions was simultanously recorded

with each of the VUV fuorescence signals displayed in figure 5.5(b) since the cluster

jet does contain uncondensed atoms. Figure 5.6(a) shows the typical four atomic
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Ne+-ion yields measured simultanously with the first four VUV fluorescence yields

recorded for different mixed beams of Neon atoms and clusters produced at a fixed

nozzle temperature of T = 60 K and for a stagnation pressures of p0 = 3 bar, 5 bar,

7 bar and 9 bar, consecutively. With the resolution of these experiments no cluster

features are essentially observed in all of these Ne+-ions signals. The well-known Fano

profile features observed in these atomic Ne+-ion yields together with those which are

presented in figure 5.5(a) have been used to calibrate the scale of the exciting-photon

energy and to check the linearity of the nominal versus the true photon-energy scale of

the beamline. As an example, figure 5.6(a) shows simulated 2s→ 3p, 4p and 5p Fano

resonances at 45.5442 eV , 47.1193 eV and 47.6952 eV [CME67], respectively, used to

calibrate the exciting-photon energy axis of the atomic Ne+-ion signal recorded for

effusive beam and also for different mixed jets of Neon atoms and clusters. Table 5.1

shows the values of the resonance parameters used to perform the simulation of the

2s12p6np (n=3, 4 and 5) Rydberg series of free Neon atoms with the following Fano

formula [FC65]:

σ(ε) = σa
(q − ε)2

1 + ε2 + σb (5.2)

where σ is the excitation cross section as a function of the de-tuning

ε = 2(hν − hνres)/Γ (with hνres is the resonance energy (Eres) and Γ is the reso-

nance width), q is the line shape parameter, and σa and σb denote the cross sections

of the continua that do and do not interact with the resonant state, respectively.

The ratio between the cross sections σa and σb can be determined through using the

coupling index ρ where ρ2 = σa

σa+σb
[FC65].
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Figure 5.6: (a) Yields of atomic Ne+-ions recorded for an effusive beam of Neon

atoms and different mixed Neon atoms+cluster jets. The different jets are produced

at a nozzle temperature of T = 60 K and a stagnation pressure of p0 = 3 bar, 5 bar,

7 bar and 9 bar, while the effusive beam was produced at 6 bar as a gas pressure.

An offset of 0.2 nA was set between each two Ne+-ion signals for better displaying

the graphs. The 2s → 3p, 4p and 5p atomic transitions were simulated by a Fano

formula at a resonance energy of 45.547 eV , 47.123 eV and 47.694 eV , respectively,

according to [CME67] to calibrate the exciting-photon energies. (b) Total yield of

emitted VUV photons recorded simultanously with the yield of atomic Ne+-ions while

running a mixed beam of Neon atoms+clusters for p0= 3 bar and T = 60 K. The

exciting-photon energy axis was calibrated according to the exciting-photon energy axis

calibrated in (a), and also by simulating the fluorenscence intensity increase at the

Neon 2s-electron photoionization threshold, i.e. at 48.475 eV according to [SDP96],

with a convolution of a Gaussian function with a step function.
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Table 5.1: Resonance parameters taken from [SDP96, CME67] and used to perform

the simulatiton of the 2s12p6np (n=3, 4 and 5) Rydberg series of free Neon atoms

with the given Fano formula in Eq. 5.2.

2s12p63p 2s12p64p 2s12p65p

Eres(eV ) 45.5442 47.1193 47.6952

q -1.6 -1.6 -1.6

Γ(eV ) 0.013 0.0045 0.002

σb(cm−1) 230 215 220

ρ2 = σa

σa+σb
0.70 0.70 0.70

Figure 5.5(b) is not normalized for the exciting-photon flux and is mainly used here

for the discussion of the spectral features. The recorded VUV fluorescence excitation

functions of the Neon cluster jet exhibits for all cluster sizes a sudden increase of the

VUV fluorescence yield at an exciting-photon energy of 48.475 eV . This fluorescence

increase is due to the 2s-electron photoionization in Neon atoms and the subsequent

fluorescence transitions 2s12p6 2S1/2 → 2s22p5 2P3/2, 1/2 at 46.0 nm and 46.2 nm

within NeII [SMM92], as mentioned above. Together with the scale calibration of

figure 5.6(a) it is used for the exciting-photon energy calibration, as shown in figure

5.6(b) for a typical example of total VUV fluorescence yield of Neon cluster for cluster

condition of < N > ∼ 40.

In the present experiment the following observations are made which display char-

acteristic changes with increasing cluster size:

(1) At lower energies within the investigated exciting-photon energy range the

fluorescence intensity slowly and continuously increases with exciting-photon energy

and with a more pronounced increase for the beam conditions producing larger average
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cluster sizes.

(2) The fluorescence signal recorded for the smallest cluster size shows a series

of features, which may be identified as 2s → np excitations of cluster-surface atoms

[FKKG14] ending in VUV fluorescence emission. These features are visible for all

cluster sizes but appear to be less prominent in the fluorescence excitation functions

of the larger clusters due to increasing continuous fluorescence intensity around the

features. The grey-shaded exciting-photon energy region of figure 5.5(b) highlights

the two fluorescence features at about 47.06 eV and 47.51 eV which were interpreted

in [KHF14] as originated from RICD.

(3) A number of additional comparatively broad features appear which are getting

more prominent as the average cluster size increases. The most obvious example is

the feature centered at around 46.66 eV .

All of these observations will be discussed in details in the following subsections.

5.3.1 Photoelectron impact induced VUV fluorescence emis-

sion

+e
-

*+1

ii i

Figure 5.7: Illustration of possible inelastic electron scattering pathways in cluster.

i: Inelastic electron scattering leading to excitation of a neutral cluster atom. ii:

Inelastic electron scattering leading to ionization of a neutral cluster atom.
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The structurelessly increasing intensity observed at small exciting-photon energies in

figure 5.5 is proposed to be interpreted as due to fluorescence excitation by inelas-

tically scattered 2p photoelectrons (photoelectron impact induced fluorescence). All

2p photoelectrons which travel through the mixed cluster+atoms beam will have a

kinetic energy dependent probability to scatter inelastically in several pathways: by

exciting or ionizing a neutral atom, as sketched with scenario i or ii in figure 5.7 for

the case of cluster, or by creating an exciton in the cluster.

Excitation processes leading to VUV-fluorescence emission after photoelectron

impact may include atomic excitation or exciton excitation in the cluster. Forma-

tion of excited ions with VUV fluorescence emission is not possible for the present

exciting-photon energies. In order to experimentally investigate this hypothesis the

exciting-photon energy range has been widened as compared to the experiments of

figure 5.5: Figure 5.8 shows the VUV fluorescence excitation functions of Neon clus-

ters for exciting-photon energies from 34.0 eV up to 49.0 eV and for four selected

average cluster sizes (< N > ∼ 40, 270, 700 and 7000). The onset of the almost

continuous fluorescence signal increase lies at ≈ 35.8 eV . In the data displayed in

figure 5.8 the constant background of the detector due to electronic noise and a small

contribution of stray light from incident synchrotron beam has been determined for

exciting-photon energies below 35.5 eV and assumed to be constant throughout the

whole exciting-photon energy range (See figure 5.12 for more details). This back-

ground has then been subtracted from the raw data. Then the background-corrected

data has been normalized for the mirror current of the last refocusing mirror in the

beam line, being a measure for the incoming photon-flux. Care has been taken that

beam position variations during data acquisition did not influence the proportionality

between measured mirror current and photon flux in the interaction region by com-

paring the mirror current to a signal measured by the Faraday cup mounted behind

the interaction region.
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Figure 5.8: VUV fluorescence excitation functions for four average cluster sizes

(< N > ∼ 40, 270, 700 and 7000) of Neon clusters in the exciting-photon energy

range of 34.0 − 49.0 eV , after being first background-corrected and then normalized

for the flux of the exciting photons [LHS18]. The prominent features in the exciting-

photon energy range of 45.0 − 46.8 eV are corresponding to the 2s → np resonant

excitations [FKKG14]. The structureless increase of the fluorescence signal observed

at lower exciting-photon energies and above the exciton excitation is interpreted as

due to fluorescence excitation by inelastically scattered 2p photoelectrons, more de-

tails are given in the text. The onset of the measured VUV fluorescence signals of the

clusters and the 2s-electron photoionization threshold of atomic Neon are indicated by

a vertical arrow at about 35.8 eV and by short dots at 48.475 eV [SDP96, JBM06],

respectively.

As an example figure 5.9 shows how the ratio between the measured mirror current

and faraday cup current varies while scanning the exciting-photon energy from 34.0

eV to 48.7 eV and running a cluster jet with a cluster condition of < N > ∼ 700.
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Figure 5.9: (a) Recorded current of the last refocusing mirror of the PLEIADES

beamline (a) as well as the recorded one by the Faraday cup (b) while measuring a

VUV fluorescence signal of a Neon cluster in the exciting-photon energy range of

34.0− 48.70 eV and for a cluster condition of < N > ∼ 700. (c) Ratio of the mirror

current in (a) to the Farady cup current in (b). By scanning the exciting-photon

energy in energy steps of 100 meV from 34 eV to 48.7 eV , the current ratio in (c)

changes by about 25 %.

Closely above the onset energy (≈ 35.8 eV ) in figure 5.8 a broad feature at ≈

37.9 eV is seen and becomes more and more prominent with increasing cluster size.

It is attributed to photoelectron impact excitation of the lowest excitonic state in

the cluster [HKR02]. The required electron energy to excite this state is about

17.6 eV [SJ85, BFJ96], which together with the 2p-electron binding energy in solid

Neon (20.3 eV [SHS75]) corresponds to 37.9 eV , in good agreement with the observa-

tion. At exciting-photon energies above the exciton excitation the observed fluores-

cence signal increases approximately linearly with energy with a larger increase for

gas jet conditions resulting in larger clusters. If this signal is due to inelastically scat-

tered 2p-photoelectron, the cross section of the VUV fluorescence emission σfl(hν)

seen by the detector must be proportional to the product of the cross sections of
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2p-electron photoionization σ2p(hν) and for VUV fluorescence emission by electron

impact σfl,EI(Ekin) = σfl,EI(hν − EB,2p):

σfl(hν) ∝ σ2p(hν) · σfl,EI(hν − EB,2p) (5.3)

where hν is the exciting-photon energy, Ekin is the kinetic energy of the photoelectron,

and EB,2p is the binding energy of the Neon 2p electron in solid Neon (20.3 eV

[SHS75]). The measured VUV emission onset energy of ≈ 35.8 eV is smaller than

the sum of EB,2p and the threshold energy for electron induced VUV fluorescence

excitation in Neon atoms (16.683 eV [BKR77, ZBN98], corresponding to the decay

of the 2p5 2P3/2 3s[3/2] level to the Neon ground state). Spectrally resolved VUV

fluorescence of solid Neon after 2.5 keV electron impact, however, revealed a smooth

onset of fluorescence between 15 eV and 16 eV emitted-photon energy [CDZ85].

The corresponding fluorescence feature has been attributed to molecular type self-

trapped excitons [Zim79]. In the spectrum of these authors a huge peak with fine-

structure at around 16.7 eV is visible, which has been attributed to atomic-type

self-trapped excitons [Zim79]. As measured VUV fluorescence excitation functions of

solid Neon do not exist in literature the cited work can only be used for identifying

possible spectral features but not for an analysis of corresponding cross sections for

the relevant processes. One conclude that these excitonic features can well be excited

by 2p photoelectrons in our experiment and that observed VUV fluorescence emission

close above the fluorescence onset energy in the present experiment is due to clusters

(excitonic excitations) only. At higher exciting-photon energies also fluorescence from

monomers may contribute. The 2p-electron photoionization cross section does not

vary significantly in the exciting-photon energy range between 34 eV and 49.0 eV ,

when resonances are neglected for the moment [BS96]. It is therefore assumed to

be constant. The electron impact induced VUV fluorescence excitation function of

Neon atoms, however, has a steep, almost linear increase with electron energy in

the energy range between fluorescence onset and about 15 eV above onset energy

[KAJ96]. If one assume a similar dependence of fluorescence excitation on the electron
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energy for the mixed beam also the product of these two cross sections will increase

almost linearly with exciting-photon energy. Additionally, as the kinetic energy of the

emitted electron is increasing, more channels for VUV fluorescence emission will open.

Figure 5.10 displays on enlarged scale the structurelessly VUV fluorescence signals of

Neon clusters, already shown before in figure 5.8 for the four selected cluster sizes,

fitted with a linear functions in the exciting-photon energy range of 39.90−44.80 eV .
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Figure 5.10: Fitting with a linear function of VUV fluorescence excitation functions

of Neon clusters recorded for four selected average cluster sizes and in the exciting-

photon energy range of 39.90− 44.80 eV .

The obtained slopes of these fitted VUV fluorescence signals are presented in table

5.2. The calculated ratios between these slopes are 7.98 : 17.85 : 37.74, whereas the

ratio between the investigated mean cluster sizes are 6.75 : 17.50 : 175.0.

97



Table 5.2: Obtained slopes by a linear fit of VUV fluorescence excitation functions of

Neon clusters recorded for four selected average cluster sizes.

< N > 40 270 700 7000

Slopes 248.8 1985.3 4440.2 9389.0

The different slopes of the fluorescence excitation functions for beams with condi-

tions producing different average cluster sizes are also qualitatively understandable,

however, very difficult to explain on a quantitative basis. For the latter discussion

the density distribution of the target material and the condensation rate distribution

in the beam must be known, which was not in the present experiment. Here, one

could only say that the increase of the slopes of the observed fluorescence excitation

functions for jet conditions producing larger average cluster sizes is likely related to

the increase in the size of the cluster.

Consequently, the presented evidences suggest that the fluorescence intensity in-

crease indicates an intracluster photoelectron-impact induced fluorescence excitation,

which gets more and more significant with increasing cluster size. Regardless of the

energy transfer process that leads to the occurrence of ICD in a cluster, in the present

experiment self−absorptionmay also appear in Neon clusters when a photon is firstly

emitted by an excited atom and then absorbed by a neighboring atom. This effect,

however, cannot be quantified in the present experiment.
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5.3.2 Background contribution of scattered SR

34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
0

10

20

30

40

50

60

70

80

90

100

 700

 270

 

 

To
ta

l V
U

V
 fl

uo
re

sc
en

ce
 y

ie
ld

 
x 

10
3  [a

rb
. u

ni
ts

]

Exciting-photon energy [eV]

 40

2s-1

Figure 5.11: Total VUV fluorescence signal of Neon cluster for < N > ∼ 40, 270 and

700 as a function of the exciting-photon energy in the range of 34.0 − 48.7 eV . The

red dashed box at lower exciting-photon energies shows the different plateau heights of

the VUV fluorescence signals, which were interpreted as mainly due to the scattered

incident SR that depends highly on the cluster size.

Additional to the VUV fluorescence contribution due to the inelastically scattered 2p

photoelectron with the neutral atoms of the produced cluster jet, each of the VUV

fluorescence signal of Neon clusters displayed in figure 5.8 shows in fact a significant

background contribution of stray light from incident SR and also of the detector due

to electronic noise. This can be understood from figure 5.11 which displays the row

data of the plotted VUV fluorescence yields of Neon clusters in figure 5.8 for < N >

∼ 40, 270 and 700.

The VUV fluorescence signals plotted in figure 5.11 are recorded one after the

other after varying the exciting-photon energy in energy steps of 100 meV (15 s as

a timing for each energy step) from 34.0 eV to 48.7 eV . To record these three VUV

fluorescence signals, an exit slit-width of 500 µm of the plane grating monochromater
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(PGM) of the beamline was chosen to obtain a bandwidth of the exciting-photons of

about 22 meV at 47.1 eV . The only experimental parameter that was changed after

recording each of these three VUV fluorescence signals is the stagnation pressure p0

which was set to 3 bar, 7 bar and 11 bar, consecutively. The nozzle temperature was

kept fixed at the same value of 60 K. While recording each of these VUV fluorescence

signals and also the signal for a cluster condition of < N > ∼ 7000 (p0 = 9 bar, T

= 40 K), an atomic Ne+-ion signal was simultaneously recorded. Together with the

fluorescence intensity increase seen at the Neon 2s-electron photoionization threshold,

the strongest 2s12p6np Fano profile features observed in each of these atomic Ne+-

ion signals were used to calibrate the scale of the exciting-photon energy, as shown

in panel (a) and (b) of figure 5.12 for a cluster condition of < N > ∼ 40.

Since the time of measurements for each energy step width (100 meV ) of the three

VUV fluorescence signals displayed in figure 5.11 is the same (15 s), the observed

different plateau heights at lower exciting-photon energies and for different cluster

sizes can only be explained by an increased scattering of that part of the incoming

SR which falls into the sensitivity of the detector and contributes together with the

detector electronic noise as a background to the measured VUV fluorescence signals.

This constant background has been determined at exciting photon energies below

35.5 eV and assumed to be constant throughout the whole exciting-photon energy

range. The different plateaus heights at lower exciting-photon energies are therefore

used to define the background level for each recorded VUV fluorescence signal of Neon

clusters in the exciting-photon energy range of 34.0 − 48.7 eV . Figure 5.12 shows,

as an example, the defined background level of the VUV fluorescence yield of Neon

cluster measured for < N > ∼ 40. It also shows the current of the last refocusing

mirror of the beamline which is used to perform the normalization of the row data

after being first background-corrected.
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Figure 5.12: (a) Yield of Ne+-ions recorded simultanously with the total yield of

VUV fluorescence of Neon clusters (b) in the exciting-photon energy range of

34.0−48.7 eV while running a mixed atoms+clusters beam for a cluster condition of

< N > ∼ 40. To calibrate the exciting-photon energies, the 2s → 3p and 4p Fano

profiles of the Ne+-ions signal in (a) are simulated with the given Fano formula in

Eq. 5.2 at a resonance energy of 45.547 eV and 47.123 eV , respectively, according to

[CME67], and the fluorescence intensity increase seen in (b) at the Neon 2s-electron

photoionization threshold is simulated with the given expression in Eq. (5.1) at ≈

48.475 eV according to [SDP96]. The line plotted in green illustrates the constant-

background level of the VUV fluorescence yields of Neon cluster plotted in (b). (d)

Same VUV fluorescence yield of Neon clusters as presented in (b), but after being

first background-corrected and then normalized to the displayed current in (c) of the

last refocusing mirror of the beamline.

The same analysis procedure was done in prior for defining the background level

of the measured VUV fluorescence yields of Neon clusters for < N > ∼ 270, 700

and 7000. Figure 5.13 shows the relative magnitude of the corrected-background for

the mean cluster size < N > ∼ 40, 270 and 700. The background level of the VUV
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fluorescence yield measured for < N > ∼ 7000 lies at 5768 counts. While recording

the VUV fluorescence excitation function of Neon cluster for the cluster condition

< N > ∼ 7000, the exit slit of the beamline was set to 400 µm and the exciting-

photon energy is varied in steps of 250 meV with a timing of 10 s for each energy

step.
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Figure 5.13: Corrected-background as a function of the mean cluster size.

5.3.3 Surface and bulk cluster fluorescence features

Figure 5.14 shows separately the VUV fluorescence excitation functions observed for

the smallest average cluster sizes (< N > ∼ 40, 100, 270), and which are already

presented above in figure 5.5(b). As for such experimental conditions photoelectron

impact induced fluorescence is still weak, features belonging to cluster excitations

and subsequent decays are most clearly seen in the recorded fluorescence excitation

function for < N > ∼ 40. Apart from the fluorescence features caused by resonant

excitations of the NeI 2s12p6np-Rydberg states of Neon atoms and their subsequent

fluorescence decays [LPH00] other features in the fluorescence excitation function

for < N > ∼ 40 as well for < N > ∼ 100 and 270 belong to cluster excitations.

A comparison between VUV fluorescence excitation functions measured for a pure
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atomic Ne jet and a cluster beam produced with an average cluster size of <N> 20

have been already reported in previous works [KHF14, HKF16].
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Figure 5.14: VUV fluorescence yields below the 2s ionization threshold for

< N > ∼ 40, 100 and 270 as average sizes of Neon clusters [LHS18]. The vertical

solid lines in red indicate the energies of the 2s → np excitations in Neon clusters for

< N > = 140 according to [FKKG14]. The vertical arrow indicates the observed clus-

ter bulk-excitation at about 46.66 eV . The Neon 2s-electron photoionization threshold

is indicated by a dotted line at 48.475 eV [SDP96, JBM06]. The narrow features in

the VUV fluorescence signal for < N > ∼ 40 and close to the 2s-electron photoioniza-

tion threshold of Neon atom are the resonant excitations of the NeI 2s12p6np-Rydberg

states with subsequent fluorescence decay in the free Neon atoms [SDP96].

The exciting-photon energies of peaks in the fluorescence excitation functions do

agree with energies calculated and measured for 2s → np (n > 2) cluster excitations

resulting in ion production [FKKG14], except for the energy of the 2s → 3p clus-

ter excitation which in this thesis work is observed shifted to lower energy by about

0.21 eV compared to the observation in [FKKG14] for < N > = 140, as indicated in

figure 5.12. Table 5.1 compares the energy positions of the 2s→ np cluster transitions
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obtained by using a Gaussian fit (figure 5.15) with the finding in [FKKG14]. The

shown 1σ uncertainties for the experimental energy values in table 5.1 are estimated

through using the propagation of uncertainties formula [Ku66] and after taken into

account the correlation between the experimental error which has a value of about

33 meV and the erros obtained from the fitting procedures. The 33 meV as an exper-

imental error is in fact deduced from the experimental resolution which is obtained

from the combination of the beamline energy bandwidth (13 meV ) and the chosen

energy scanning step width interval (25 meV ), i.e. about 28.2 meV , and also from

the calibration of the exciting photon energy axis which leads to about 16.4 meV

as uncertainty through using the propagation of uncorrelated uncertainties formula

[Ku66].

Table 5.3: Experimental 2s → np cluster transition energies in comparison with the

observation in [FKKG14] for < N > = 140. The cluster transition energies refer

to the VUV fluorescence yield of Neon cluster for < N > ∼ 100 and are obtained

by fitting each resonant cluster feature with a Gaussian function. The numbers in

parentheses indicate the 1σ uncertainties for the experimental energy values.

Transitions Eexp(eV ) E
Ref.[FKKG14](eV )

2s → 3p 46.05(3) 46.27

2s → 4p 47.06(3) 47.08

2s → 5p 47.51(3) 47.54

2s → 6p 47.73(5) 47.79

Compared to the atomic Neon 2s→ np-Rydberg resonances shown in figure 5.5(a),

the 2s→ np (n > 3) cluster excitations are relatively shifted to lower energies whereas

the 2s → 3p cluster excitation undergoes a clear energy shift towards higher energy
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by about 0.51 eV . Essentially no shifts of the exciting-photon energies of the ob-

served peaks with changing cluster size are seen within the resolution of the current

experiment. Whereas the 4p, 5p, and 6p excitations appear as well defined peaks

(apart from the 6p excitation which is observed weak for < N > ∼ 40) in the fluores-

cence excitation functions the feature around the energy of the 3p excitation is rather

broad. With increasing cluster size (< N > > 40) the features at the 4p and 5p are

less and less prominent due to an increasing contribution of photoelectron-induced

fluorescence. The observed feature at 46.66 eV increases in intensity relative to the

2s → np excitation peaks with increasing average cluster size. It appears weak at

cluster smaller than < N > < 100 and becomes more and more prominent when the

cluster get bigger than< N >∼ 100. As in cluster the number of bulk atoms increases

relative to the one of surface atoms with increasing size, this feature can therefore be

assigned to bulk transition, as highlighted by an arrow in figure 5.14. The exciting-

photon energy (≈ 46.66 eV ) at which this feature emerges can be compared with

published works on the total electron [WEM95, KF12] and ion desorption [WEM95]

yields from condensed Neon. In [WEM95] and [KF12], the bulk components of the

2s→ 3p excitation is observed at 46.9 eV and 46.85 eV , respectively. Although these

exciting-photon energies are 0.24 eV and 0.19 eV higher than the one which is mea-

sured in this thesis work, one tentatively identifies the observed feature at ≈ 46.66 eV

with the 2s → 3p excitation at bulk. Note that in [BJM05] the same identification

is also used for the observed bulk feature in Neon cluster for < N > = 70 which is,

however, seen at higher exciting-photon energy as compared to the observed bulk fea-

ture in this thesis work and the observation in [WEM95, KF12] for condensed Neon;

i.e. at 47.5 eV . Similar to the 2s → np cluster-surface features, the bulk feature

at ≈ 46.66 eV does not essentially exhibit an energy shift with increasing cluster

size. However, it gets significantly broad with increasing cluster size; especially for

< N > ∼ 7000 (see figure 5.5(b)) where the shape of the VUV fluorescence excitation

function is comparable with the previously obtained absorption cross section of solid

Neon [HKK70].
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Figure 5.15: Gaussian fit of the observed 2s → np resonant cluster features in the

measured VUV fluorescence yield of Neon cluster for < N > ∼ 100 as mean cluster

size.

Section summary

Measured VUV fluorescence yields of Neon clusters of varying sizes after excitation

with photons of energies near and far below the Neon 2s-electron photoionization

thresold are presented and discussed in this section.

In the Neon 2s-regime, the cluster size-dependent VUV fluorescence excitation

functions of Neon clusters show a series of distinct cluster fluorescence features; four

of which are attributed to the resonant 2s → np (n = 3, 4, 5, 6) excitations of

cluster-surface atoms and one to cluster-bulk excitation. Included in these are the

ones previously identified to emerge from spectator RICD. The excitation energies

of the cluster surface features are compared with the energies of the atomic Neon

2s→ np-Rydberg resonance observed in the measured ion yield as well as with energies

measured for 2s → np cluster excitations resulting in ion production [FKKG14].

The excitation energy of the observed bulk cluster feature is compared with energy
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measured previously for 2s→ 3p bulk excitation in condensed Neon [WEM95, KF12].

The spectator RICD features are found to be visible for all cluster sizes but appear

to be less prominent in the VUV fluorescence excitation functions of the larger clusters

due to additional fluorescence emission around the resonant cluster features, which

increases with increasing cluster size. This fluorescence emissin has a threshold energy

of 35.8 eV and found to be structurelessly and linearly increasing with energy at lower

exciting-photon energies. It is interpreted as due to inelastic scattering of the initially

outgoing 2p photoelectrons with condensed and uncondensed neutral Neon atoms.

107



Chapter 6

Conclusion

The studies presented in this thesis bring about investigation of interatomic electronic

processes occuring in Neon clusters after excitation with synchrotron radiation (SR)

by employing fluorescence spectroscopy technique. Among these processes is the

well-known interatomic Coulombic decay (ICD) mechanism which has inspired a lot

of subsequent experimental and theoretical investigations since its discovery in the

late 1990s by Cederbaum and co-workers [CZT97]. The combination of selective

excitation and fluorescence spectroscopy was used in this work to probe a special

variety of ICD, the resonant ICD (RICD) process, in Neon clusters and characterize

its final radiative states.

The initial electronic excitation triggering RICD in Neon clusters is produced by

promoting an inner-valence 2s electron of a Neon cluster into a np-Rydberg state. The

emission of vacuum ultraviolet (VUV) and UV/visible fluorescence radiation from ex-

cited Neon cluster is investigated in the Neon 2s-regime. The observed features in the

measured VUV fluorescence signal following 2s → np (n = 4, 5) excitations suggests

that the initially created inner-valence state in Neon cluster relaxes predominantly

by a spectator RICD. The correspondence in structure of the observed features in

the VUV and UV/visible fluorescence signals unequivocally entails that the spectator

RICD final states release their excess energy by photon emission cascade in the visible

and VUV spectral ranges.

Furthermore, the spectrally resolved VUV fluorescence spectrum recorded at
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exciting-photon energy of 47.09 eV , which correspond to the 2s→ 4p resonant feature,

shows only one fluorescence line around 74 nm similar to the Neon atomic fluorescence

line. This was explained by the validity of the dipole selection rules, which shows the

atomic character of the excited states inside the cluster. The spectator RICD final

state has therefore only the following relaxation cascade: First, by a transition from

the Rydberg state to the lowest 3s-Rydberg state in the UV/visible spectral range,

and then, by a transition from the lowest 3s-Rydberg state to outer-valence state in

the VUV range.

The emission of VUV fluorescence from Neon clusters of varying sizes after ex-

citation with photons of energies near and far below the 2s-electron photoionization

thresold of Neon atoms is also investigated in this thesis work. In the Neon 2s-regime,

the cluster size-dependent VUV fluorescence excitation functions of Neon clusters

show a series of distinct cluster fluorescence features; four of which are attributed to

the resonant 2s → np (n = 3, 4, 5, 6) excitations of cluster-surface atoms and one

to 2s → 3p excitation of cluster-bulk atoms. Included in these are the ones emerged

from spectator RICD which are found to be visible for all cluster sizes but appear to

be less prominent in the VUV fluorescence excitation functions of the larger clusters

due to additional structureless fluorescence emission that increases with increasing

cluster size. This emission has a threshold energy of 35.8 eV and is observed increas-

ing almost linearly with exciting-photon energy. It is interpreted as caused by 2p

photoelectron impact induced VUV fluorescence.

The electronic decay processes investigated in this work are done by employing

photon-induced fluorescence spectroscopy (PIFS) technique. With the no need of

high-vacuum conditions and the use of synchrotron radiation as excitation source,

this technique overcomes its major inconveniences; i.e. the low collection efficiency.

Therefore, PIFS should find a position among the most common detection meth-

ods in the study of various and complex systems under the effect of radiation. The

experimental proof of the ICD process as a non-radiative mechanism in Neon gas

clusters by detecting VUV and UV/visible fluorescences is a case in point in which

fluorescence spectrometry technique yields new information that complement electron
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and/or ion spectroscopy techniques towards probing ICD process. Although, detec-

tion of charged particle is a direct proof of ICD. This tool, however, may not be useful

for investigating electronic decay processes in denser medium, e.g. large clusters or

biological samples, due to the very short mean free path of the charged particles, and

hence to the increase of scattering events in the surrounding matter. On the contrary,

detection of fluorescence provides similar information on the occurrence of ICD and

is still applicable to probe interatomic process in dense media since the mean free

path of photons is larger by order of magnitude compared to charged particles.
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Appendix A

The error function (erf) is a special function of sigmoid shape and defined as follows:

erf(x) = 2√
π

∫ x

0
e−u

2
du (1)

It is, essensially, related to the cumulative distribution function D [Gre93] (means to

the integral of a Gaussian distribution function G) by

D(x) =
∫ x

−∞
G(u)du = 1

2 + 1
2erf(−x√

2
) (2)

with

G(x) = 1√
2π
e−

x2
2 (3)

where the pre-factor 1√
2π ensures that the total area under the curve G(x) is equal to

1 and the factor 1
2 in the exponent ensures that the distribution has unit standard

deviation. For a generic distribution G with non-zero mean µ and deviation σ, the

distribution D becomes as follows:

C(x) = D(x− µ
σ

) = 1
2 + 1

2erf(x− µ
σ
√

2
) (4)

In the limit when the deviation σ approaches zero, the cumulative distribution D can

be viewed as the analytic approximation of a Heaviside step function H(x− µ):

H(x− µ) = lim
σ→0

(1
2 + 1

2erf(x− µ
σ
√

2
)) (5)

By defining the Heaviside step function in this way, the error function erf can pro-

vide a means of modeling such measured data. A further observation cementing the

relationship between the Heaviside step function and the error function is that the

error function can be viewed as a convolution of a Gaussian with the Heaviside step

function. Based on Eq. 4 and 5, the observed increase in fluorescence at the 2s-

electron photoionization threshold of Neon atoms (see Figures 5.1) can be modeled

through using the following expression:
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C(hν) = C0 + A

2 erf(hν − Eth
w
√

2
) (6)

where hν is the exciting-photon energy, C0 represents a constant offset, A measures

the magnitude of the step, Eth identifies the location of the step, w is the width of

the Gaussian instrumental response inherent in the measurement process.
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