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Abstract

This thesis concerns with experimental investigations of inter-atomic/molecular decays

in nanometer-sized van der Waals clusters of helium (He), or in He nanodroplets, doped

with a few foreign atoms and molecules. Acetylene (C2H2) molecules which are embedded

inside, and heavy alkali atoms, rubidium (Rb) and cesium (Cs), which attach to the

surface of the host droplet, are chosen as dopants. The doped He droplet is perturbed by

tunable extreme ultraviolet (EUV) synchrotron radiation, wherein the host is resonantly

photoexcited to different droplet excitation bands derived from He∗ (1s np, n ≥ 2)

(> 21 eV), as well as photoionized above the autoionization threshold (∼ 23 eV). Insights

into different dopant ionization processes, induced by both the excited and ionized host,

are gained by measuring kinetic energies of the ejected electrons and product-ions in

coincidence using a co-axial time of flight and velocity map imaging spectrometer.

In case of C2H2 doping, upon resonant photoexcitation to the first droplet excita-

tion band (n = 2) at 21.6 eV, C2H2 oligomers are found to be singly ionized via inter-

atomic/molecular Coulombic decay (ICD), conventionally known as Penning ionization,

from 1s2p 1P , as well as from internally relaxed metastable 1s2s 3,1S, He∗ states. The

loosely-bound structures of embedded neutral C2H2 oligomers, and the formation dy-

namics of oligomer ions are revealed from the dopant-ion correlated Penning ionization

electron spectroscopy (PIES). This establishes PIES as effective experimental technique

for investigating the structures of dopant oligomers which can be easily created inside

He nanodroplets. Moreover, upon photoexcitation to n = 4 droplet excitation band at

23.9 eV, Penning ionization channels leading to highly excited C2H +
2 (C2Σ+

g , 23.33 eV and

D2Σ+
g , 23.53 eV) due to relaxation of 1s4p 1P He∗ state are identified. These newly dis-

covered Penning channels compete with the known dominant dopant charge transfer (CT)

ionization channel following autoionization of the host droplet. This observation opens up

xv
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possibilities to probe higher lying excited states of various dopant-ions through Penning

ionization following the photoexcitation to n = 4 droplet excitation band, which are not

accessible upon photoexcitation to n = 2 droplet excitation band, in similar system.

In case of Rb and Cs dopants, both single and double ionization are observed in the

dopants following photoexcitation to the first droplet excitation band and direct photoion-

ization of the host. For double ionization of the alkali dimers, attached to the surface of

the host cluster, novel inter-atomic/molecular decays through intermediate inner valence

ionization of the alkali atoms are reported. The inner valence p-shell of one of the alkali

dimer constituents is ionized through resonant ICD from He∗ (1s2s 3,1S, and 1s2p 1P ),

and via CT ionization from He +
2 , following excitation and ionization of the host by the in-

cident photon, respectively. This leads to an excited alkali dimer cation which decays via

a subsequent ICD resulting in a doubly ionized dimer, that eventually undergoes Coulomb

explosion. These two-step double ionization processes, cascaded-ICD and CT followed by

ICD, compete with the known one-step ionization mechanisms, double-ICD and electron

transfer mediated decay (ETMD) leading to the same product-ions, respectively.

Thus, in this thesis, inter-atomic/molecular ionization processes in two different types

dopants following photoexcitation and ionization of the host He nanodroplets are iden-

tified, wherein novel single and double ionization channels are presented, while PIES is

demonstrated to be a useful tool to probe the structure of embedded dopant oligomer in

the host cluster.



Chapter 1

Introduction

Almost till the end of nineteenth century, all the matter around us were known to be con-

stituted from the smallest building block, atoms. Later with the discoveries of subatomic

particles, we realised that atoms are actually made up of electrons, protons and neutrons,

which are arranged in a particular way. At the centre of the atom, protons and neutrons

form a positively charged nucleus and the negatively charged electrons revolve around the

nucleus in particular electronic orbitals. Equal number of electrons and protons makes

the atom neutral, while the number of these particles in an atom decides its physical and

chemical properties. Now, when two or more atoms come closer, a few electrons from

the outer orbitals of each atom can be shared in such a way that the nuclei and the

electron-cloud around them create an equilibrium stable geometry, to form a molecule.

The formation of molecules is also interpreted in terms of creation of chemical bonds

between the atoms, which are of two kinds: covalent [1] and ionic [2, 3] bonds. For atoms

with similar electronegativities, covalent bonds are usually formed between the neigh-

bours through creation of shared electron pairs. In each pair, electrons from neighbouring

atoms contribute. Whereas, for atoms with largely different electronegativities, usually a

certain number of electrons are transferred between them. This makes opposite polarities

between the neighbouring atoms, which are then electrostatically attracted towards each

other to form ionic bonds. Atoms aggregated in these fashions have low interatomic sep-

arations of a few angstroms and high binding energies up to a few electronvolts (eV) per

bond. Thus, the correlations between the valence electrons of neighbouring atoms in a

molecule are very strong, while the core-shell electrons are usually localized close to each

1
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nucleus. Note that, this simplistic view on bond formation allowed chemist to estimate

the strength of different chemical bonds. However, from the point of view of quantum

mechanics, bonds formed between atoms are explained in terms of more sophisticated

theories, such as, molecular orbital theory [4], where both covalent and ionic natures exist

in various degrees.

Over the years, investigating the molecular structure, bond formation dynamics as well

as multi-electron correlations within a molecule, using external perturbations such as in-

teraction with light or the impact of charged particles, has been an intriguing subject of

research. Due to the perturbation, molecule undergoes structural changes in its energetic

ground state configuration by absorbing energy from the external agent. Consequently,

the absorbed energy is shared between the electronic and nuclear degrees of freedom.

Electronically, some of the electrons can get excited to the high-energy orbitals leaving

holes in their previously occupied ones, or if energy permits, they can even go to the con-

tinuum which is the process of ionization. Typically for light-matter interactions, these

transitions from the ground to excited electronic states are Franck-Condon transitions,

wherein the transitions take place instantaneously without any change in the nuclei po-

sitions within the molecule. The molecule can go to different vibrational and rotational

(ro-vibronic) states as compared to its ground ro-vibronic energy level. Depending on

which excited state the molecule is populated, de-excitation occurs in different excited

state manifolds where nuclear dynamics play important role. Following the excitation,

due to the instability of these excited states, the molecule relaxes to low energy states by

emitting photons and/or electrons, as well as the molecule can undergo structural rear-

rangement or even fragmentation. Thus, the relaxation energy is distributed among the

energies of emitted photons, the kinetic energies of electrons, fragment -ions and -neutrals,

as well as among their internal energies. One can gain knowledge about the structure of

the molecule, as well as about its response to the external perturbation by experimentally

measuring these energies. Both the relaxation mechanism and the associated time-scale

are important to fully understand the underlying decay dynamics. Depending on the

energy imparted by the external agent, single to multi electron excitations occur in the

system, and the system is excited to different excited states. For instance, in an isolated

atom or molecule wherein intra-atomic/molecular multi-electron correlations are perti-

nent, a single electron excitation from the valence orbital usually decays radiatively on
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a slower timescale (∼nanosecond), while a single electron excitation from the core shell

leads to faster relaxation processes, such as, X-ray emission and Auger decay [5, 6], oc-

curring on a faster timescale (∼femtosecond). Whereas, a single electron excitation from

the inner valence orbital can decay via slow radiative photoemission as well as via fast au-

toionization process depending on the participating energy levels. Note that, the radiative

decay rate depends on the excited and decaying state properties. However, typically the

higher the energy level of the excited state is compared to that of the decaying state, the

faster radiative decay process becomes. Note that, non-radiative decay processes, such

as, internal conversions in isolated molecules are much faster decay processes. For multi

electron excitation in an isolated atom or molecule by external perturbation, the more

complex relaxation processes can be observed.

However, there exists a different type of bonding, arising due to weak van der Waals

forces between all atoms and molecules, whose binding energy per bond is only a few

meV, unlike the covalent and ionic bonds existing in a molecule. The origin of this van

der Waals force is the polarization of one neutral atom or molecule, due to another one

in the neighbourhood. Originally, it was thought that only atoms and molecules having

permanent electric moments can induce such weakly-attractive forces [7, 8, 9]. It was later

revealed that rapidly fluctuating transient electric moments in the neighbouring atoms or

molecules are also responsible for these van der Waals forces [10]. Naturally, atoms and

molecules, clustered through the van der Waals forces, have large inter-atomic/molecular

separations. Thus, correlations between electrons from the neighbouring entities are rela-

tively weak in this case, compared to the same in a molecule. In spite of that, electronic

excitation or ionization in one of the constituent atoms or molecules in these loosely-bound

clusters, can decay through excitation or ionization in the neighbour. Furthermore, these

inter-atomic/molecular relaxation processes are often found to be highly efficient com-

pared to the intra-atomic/molecular counterpart in weakly-bound aggregate, following a

local electronic excitation in a constituent atom or molecule. Since these van der Waals

aggregates are ubiquitous in biological and astrophysical environments, understanding

how external perturbations, such as, photons or energetic charged particles, impact these

systems through propagation of an induced local perturbation to its neighbourhood is of

fundamental interest.

The focus of this thesis is to experimentally investigate inter-atomic/molecular elec-
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tronic decays in loosely-bound nanometer-sized van der Waals clusters of helium (He),

commonly known as He nanodroplets, doped with a few foreign atoms or molecules, when

the host droplets are resonantly photoexcited or photoionized by extreme ultra-violet

(EUV) photons. In this chapter, first, correlated electronic decays in an isolated atom or

molecule are discussed, when a single electron is excited from different orbitals under the

influence of external perturbation. The knowledge of underlying intra-atomic/molecular

processes, occurring at the individual atomic or molecular level, should help us to further

understand the correlated decays in the loosely-bound clusters of atoms and molecules.

Then, relevant inter-atomic/molecular processes and corresponding experimental tech-

niques to investigate them are presented. Then, the model system of doped He nan-

odroplets, along with the choice of dopants, are presented. Finally, the outline and moti-

vations of this investigation are laid out.

1.1 Electronic decays in isolated atom or molecule

Multi-electron correlations are present between different electronic orbitals in a neutral

atom or molecule. Thus, disturbing any electron in the system from its stable ground state

configuration will affect rest of system. In this section, lets look into the electronic decays

in an isolated atom or molecule upon creation of an electronic vacancy in the valence

or core orbital by the external perturbation. This should lay the ground to compare

the competing inter-atomic/molecular processes, relevant in loosely-bound clusters, as

discussed later in section 1.2.

1.1.1 Decay of outer valence vacancy

If a vacancy is created in the outer most electronic orbital or the outer valence (ov)

orbital of an isolated atom or molecule (A), either by electronic excitation to an excited

orbital (np), or by direct ionization, the created vacancy (ov−1) can be directly filled in

two possible pathways: a) by de-excitation of the electron from the excited orbital to the

initial vacancy in case of an excited metastable atom or molecule (A∗(ov−1 np)), and b)

by capturing an external electron from the environment to the initial vacancy in case of
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Figure 1.1: Schematic of outer valence (ov) excitation and relaxation processes where the
corresponding vacancy is directly filled in an isolated atom or molecule (A). Pathway (a)
shows the excitation of the outer valence electron to an excited orbital (np) and sub-
sequent de-excitation of the same to the ground state, while pathway (b) shows direct
ionization of the outer valence electron and capture of an external electron for relaxation
of the corresponding vacancy in A+(ov−1). In both the decay processes, the excess ener-
gies released are insufficient to further ionize the system, thus the corresponding decay
processes are radiative in nature.

ionized species (A+(ov−1)) (see Fig. 1.1), as shown below.

A∗(ov−1 np)→ A + ∆E (1.1)

and

A+(ov−1) + e− → A + ∆E (1.2)

In both these cases, the excess energies (∆E) are equal to the differences between the

final and initial state energies as follows:

∆E = E(A∗(ov−1 np))− E(A) (1.3)

and

∆E = E(A+(ov−1))− E(A) (1.4)



6 CHAPTER 1. INTRODUCTION

where, E(A), E(A∗(ov−1 np)), and E(A+(ov−1)) are the energies of A, A∗(ov−1 np)) and

A+(ov−1), respectively. Thus, in the electron capture process, the excess energy released

is equal to the ionization energy of A which is equal to E(A+(ov−1)) minus E(A), whereas

in case of direct de-excitation of the excited state, the excess energy released is less than

the ionization energy, since E(A∗(ov−1 np)) is always less than E(A+(ov−1)). This implies

that in both the cases, the released excess energies (∆E) are insufficient to further ionize

the system, through autoionization, as these final states are not energetically accessible in

these decays of outer valence vacancy. Therefore, the underlying decay processes here are

usually radiative in nature, wherein the excess energy is released by emission of a photon,

see below.

A∗(r)→ A + hν (1.5)

and

A+(ov−1) + e− → A + hν (1.6)

The radiative relaxation of the outer valence excited atom or molecule usually takes place

on a slower timescale (∼ nanosecond), depending on the lifetimes of the excited state.

Whereas, the electron capture process, which is similar to time reversal photoionization,

is a much faster relaxation mechanism occurring in attosecond timescale.

Note that, here only the single step relaxation processes are presented following the

excitation or ionization of an outer valence electron where the de-excitation or electron

capture directly leads to ground state atom or molecule. This is to show that the maximum

energies released in these relaxations are insufficient for autoionization of the system, since

the autoionizing states are energetically inaccessible through excitation of an outer valence

electron. However, there can be multi step radiative and non-radiative de-excitation

processes involved for metastable outer valence excited system, wherein the initial outer

valence vacancy can be filled through relaxations to multiple lower lying excited states. In

these cases, the energy released in each step is lower than what are shown by equation 1.3.

Similarly for an outer valence ionized system, an electron from the environment can be

captured by a higher lying excited orbital than by the orbital where the initial vacancy

is created. Thus the energy released in the electron capture process can be lower than

what is presented in equation 1.4. Subsequently, the metastable excited atom or molecule

following the electron capture can undergo single or multi step de-excitations.
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1.1.2 Decay of inner valence vacancy

An inner valence vacancy (iv−1) created due to ionization by the external perturbation

in an isolated atom or molecule (A) can be filled by both radiative decays and decay

via further ionization. Fig.1.2 i) schematically shows these relaxation pathways, where

pathway a) presents the following radiative decay mechanisms.

A+∗(iv−1)→ A+(ov−1) + ∆E (1.7)

and,

A+∗(iv−1)→ A+∗(ov−2 np) + ∆E (1.8)

where, in the first process an outer valence electron fills the vacancy in the inner valence

orbital, while in the second process due to transfer of the outer valence electron to the

initial vacancy, another electron from the outer valence orbital is excited to a higher lying

orbital (np). The excess energies (∆E) released by photoemissions in these processes are

shown below for the first and second process, respectively.

∆E = E(A+∗(iv−1))− E(A+(ov−1)) (1.9)

and,

∆E = E(A+∗(iv−1))− E(A+∗(ov−2 np)) (1.10)

where, E(A+∗(iv−1)), E(A+(ov−1)) and E(A+∗(ov−2 np)) are the energies of A+∗(iv−1),

A+(ov−1) and A+∗(ov−2 np) states, respectively. The energy of the A+∗(ov−2 np) state

lies above the energy level of A+(ov−1), see Fig.1.2 ii) where relevant energy levels of A

are depicted. Thus, the excess energy released in the second process is lower than the

same from the first process.

In Fig. 1.2 i), pathway (b) shows the decay through further ionization from the outer

valence shell due to transfer of an outer valence electron to the inner valence vacancy, also

see below.

A+∗(iv−1)→ A2+(ov−2) + e− (1.11)

This decay leading to further ionization can occur when the energy level of A+∗(iv−1) is
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Figure 1.2: i) Schematic of inner valence (iv) ionization and decay of the corresponding
vacancy in an isolated atom or molecule (A). Pathway (a) shows radiative decays upon
transfer of an outer valence (ov) electron to the inner valence vacancy (iv−1), while path-
way (b) shows ionization of an outer valence electron following the transfer of an outer
valence electron to the inner valence vacancy. ii) The relevant energy levels of A for the
processes (a) and (b) to occur.

higher than that of the decaying state, A2+(ov−2), i.e.,

E(A+∗(iv−1)) > E(A2+(ov−2)) (1.12)

However, it is very unlikely that the energy level of an inner valence ionized atom or

molecule is higher than the energy level of the dicationic state of the same, see Fig. 1.2 ii).

Therefore, autoionization leading to doubly ionized state, following inner valence ioniza-

tion, is usually energetically forbidden in an isolated atom or molecule.

Furthermore, other than direct ionization, an inner valence vacancy in an isolated atom

or molecule (A) can also be created by excitation of an inner valence (iv) electron to a

higher lying orbital (np). The corresponding excitation and de-excitation processes are

presented in Fig. 1.3 i), where pathway (a) shows the radiative relaxation of the initially

excited electron from the excited orbital (np) to the inner valence vacancy (iv−1), see

below.

A∗(iv−1 np)→ A + ∆E (1.13)

This de-excitation of initially excited electron from np orbital to the inner valence vacancy
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Figure 1.3: i) Schematic of the excitation of an inner valence (iv) electron to the higher
lying excited orbital (np), and corresponding de-excitation processes in an isolated atom
or molecule (A). Pathway (a) shows radiative decay of the electron from the excited orbital
(np) to the inner valence vacancy (iv−1), while pathway (b) shows ionization of an outer
valence (ov) electron following the transfer of the initially excited electron to the inner
valence vacancy. ii) The relevant energy levels of A for the processes (a) and (b) to occur.

can also lead to excitation of an outer valence (ov) electron to an higher lying excited

orbital (n′p′), see below.

A∗(iv−1 np)→ A∗(ov−1 n′p′) + ∆E (1.14)

The excess energies (∆E), as shown below, are released by photoemission in these pro-

cesses.

∆E = E(A∗(iv−1 np))− E(A) (1.15)

and,

∆E = E(A∗(iv−1 np))− E(A∗(ov−1 n′p′)) (1.16)

where, E(A∗(iv−1 np)), E(A) and E(A∗(ov−1 n′p′)) are the energies of A∗(iv−1 np),

A and A∗(ov−1 n′p′) states, respectively. These radiative de-excitation processes are

energetically accessible, since the energies of the final states are lower than that of the

initial inner valence excited state, see Fig. 1.3 ii).

Moreover, unlike excitation from outer valence orbital, excitation from inner valence
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orbital can result in ionization of another outer valence electron, see below.

A∗(iv−1 np)→ A+(ov−1) + e− (1.17)

This autoionization leading to cationic state, shown in pathway (b) of Fig. 1.3 i), is

energetically allowed, since the energy of the autoionizing final state (A+(ov−1)) is lower

than that of the initial excited state (A∗(iv−1 np)). The autoionizing electron carries the

excess energy (∆E), see below, as its kinetic energy.

∆E = E(A∗(iv−1 np))− E(A+(ov−1)) (1.18)

The relevant energy levels of A for these de-excitation processes are presented in Fig. 1.3 ii).

Note that, depending on the energy levels, following autoionization from an inner va-

lence excited atom or molecule, A∗(iv−1 np), the resulting product ion can also be pro-

duced in an excited state, A+∗(ov−2 n′p′), which eventually can undergo further radiative

decay.

1.1.3 Decay of core shell vacancy

Finally, if the external perturbation leads to ionization from the core orbital of an isolated

atom or molecule (A), the corresponding core shell vacancy (core−1) can be filled by an

electron transfer from the inner valence (iv) or outer valence (ov) orbital. Thus, the excess

energy released in this process is given by,

∆E = E(A+∗(core−1))− E(A+(ov−1/iv−1)) (1.19)

where, E(A+∗(core−1)) and E(A+(ov−1/iv−1)) are the energies of the core shell ionized

and valence shell ionized atom or molecule, respectively. Since, the energy required to

ionize a core shell electron is very high, usually hundreds of eV to a few KeV, as compared

to the ionization energy of an atom or molecule which is a few eV, this excess energy (∆E)

is sufficient to further ionize the atom or molecule. Therefore, the corresponding decay

processes can lead to both photoemission and multiple ionization of the atom or molecule,

as shown in Fig. 1.4. As the excess energy released is in the KeV range, the corresponding
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Figure 1.4: Schematic of core shell excitation and decay of the corresponding vacancy
in an isolated atom or molecule (A). Pathway (a) shows X-ray emission upon transfer
of an outer valence (ov) electron to the core shell vacancy (core−1), while pathway (b)
shows ionization of an outer valence electron following the transfer of an inner valence
(iv) electron to the core shell vacancy in an Auger decay process.

photoemission process is known as X-ray emission, see below.

A+∗(core−1)→ A+(ov−1) + hν (X-ray) (1.20)

The other possible pathway is the further ionization through Auger decay. In this case,

an electron from the valence shell fills the core shell vacancy, and the corresponding excess

energy is utilized to ionize single or multiple electrons from the valence orbitals, depending

on the excess energy released upon decay of the core shell vacancy. The electrons emitted

in the process are known as Auger electrons and the kinetic energies of these electron are

decided by the energies of the participating electronic states. For example, if in an Auger

decay, one electron from the inner valence orbital is transferred to core shell vacancy, to

ionize another electron from the outer valence orbital, see below,

A+∗(core−1)→ A2+∗(iv−1, ov−1) + e−Auger (1.21)
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then, the kinetic energy (KE) of the Auger electron (e−Auger) can be written as

KE(e−Auger) = [E(A+∗(core−1))− E(A+∗(iv−1))]− [E(A2+∗(iv−1, ov−1))− E(A)] (1.22)

where, E(A+∗(core−1)) and E(A+∗(iv−1)) are the energies of core and inner valence ionized

cations, respectively, while E(A2+∗(iv−1, ov−1)) is the energy of doubly ionized product-

ion and E(A) is the energy of the neutral atom or molecule. Since in this example,

the product-ion (A2+∗(iv−1, ov−1)) has an inner valence vacancy, it can undergo further

relaxations. It should be noted that, both the X-ray emission and Auger decay occur on

femtosecond timescale, as the lifetime of the core ionized atom or molecule is very short.

To summarize, for an isolated atom or molecule, an electronic vacancy in the outer

valence orbital usually decays radiatively, while an vacancy in the core shell decays either

radiatively via X-ray emission or through Auger decay leading to multiple ionization.

For, an inner valence excited or ionized atom or molecule, de-excitation usually leads to

either radiative decay or autoionization to singly ionized state. Now, lets look into the

corresponding decay processes in loosely-bound clusters of atoms or molecules.

1.2 Electronic decays in loosely-bound cluster

In loosely-bound atomic or molecular aggregates, along with the intra-atomic/molecular

decays, discussed earlier in section 1.1, inter-atomic/molecular decays also become active

following the excitation or ionization in a constituent atom or molecule. When the initial

excitation or ionization propagates to the neighbouring atom or molecule, the neighbour

can get excited or ionized, depending on the electronic structures of the involved entities,

the amount of energy transferred, and the underlying relaxation mechanism. Thus, one

can classify these inter-atomic/molecular decays into several categories, which are deter-

mined by the initial and final charge states of the participating neighbours, as presented

below.

1.2.1 Resonant energy transfer

This inter-atomic/molecular decay takes place between an excited atom or molecule (A∗)

and its neighbour (B), when the involved energy states are resonantly coupled, i.e., when
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Figure 1.5: Schematic of the resonant energy transfer (RET) process between the excited
atom or molecule (A∗) and its neighbour (B), resulting in de-excited A and excited B∗.

the de-excitation energy of (A∗) exactly matches with the excitation energy of B, see

below.

A∗ + B→ A + B∗ (1.23)

The charge states of both the neighbours do not change in this resonant energy transfer

(RET) process, only the electronic excitation is transferred between the neighbours (see

Fig. 1.5). There are two mechanisms responsible for the excitation transfer process, as

follows: 1) energy transfer through dipole-dipole interaction and 2) energy transfer via

electron exchange.

In the dipole-dipole interaction, the radiative decay pathway of the initially excited

atom or molecule is quenched and the relaxation energy is transferred via electric dipole-

dipole interaction. In other words, the relaxation energy is transferred to the neighbour

via a virtual photon exchange. Due to the involved dipolar interaction, the decay efficiency

falls as R−6, where R is the separation between the two entities. Furthermore, along with

the energy matching condition, the dipole selection rule should be satisfied in this process.

This means only the dipole allowed transitions between the ground and excited states are

observed in the neighbours. These decays via virtual photon transfers are also known

as Förster resonant energy transfer (FRET), named after Th. Förster, who first reported

these processes in 1948 [11]. Recent reviews on FRET can be found in ref.[12, 13].

D. L. Dexter, in 1953, proposed a novel RET process involving transfer of two electrons

between the neighbours, wherein one electron from the neighbour fills the vacancy in the

excited atom or molecule, and another electron from the later gets transferred to the

valence shell of the former [14]. Since, electrons are transferred between the neighbours,

here no dipolar selection rule needs to be followed. Thus, in this process, a wide range of
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excitations in the neighbour are accessible as compared to the previous case. However,

the electron transfer process requires sufficient overlap between the participating elec-

tronic orbitals of the neighbouring entities. Therefore, in this case, the decay rate falls

exponentially with the increase in the inter-atomic/molecular distance.

1.2.2 Penning ionization

The energy resonance condition between participating electronic states of the neighbours,

applicable for bound to bound transitions in RET, is however not required when the

energy transferred from the excited atom or molecule leads to excitation of an electron

to the continuum in the neighbour. Frans Penning, in 1927, first reported this type of

inter-atomic/molecular decay, wherein following the de-excitation of an excited atom or

molecule (A∗), the neighbouring entity (B) undergoes ionization [15], see below.

A∗ +B → A + B+ + e−PI (1.24)

This type of reactions, also known as Penning ionization, has been widely studied in

crossed atomic or molecular beam setup, where excited metastable atoms or molecules

are collided with neutral ones [16]. The kinetic energy (KE) of the ejected Penning

electron (e−PI) can be calculated as

KE(e−PI) = V (A∗ + B)|r′ − V (A + B+)|r′ (1.25)

where, the V (A∗ + B)|r′ and V (A + B+)|r′ are the potential energies of the initial and

final states at the inter-atomic/molecular distance (r′) where the Penning ionization takes

place, see Fig. 1.6 a). The above equation 1.25 can also be written as,

KE(e−PI) = [E(A∗)− E(A)]− [E(B+)− E(B)] + ∆E (1.26)

where, E(A) and E(A∗) are the internal energies of the neutral and excited A, respectively,

and E(B) and E(B+) are the internal energies of neutral and ionized B, respectively. The

value of ∆E can be determined from the potential energy curves of incoming and outgoing

channels at r′.

Note that, Penning ionization usually takes place at lower inter-atomic/molecular dis-
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Figure 1.6: a) Potential energy curves of the initial (A∗ + B) and final (A + B+)
states of Penning ionization, wherein the Penning ionization takes place at the inter-
atomic/molecular distance of r′. b) The underlying electron transfer mechanism in Pen-
ning ionization, where the valance shell vacancy of A∗ is filled by a valence electron from
the neighbour B, which in turn ionizes the excited electron from the A∗, creating A and
B+.

tance, wherein the underlying decay process is initiated by an electron transfer from

the valence orbital of the neighbour to the valence shell vacancy of the excited atom or

molecule, resulting in ionization of the excited electron from the later, see Fig. 1.6 b). The

Penning ionization efficiency, thus, largely depends on the overlap between participating

electronic orbitals of the neighbours. Therefore, the collisional kinetic energy (Ek) of the

neighbours becomes an important parameter determining the Penning ionization cross

section [17].

1.2.3 Charge transfer

Although the inter-atomic/molecular decays, discussed above, result from an exited neu-

tral atom or molecule, similar processes can be also observed from an ionized one. In a

loosely-bound atomic/molecular cluster, an electronic vacancy in one of the constituents

(A+) can decay via transfer of an electron from the neighbour (B) to the initial vacancy,

to relax into a lower energy final state, see below.

A+ + B→ A + B+ (1.27)

In this charge transfer (CT) process, the excess energy between the initial and final

states is released either radiatively via photoemission or non-radiatively via potential

energy curve crossing [18, 19, 20, 21]. Since the electron exchange process requires overlap
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Figure 1.7: Schematic of radiative and non-radiative charge transfer processes, in terms
of the potential energies between the participating states of A and B.

between the participating electronic orbitals of the neighbours, nuclear dynamics plays

an import role here. Fig. 1.7 schematically shows both the radiative and non-radiative

CT processes in terms of the potential energies between the participating states of A

and B. Among these processes, the non-radiative CT process usually produces an excited

neighbour-ion (B+∗), and is more efficient decay mechanism than the radiative one in

which a ground state neighbour-ion (B+) is created. Note that, the total charge state

of the neighbours remains the same in CT processes. However, subsequent secondary

ionization or photoemission in the system can be observed, when the excited neighbour-

ion relaxes. In the following sections, lets look into the inter-atomic/molecular decays,

where the total charge state of the system increases.

1.2.4 Inter-atomic/molecular Coulombic decay

Cederbaum et al., in their pioneering work in 1997, theoretically demonstrated a novel re-

laxation pathway, known as inter-atomic/molecular Coulombic decay (ICD) [22], in small

loosely-bound clusters of atoms and molecules, wherein upon inner valence ionization of

one of the constituents, the system relaxes via further ionization in the neighbour. These

ICD processes were first predicted in H-bonded homogeneous clusters of water (H2O) and

hydrogen fluoride (HF), upon inner valence O2s and F2s ionization, respectively [22, 23].

Following the ionization, the inner valence 2s-vacancy is filled by an outer valence 2p-

electron and another 2p-electron from the neighbour is ionized, thereby leaving the clus-
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Figure 1.8: Energy levels of a loosely-bound atomic or molecular dimer (A A). Follow-
ing the inner valence ionization of the dimer, A A+∗(iv−1) state relaxes via ICD into
A+(ov−1)-A+(ov−1) final state, when the energy of final state is lower than that of the
initial state. Double ionization of the same atom or molecule, where the initial inner
valence vacancy is located in the dimer, is often energetically forbidden, since the energy
level of A A2+∗(ov−2) is usually higher than the same of A A+∗(iv−1).

ter in a doubly-ionized state wherein two positive holes are located on the neighbouring

molecules. This eventually results in Coulombic fragmentation into two cations.

The opening of this new decay channel upon inner valence ionization can be realized in

terms of the energy levels of an atomic or molecular dimer (A A), as shown in Fig. 1.8.

Initially, due to the creation of the inner valence vacancy in one of the dimer constituents,

the dimer is formed in the A A+∗(iv−1) energy level. Other than radiative decay, there are

two possible relaxation pathways for this inner valence ionized dimer: 1) via ionization

of an outer valence electron from the same dimer constituent where the inner valence

vacancy is located, and 2) via ionization of an outer valence electron from the other dimer

constituent in the neighbour. Pathway 1) leads to a doubly ionized A A2+(ov−2) state.

However, from the earlier discussion on the decay of inner valence vacancy of an isolated

atom or molecule in section 1.1.2, one can argue that this process is usually energetically

forbidden, since the energy of A A2+(ov−2) state is often greater than the same of the

initial A A+∗(iv−1) state. The second pathway, where due to the relaxation of initial

vacancy the neighbour is ionized, can be energetically accessible. This is due to the fact

that the spatially separated locations of the positive holes on two neighbours reduces

the internal repulsive Coulombic energy between the holes in the final dicationic state,

A+(ov−1)-A+(ov−1), as compared to the case where two holes are located on the same
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atom or molecule. Thus, the energy of the final doubly ionized state, A+(ov−1)-A+(ov−1),

can be at a lower level than the same for initial inner valence ionized state, A A+∗(iv−1).

When the above-mentioned condition is satisfied, the ICD becomes the mode of decay of

the inner valence vacancy in loosely bound dimer, see below.

A A+∗(iv−1)→ A+(ov−1)− A+(ov−1) + e−ICD (1.28)

Furthermore, these ICD processes are found to be highly efficient decay mechanisms

in loosely-bound clusters, occurring on ultrafast time scale [24, 25]. Detailed theoretical

descriptions of the ICD processes can be found in ref.[26]. In the following discussions,

the origin of this high efficiency and the underlying mechanisms are briefly described.

The initially ionized excited state from which the ICD proceeds can be represented by

the wavefunction | φi φk〉, where φi and φk denote the initial vacancy and the scattering

wavefunction of the ionized free-electron created due to external perturbation, respec-

tively. The final state is represented by | φf φf ′〉, where φf and φf ′ denote the final

vacancies located at two neighbouring atoms or molecules. Thus, the decay rate can be

calculated from the electron-electron Coulomb matrix element,

Vf,f ′,i,k = 〈 φf φf ′ | V | φi φk 〉 (1.29)

where, V is the Coulombic potential between two electrons. Ignoring the complexity of

the strongly correlated states, the decay rate, also quantified from the decay width (Γ)

can be approximated to the leading term according to the Fermi’s golden rule, as

Γ ∝ |Vf,f ′,i,k − Vf,f ′,k,i|2 (1.30)

where, the matrix elements, Vf,f ′,i,k and Vf,f ′,k,i, result from direct and exchange contri-

butions due to the indistinguishability of the electrons, respectively.

Qualitatively, these two terms represent two different underlying mechanisms which

lead to the same final state, as shown in Fig. 1.9. The direct term indicates, transfer of

an outer valence electron to the initially created vacancy from the same dimer constituent

(left constituent in Fig. 1.9). The released energy in this relaxation process is then utilized
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Figure 1.9: Schematics of ICD channels by virtual photon transfer and electron exchange
in atomic/molecular dimer upon inner valence (iv) ionization. The inner valence vacancy
of the initially ionized constituent (A) is filled by an outer valence (ov) electron of the
same, resulting in ionization from the outer valence orbital of the neighbour (B) in virtual
photon transfer ICD, shown in process (a). Whereas, the inner valence hole of A is filled
by an outer valence electron of the neighbour B, leading to ionization of another outer
valence electron of A, in electron exchange ICD, shown in process (b).

to ionize an outer valence electron from the neighbour (right constituent in Fig. 1.9). This

ICD mechanism is also know as ICD via virtual photon exchange, since a radiative decay in

one constituent is quenched by ionization in other (see process (a) in Fig. 1.9). The dipole

selection rule must also be followed here by the initially ionized dimer constituent while

relaxation. Whereas, the exchange term indicates transfer of an outer valence electron

from the neighbour to the initial vacancy, which leads to ionization of an outer valence

electron from the same constituent where the initial vacancy was located. This process is

also know as the ICD via electron exchange (see process (b) in Fig. 1.9).

According to the ICD schematic shown in Fig. 1.9, the direct and exchange terms in

equation 1.30 can be written as

VLf,Rf,Li,k =
∫ ∫

φ∗Lf (r̄1) φLi(r̄1) e2

|r̄1 − r̄2|
φ∗Rf (r̄2) φk(r̄2) dr̄1 dr̄2 (1.31)

VLf,Rf,k,Li =
∫ ∫

φ∗Lf (r̄1) φk(r̄1) e2

|r̄1 − r̄2|
φ∗Rf (r̄2) φLi(r̄2) dr̄1 dr̄2 (1.32)
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where, L and R represent the dimer constituents on the left and right, respectively, while

f , f ′ and i are replaced by Lf , Rf and Li, respectively.

From equation 1.31, one can see that only overlap between participating electronic

orbitals, φLi and φLf in the dimer constituent where the initial vacancy was located,

along with the dipole selection rule, is sufficient for non-zero contribution of the direct

term. Thus, ICD via virtual photon exchange proceeds even for well separated neigh-

bours. Moreover, since this ICD process is mediated by dipole-dipole interaction between

neighbours, the associated decay rate falls as R−6, where R is the distance between the

neighbours.

However, from equation 1.32, it is evident that overlap of the electronic orbitals, φLi
and φRf , of two neighbours between which the electron transfer takes place is necessary

for efficient ICD via electron exchange. Thus, in case of ICD via electron exchange, the

decay rate falls as exp(−R), much quicker than the same for ICD via virtual photon

exchange.

The orbital overlap between neighbours can dramatically enhance the decay rate by

2 − 3 orders of magnitude than the case where orbital overlap is neglected [27]. There-

fore, the nuclear dynamics initiated by the ionization of neutral dimer, which affects the

overlap of electronic orbitals between the neighbouring atoms or molecules plays a cru-

cial role determining the ICD efficiency [28, 29, 30, 31]. Moreover, large number of open

channels (| φf φf ′〉) also adds up to the effective ICD decay rate. If the size of the loosely

bound cluster is increased from dimer to higher order, the number of interacting atoms or

molecules in the vicinity of the initially ionized excited species increases and the number

of open channels is also expected to increase accordingly [32, 33, 34]. For example, Santra

et al. theoretically demonstrated effect of cluster size on the ICD rate for Ne clusters upon

inner valence (2s) ionization in ref.[28], where the decay lifetimes were found to decrease

from hundreds of femtosecond for Ne2 to less than ten femtosecond for Ne13. Interestingly,

in case of Ne2, the same ICD lifetime was found to decrease by 6 times in the presence of

a He atom at a distance of 4 Å between the Ne atoms, wherein the He atom acts as as

a bridge atom to enable efficient energy transfer between the Ne atoms via virtual states

of the same. This novel ICD mechanism is termed as superexchange ICD [35, 36, 37].

In Fig. 1.10, the ICD process is schematically shown in terms of potential energies of
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Figure 1.10: Schematic of ICD in loosely-bound dimer (A2), and relevant transitions
between different electronic states.

the relevant electronic states of the atomic/molecular dimer (A2) and transitions between

them. Upon inner valence ionization, A2 undergoes vertical transition to the excited

AA+∗ state. Depending on the nature of potential energy curve of the excited state,

the inter-atomic/molecular distance of AA+∗ can reduce which effectively increase the

efficiency ICD process as discussed above. Thus, ICD takes place in AA+∗ leading to the

Coulombic potential energy curve of A+A+ at a certain inter-atomic/molecular distance,

r′. Therefore, the kinetic energy of the ejected electron (e−ICD) from the above process is

given by,

KE(e−ICD) = E(AA+∗)|r′ − E(A+A+)|r′ (1.33)

where, E(AA+∗)|r′ and E(A+A+)|r′ are the energies of the initial and the final states,

respectively, at the inter-atomic/molecular distance, r′. Thus, similar to Auger decay in

isolated system, KE(e−ICD) is also a characteristic energy which is governed by the involved

electronic states of loosely-bound system (see equations 1.22 and 1.33). However, unlike

Auger decay which is initiated by core shell ionization, the kinetic energy of the ICD

electron is only a few eV, since only the valence orbitals of the constituent atoms or

molecules participate in the later case.

In the Coulombic potential energy curve, the resultant ion (A+A+) fragments into two

A+ ions, wherein the total kinetic energy release (KER) by the fragmented ions can be
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calculated from,

KER(A+ + A+) = E(A+A+)|r′ − 2× E(A+) (1.34)

where, E(A+) is the internal energy of the fragmented ion A+. Since the Coulombic poten-

tial energy between fragmented ions is converted to their kinetic energies, the total KER

can be approximated from 14.4/r′ in eV, where r′ is expressed in angstrom (Å). Thus,

by measuring the KER spectrum, one can get insight about the inter-atomic/molecular

distance, r′, at which the ICD takes place. Furthermore, as the initially ionized AA+∗

can be populated in different vibrational states, the KER spectrum can contain the corre-

sponding vibrational structure. Thus, oscillations in the KER spectrum can arise from the

interplay between wave packet dynamics and inter-atomic/molecular distant dependent

ICD decay rates [38, 39, 40].

Note that, ICD type decay processes can be observed, not only upon ionization of the

inner valence (iv) electron, but also upon resonant excitation of the same to an excited

state (n′l′) in one of the constituents of a loosely-bound homogeneous cluster. For the

later case, when the inner valence vacancy (iv−1) is filled by an outer valence (ov) electron,

the de-excitation energy is utilized to ionize another outer valence (ov) electron from the

neighbour, see below:

A∗(iv−1 n′l′) · A→ A∗(ov−1 n′l′) · A+(ov−1) + e−ICD (1.35)

Contrary to ICD, discussed earlier, wherein charge separated dication is created, in this

ICD which is induced by resonant excitation, an excited cation [A∗(ov−1 n′l′) ·A+(ov−1)]

is produced. In this way, these resonant ICD processes are similar to Penning ionization,

discussed earlier in section 1.2.2. However, Penning ionization usually proceeds upon

outer valence excitation in heterogeneous system which energetically allows for a de-

excitation in an outer valence excited constituent to ionize an outer valence electron

from a neighbour with largely different energy levels. In case of homogeneous cluster,

outer valence ionization in the neighbour due to de-excitation of an outer valence excited

constituent is usually energetically forbidden.

Moreover, these ICD processes are not unique to the homogeneous loosely-bound clus-

ters, they can also be observed in heterogeneous clusters upon excitation of an inner
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valence electron [41, 42]. In case of heterogeneous cluster, due to differences in energy

levels of the constituent atoms or molecules, excitation from both the outer and inner va-

lence orbital can also decay via ICD. Since the overlaps between outer valence orbitals of

neighbours in a loosely-bound cluster is stronger than the same with inner valence orbitals,

ICD becomes even more efficient relaxation pathway following outer valence excitation in

heterogeneous clusters [43]. At the same time, it should be noted that the outer valence

orbitals of an atom or molecule are more perturbed in the presence of neighbours than the

inner valence orbitals of the same. Thus, due to stronger electronic correlations, deter-

minations of outer valence energy levels are theoretically more challenging than the same

for inner valence energy levels. Other than the energetics, this was one of the reasons for

reporting ICD processes following inner valence ionization for the first time by Cederbaum

et al. [22]. Moreover, in heterogeneous loosely-bound cluster due to large differences in

the energy levels of the constituents, a variety of ICD processes can be observed. For

example, Lorenz S. Cederbaum also reported a novel ICD process wherein a vibrationally

excited molecule in its electronic ground state can efficiently ionize an anionic neighbour,

by transferring its vibrational energy to the anion [44]. In case of endohedral fullerene

complex (X@Cn) such as Ne@C60, following the inner valence 2s-ionization of Ne, a dou-

ble ICD channel where two ICD electrons are emitted from C60, has been theoretically

proposed [45].

Furthermore, due to highly localized core orbitals in an atom or molecule in loosely-

bound cluster, the correlations of core shell electrons of the same with the electronic

orbitals of the neighbours are much weaker. Thus, although the decay of core shell vacancy

in one of the constituents energetically allows for subsequent ionization in the neighbour

through ICD, core shell excitation usually leads to intra-atomic/molecular X-ray emission

or Auger decay. However, ICD becomes a dominant decay channel for the inner valence

ionized product-ion in the cluster, following the Auger decay [46, 47, 48, 49, 50, 51].

Even though the ICD efficiency from a core shell ionized state is low, similar processes

are theoretically reported in liquid water [52, 53, 54, 55], microhydrated LiOH [56] and

ammonia cluster [57, 58]. Therefore, these non-local decay processes upon core-shell

ionization become extremely relevant for structural analysis of biological samples by X-

ray photoelectron spectroscopy [59] and coherent X-ray diffraction imaging [60].
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Figure 1.11: Energy levels of a loosely-bound heterogeneous atomic or molecular dimer
(AB). Following the inner valence ionization of the dimer constituent (A), A+∗(iv−1)B
state relaxes via ETMD into A-B2+(ov−2) final state, when the neutralization energy
released (∆E) upon transfer of an outer valence electron from the neighbour (B) to the
initial inner valence vacancy is higher than the double ionization threshold (Edi) of the
dimer leading to A-B2+(ov−2).

1.2.5 Electron transfer mediated decay

For loosely-bound heterogeneous dimers, Zobeley et al., in 2001, theoretically reported

a new type of inter-atomic/molecular relaxation process known as electron transfer me-

diated decay (ETMD) [61], wherein upon inner valence ionization in one of the dimer

constituents, the system relaxes through further ionization in the neighbour similar to

the ICD processes. However, in this case, the initially ionized constituent (A+∗(iv−1)) is

neutralized due to transfer of an outer valence electron from the neighbour (B) to the

initial vacancy, and the neutralization energy released in this process is used to ionize

another outer valence electron from the neighbour, see below.

A+∗(iv−1) B→ A B2+(ov−2) + e−ETMD (1.36)

The double ionization of the neighbour through ETMD is possible in case of heteroge-

neous dimer due to the largely different electronic energy levels of the dimer constituents.

In Fig. 1.11, the energy levels of the AB are presented to realize this process. Initially the

system is created in A+∗(iv−1)B state. If the neutralization energy (∆E) of A+∗(iv−1)B is

higher then the double ionization energy (Edi) of AB which leads to AB2+(ov−2), ETMD

becomes a plausible decay channel.

Since electron transfer between neighbours mediates the decay process in ETMD, suffi-

cient overlaps between the participating electronic orbitals of the neighbours are required,
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like we have seen for ICD via electron exchange. Thus, the nuclear dynamics in the cluster

upon initial ionization plays a vital role determining the ETMD efficiency [62]. Further-

more, similar to ICD, the ETMD decay rate also depends on the number of open channels

available in the neighbourhood of the initially ionized entity and is found to increase with

the increasing number of neighbouring atom or molecule [63].

This ETMD process is schematically shown in terms of potential energies of relevant

electronic states of AB and transitions between them in Fig. 1.12. Upon external per-

turbation, AB is ionized vertically from its ground state to the excited state, A+∗B,

where nuclear dynamics can be effective to decrease the inter-atomic/molecular distance

and enhance the ETMD efficiency. The subsequent ETMD occurring at a lower inter-

atomic/molecular distance, r′, leads to AB2+ which undergoes either trapping into AB2+

or dissociation into A and B2+. Thus, the kinetic energy of e−ETMD can be calculated as,

KE(e−ETMD) = E(A+∗B)|r′ − E(AB2+)|r′ (1.37)

where, E(A+∗B)|r′ and E(AB2+)|r′ are the energies of the initial A+∗B and final AB2+

states, respectively, at the inter-atomic/molecular distance, r′. Similar to the discussion

for ICD, this ETMD electron kinetic energy is also decided by the participating energy lev-

els of the dimer. Whereas the total kinetic release (KER) by the product-ions and neutrals

is decided by the interplay between wave packet dynamics and inter-atomic/molecular dis-

tance dependent ETMD efficiency of the initially excited A+∗B state. Thus, by measuring

the KE(e−ETMD) and KER, one can gain insights into the underlying decay mechanism.

Note that, the above described ETMD process is not limited to a single atomic or

molecular neighbour (B). For higher order cluster, it is also possible that instead of ionizing

the same neighbour (B) from which an outer valence electron is transferred to neutralize

A+∗(iv−1), another neighbour(B) is ionized from the outer valence shell, see below.

A+∗(iv−1) B B→ A B+(ov−1) B+(ov−1) + e−ETMD (1.38)

This ETMD process where three interacting neighbours are involved is known as ETMD(3),

while the earlier discussed ETMD process involving two interacting neighbours is known as

ETMD(2). Theoretical descriptions of ETMD(2) and ETMD(3) can be found in ref.[63].
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Figure 1.12: Schematic of ETMD in loosely bound dimer (AB), and relevant transitions
between different electronic states.

Figure 1.13: Schematic of the electron transfer mediated decay (ETMD) in heterogeneous
cluster. The inner valence vacancy (iv−1) of the initially ionized constituent (A) is filled
by an outer valence (ov) electron from the neighbour B, resulting in ionization of an-
other outer valence electron from the same neighbour in ETMD(2) and from the adjacent
neighbour in ETMD(3).
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Both these processes are schematically shown in Fig. 1.13. The internal energy of the

final state from ETMD(3) (process 1.38) is lower than the same from ETMD(2) (process

1.36), as for the former case two holes are located on two neighbours, while two holes

are located on the same neighbour for the later case [64]. Thus, the kinetic energy of the

ETMD electron from ETMD(3) will be higher than the same from ETMD(2) and can be

used to discern ETMD(2) from ETMD(3). Furthermore, due to the spatially separated

locations of two positive holes, the final product-ion in ETMD(3) undergoes Coulombic

fragmentation. In case of ETMD(2), the product ion can dissociate into charged and neu-

tral fragments depending on the final state. Moreover, ETMD is not limited to emission

of only one ETMD electron, e.g., in case of Ne@C60 complex, it is also possible that a

inner valence 2s-hole in Ne+∗ can be neutralized via transfer of one electron from C60 and

ionization of another two electrons from the same in a double ETMD process [45].

Note that, ETMD can also proceed from outer valence ionization in one of the con-

stituents in heterogeneous cluster, if the neutralization energy of the outer valence vacancy

is higher than the double ionization energy of the neighbour(s) [65, 66]. Following core-

shell ionization, the system usually relaxes via intra-atomic/molecular Auger decay due

to strong localization of the core-shell orbital, wherein ETMD from the Auger final state

becomes one of the decay channels in loosely-bound cluster [62, 67, 59]. However, ETMD

can also be a feasible relaxation pathway due to inter-atomic/molecular relaxation of the

core-shell vacancy, when a valence electron from the neighbour fills the initially created

core-shell vacancy to ionize another valence electron of the neighbour. Such ETMD pro-

cesses are reported in Li+ microsolvated small water cluster following Li+ 1s ionization

[68], as well as in liquid water upon O 1s ionization [54].

1.3 Probing inter-atomic/molecular decay

In inter-atomic/molecular decays, discussed in the above section 1.2, the ejected electrons

carry characteristic kinetic energies governed by the involved electronic states. Thus, by

measuring the kinetic energies of emitted electrons, direct insights into these states and

the underlying mechanisms can be achieved. For example, ICD was first experimentally

observed in Ne cluster following inner valence (2s) photoionization from the electron ki-

netic energy (eKE) spectrum measured by a hemispherical energy analyser [69]. The
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lifetimes of ICD active states at the surface (∼ 30 fs) and interior (∼ 6 fs) of the same

were estimated from the widths of eKE peaks associated with ICD electrons [70]. Fur-

thermore, almost 100% efficiency of the ICD process following 2s-photoionization in Ne

cluster was estimated by comparing the eKE peak-areas correlated to the ICD electrons

and 2s-photoelectrons in the measured eKE spectrum [71]. This high efficiency was later

confirmed in electron-electron coincident measurement using a magnetic bottle spectrom-

eter, wherein the ICD electron was detected in coincidence with the photoelectron [72].

Similar electron-electron coincident detection schemes were also implemented to detect

ICD processes in inhomogeneous rare gas cluster (NeKr) following Ne 2s-photoionization

[73], and to detect ETMD(3) in ArKr2 upon Ar 3s-photoionization for the first time [74].

Furthermore, the measured eKE spectrum revealed resonant ICD processes in Ne clus-

ter, following 2s→ 3p photoexcitation [75], as well as the signatures of ICD and ETMD

processes from the core-shell ionized states wherein additional peak structures were ob-

served along with the intra-atomic/molecular Auger electron energy spectrum in water

cluster [76, 77, 78, 79, 80, 53, 54]. Moreover, measurements of eKE spectra were also

helpful in realising ETMD processes from core-ionized Li2+(1s) in aqueous solution, where

Auger or ICD processes are forbidden [81, 82].

However, following external perturbation, an atomic or molecular cluster can decay

via multiple intra- and inter- atomic/molecular relaxation channels resulting in different

product-ions and electrons. Thus, to unambiguously identify these decay channels, it

is necessary to detect the product-ions in coincidence with the ejected electrons. ICD

was, therefore, first unambiguously confirmed in Ne2 upon 2s-photoionization, when two

Coulomb exploding Ne+ ions and a low-energy ICD electron were recorded in coincidence

using a cold target recoil ion momentum spectrometer (COLTRIMS) [83]. By measuring

the kinetic energies of the ions and electrons in coincidence in this way, different ICD

mechanisms, such as ICD via virtual photon transfer and via electron exchange, were

discerned in Ne2 [84]. Moreover, the measured total kinetic energy release (KER) by the

product-ions revealed oscillatory structures, which are indicative of the vibrational wave

packet dynamics of ICD active states, created by He+∗ (n = 2, 3..) photoexcitation in

He2 [40, 85, 86] and He∗ 1s3p resonant photoexcitation in HeNe [87]. By implementing

similar multi-coincident measurement technique, resonant ICD processes upon inner va-

lence excitations were probed in Ne cluster [88, 89], as well as in rare gas dimers, such as
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Ne2, Ar2, Kr2 and Xe2 [89, 90]. ETMD(2) was first experimentally reported in Ar2 from a

triply ionized state (Ar3+-Ar) with 3s vacancy, by detecting two Ar2+ ions and the ETMD

electron in coincidence with a time of flight based double-sided momentum spectrometer

[91]. The recorded eKE spectra correlated to different product-ions, from electron-ion

coincident measurements using similar experimental setup, revealed site-selective ETMD

processes in mixed ArXe cluster following Ar 2p-photoionization, which are not active

upon resonance photoionization Xe 4d-electron [92]. Similar coincidence measurements

using double-sided velocity map imaging spectrometer unveiled efficient ICD channels in

endohedral fullerene (Ho3N@C80) above 4d-ionization threshold of the holmium (Ho) [93].

Other than the charged particles, detecting (or not detecting) fluorescence from loosely-

bound clusters upon electronic excitation or ionization has also proved to be an effective

technique to probe inter-atomic/molecular decays. For example, radiative charge transfer

(RCT) in inner-valence ionized Ne cluster was evident from the wavelength dependent

fluorescence measurements [21]. Whereas, following 2p → 3s electronic excitation of Ne

in mixed NeAr cluster, the radiative decay of Ne∗ was found to be efficiently quenched

by resonant ICD in Ar from fluorescence measurements [94]. Furthermore, detecting

the emitted photon, following outer valence ionization of Ne in mixed NeKr cluster, in

coincidence with photoelectron confirmed RCT in Ar from Ne+ ion [20]. Such electron-

photon coincidence schemes have been deployed to confirm resonant ICD in Ne cluster

upon inner valence excitation [95], as well as ICD from core-ionized states in Ar cluster

[96].

Thus, from the above mentioned examples, it is evident that recording the kinetic

energy spectra of the ejected electrons and ions as well as the fluorescence is effective

for investigating inter-atomic/molecular decays, wherein multi-coincidence measurements

between the charged particles and the emitted photons aid to clear up the ambiguity

between different decay processes. For creating ICD and ETMD active states in loosely-

bound clusters, core-shell photoionization, decaying into different inner and outer valence

ionized states following Auger decay, has been widely used to experimentally probe these

processes [97, 98, 99, 100, 101, 102, 103, 104, 91, 105, 106, 107, 108, 51]. Because of the

tunability of photon energy, radiations from synchrotron facilities are particularly suitable

for creating localized excitation and ionization in loosely-bound clusters via single photon

absorption processes. However, multi-photon absorptions using intense ultrafast photon
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pulses, both from table-top laser systems [109], and from free electron lasers [110, 111],

are also effective. Note that, laser radiation depending on its intensity can also create

multiple excitation sites in the same cluster. Thus, it opens up possibilities to study new

types of ICD processes from these multiply excited systems [112, 113, 114, 115]. Ultrafast

laser pulses are also used to probe the involved nuclear dynamics in ICD processes, as

well as to estimate the lifetime of the ICD active states both theoretically [116, 117] and

experimentally [118, 119]. Furthermore, other than irradiating with photons, collisions

with ions [120, 121, 122, 123] with electron [124, 125, 126, 127, 128] are also deployed as

external sources of perturbations for electronic excitation and ionization in these systems.

The ICD and ETMD processes are widely observed in water clusters [129, 130, 131,

132, 133, 134, 135], making them highly relevant for investigating the radiation damage

in biological matter [136, 60, 137, 138, 139, 140, 141]. ICD processes are also observed

in small loosely-bound clusters of aromatic hydrocarbon benzene rings [142, 143] and in

unbounded pyridine monomers triggered by associative interaction between them follow-

ing photoexcitation [115] which are pertinent in many biochemical processes, as well as

in quantum dots [144, 145] for condensed matter systems. Detailed review of the ICD

and ETMD processes can be found in ref.[146, 147, 148]. Therefore, studying these in-

ter-atomic/molecular relaxation processes is of fundamental interest.

1.4 The model system - doped helium nanodroplets

In this thesis, inter-atomic/molecular relaxation processes are investigated in loosely-

bound clusters of He, doped with a few foreign atoms or molecules, upon electronic

excitation and ionization of the host He cluster. There are certain advantages for choosing

He as the host cluster constituents in these studies:

• The electronic structure of He is very simple with only two electrons. This makes

the understanding of underlying electronic excitation and relaxation processes in

inter-atomic/molecular decays relatively easy. Also the simple electronic structure

of He is reflected in relatively simple eKE spectra, and accurate model calculations

are feasible at moderate cost due to less number of active electrons.

• Atomic He has the highest ionization energy (24.58 eV) of all the elements, and
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even the first electronically excited state has energy of 19.82 eV above the ground

state. Thus, following the neutralization of He+ or relaxation of excited He∗, the

released excess energy is sufficient to ionize or excite neighbouring dopant atoms or

molecules.

• The electronic orbitals of excited He∗ are spatially large enough for efficient inter-

atomic/molecular correlations, which mediate the electronic decays in the neigh-

bourhood.

• Although, He becomes highly reactive with the environment upon electronic ex-

citation or ionization [149], it is inert in its neutral ground state. Therefore, the

dopants inside He cluster do not undergo chemical transformation while preparing

the system.

Furthermore, nanometer-sized large clusters of 4He, containing more than 104 He atoms

per cluster, display superfluidity similar to liquid or bulk 4He [150, 151, 152]. Thus, these

superfluid He clusters are also known as He nanodroplets. One of the many interesting

properties of He nanodroplets is their extremely low internal temperature (∼ 0.37 K),

which can very efficiently cool dopant molecules to their ro-vibrational ground states.

Also, owing to high photoexcitation energies of He atoms (≥ 21.21 eV), He nanodroplets

are transparent to infrared (IR) radiation. These make He nanodroplets an ideal nano-

cryostat for hosting ro-vibrationally cooled molecules for their spectroscopic studies, which

are also know as helium nanodroplets isolation (HENDI) infrared (IR) spectroscopy [153,

154, 155, 156, 157]. However, for the current experiments, He nanodroplets are chosen as

the host-cluster for following reasons:

• Depending on the interaction between the dopants and the host droplet, the dopants

may reside at different locations of the host-droplet [158, 159]. For example, alkali

atoms attach to the surface [160, 161], and alkaline-earth metal atoms reside at or

near the surface [162], whereas rare gas atoms and most of the molecular dopants

are embedded inside the droplets [151, 156].

• Due to the superfluidity of He nanodroplets, the dopants can move freely inside the

droplet. This also facilitates frictionless molecular rotations inside the superfluid

host-medium [163, 164]. Upon multiple doping, the dopant atoms or molecules can

interact with each other inside the droplet to create complex structures. For exam-



32 CHAPTER 1. INTRODUCTION

ple, due to dipolar-interaction, polar molecules, such as, water aggregates into cyclic

hexamer ice crystal [165], while HCN molecules are self-assembled into long linear-

chains. Whereas, magnesium atoms create foam-like structure [166], silver atoms

concentrate at multiple centres [167] and acetylene molecules form loosely-bound

van der Waals oligomers [168]. Furthermore, the dopants inside the droplet can be

attracted towards the quantum vortices observed in these superfluid nanoclusters

[169, 170], to synthesize nanowires and nanocrystals along the vortices [171, 172].

• Along with the movements of extrinsic dopants, following excitation and ionization

of He, movements of the intrinsic He∗ and He+ are also feasible in the host-droplet.

Due to repulsive interaction with the droplet environment, He∗ migrates to the

surface of the droplets presumably due to resonant hopping of excitation or atomic

motion within 10−20 ps [173, 174, 175]. Whereas, due to attractive interaction with

the droplet, He+ migrates to the centre of the droplet on a faster timescale within

60−80 fs via resonant charge hopping [175, 176, 177, 178]. Both He∗ and He+ can be

trapped with a He atom to form vibrationally excited He2∗ excimer and He +
2 molec-

ular ion, respectively [173]. These He2∗ and He +
2 are then subject to vibrational

relaxations, in which the released energies can evaporate large number of He atoms

from the droplet. Thus, ejections of He2∗ and He +
2 from the droplets are observed.

However, since the dopants of different species reside at different sites within the

droplet and forms exotic structures, it is very intriguing to investigate how the mo-

tions of these extrinsic and intrinsic entities affect different inter-atomic/molecular

decays and subsequent dynamics.

1.4.1 Outline and motivations

Small weakly-bound clusters have served as test-beds for the detailed characterization

of various inter-atomic/molecular electronic decays [146, 147, 148]. However, He nan-

odroplets doped with a few foreign atoms or molecules, are particularly well-suited for in-

vestigating such processes for all the earlier mentioned reasons. For example, resonant ICD

processes in the dopants following single-electronic photoexcitation of the droplets have

been widely investigated for different kinds of dopants, such as rare gas [179, 180], alkali

and alkaline metals [180, 181], as well as inorganic and organic molecules [182, 183, 184].

Upon ionization of the droplets, along with CT processes leading to single ionization
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Figure 1.14: Energy levels of atomic He, Rb, Cs and molecular C2H2 and possible transi-
tions in C2H2, Rb and Cs upon de-excitation of He∗ and neutralization of He+.

of the dopant, double ionization of the same via ETMD(2) for Mg dopants [185] and

via ETMD(3) for mixed alkali dopants [186] have been observed. For the later case, even

double ionization of the alkali cluster are reported following resonant single-electronic pho-

toexcitation of the host droplet via a new double-ICD mechanism [187]. Furthermore, in

case of pure He nanodroplets, ICD processes have been investigated under different exper-

imental conditions, e.g., by creating a singe highly excited He+∗(n = 2, 3, ..)(≥ 65.4 eV) in

the droplet using synchrotron radiation [188], and upon excitations of multiple He atoms

in the droplet using highly-intense EUV laser pulses [189, 190, 191, 192].

Thus, research on inter-atomic/molecular decay in doped He nanodroplets over the

last two decades have resulted in discoveries of many new relaxation processes, and in-

vention of several experimental techniques, making these type investigations an ever-

growing active field of research. This thesis specifically concerns with the investigation of

inter-atomic/molecular decays in the dopants (Xn) following single-electronic resonant-

excitation and ionization of the droplet (Hem), see below.

Hem∗ + Xn→ Hem + X q+
n + q e− (1.39)
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and,

Hem+ + Xn→ Hem + X q+
n + (q − 1) e− (1.40)

where the dopants may undergo different degrees (q) of ionization depending on the

participating energy levels of the dopants and the droplets. Two different types of dopants,

acetylene (C2H2) molecules residing at the interior of the droplet, and heavy alkali metal

atoms, rubidium (Rb) and cesium (Cs), which attach to the surface of the droplet are

used. Although, the energy levels of dopant- and host- clusters and transitions between

them can be quite complex, for simplicity, the energy levels of atomic He, Rb, Cs and

molecular C2H2 and corresponding transitions are presented in Fig. 1.14. One can see that

many cationic states of the dopants are accessible upon decay of the excited or ionized He.

Furthermore, some of the energy levels of dopants are very close to the same of He. Thus,

specific inter-atomic/molecular decay channels can be enhanced, when the host droplet

is resonantly excited to a particular energy level by the external perturbation. For this

reason, tunable extreme ultraviolet (EUV) radiations having a very high energy resolution

(∆E/E ≥ 10−4), available at GasPhase beamline of Elettra Synchrotron Facility, Italy,

were used in these experiments to resonantly photoexcite the host to different droplet

excitation bands derived from He∗ (1s np, n ≥ 2) (> 21 eV), and to photoionize above

the autoionization threshold (∼ 23 eV). Note that, since the double ionization thresholds

of C2H2, Rb and Cs are 32, 31.45 and 27.04 eV, respectively, double ionization of monomer

dopant in the host-droplet following single-electronic excitation or ionization of the droplet

is energetically forbidden. However, double ionization of larger dopant clusters, wherein

two single ionization proceed in two neighbouring monomer units, can be observed due

to reduction in the double ionization thresholds.

Thus, the following questions are particularly addressed in this thesis:

• What are the pertinent inter-atomic/molecular relaxations in the doped He nan-

odroplets upon photoexcitation and ionization of the host He nanodroplets?

• How do the electronic structures of the dopants, as well as their locations in the host,

influence the degree of ionization in the dopants and the corresponding relaxation

dynamics?

Electron - multi ion coincident technique using a co-axial time of flight (ToF) and
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velocity map imaging (VMI) spectrometer has been implemented for these investigations,

wherein correlated kinetic energies of the ejected electrons and ions are measured. In case

of alkali dopants, which are weakly-bound to the surface of He nanodroplets, electrons

ionized from the dopants due to inter-atomic/molecular decays escape from the host

without being massively perturbed by the same. However, for acetylene dopants, which

reside at the interior of the droplet, these electrons can undergo inelastic collisions in

the droplet environment before the ejection. Thus, the measured electron kinetic energy

spectra can be considerably perturbed, from where recovering details about the decay

mechanisms and participating electronic states can be challenging [183]. Therefore, the

experiment with acetylene dopants is also an attempt to see if electron spectroscopy

via inter-atomic/molecular decays can complement the well-established HENDI infrared

spectroscopy for structural analysis of the embedded dopants.

Furthermore, the understanding of underlying mechanisms for the simple model-system

is beneficial to uncover more intricate decay mechanisms in biological and astrophysical

matters in which an entity of interest can be at different locations in the system, and to

develop more accurate quantum mechanical description of multi-electron correlation in

loosely-bound system.

Details on the experimental setup are presented in chapter 2. Experimental results for

acetylene and heavy alkali doping are discussed in chapter 3 and 4, respectively. Finally,

in chapter 4.6, the outcomes of this thesis are summarized and future prospects of this

research are presented.
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Chapter 2

Experimental Methodology

In this chapter, we start by briefly discussing the He nanodroplets generation and doping

methodology. Then, the basic principle of the synchrotron radiation and beamline in-

strumentations to achieve monochromatic radiation to probe the doped He nanodroplets

are described. Finally, details about the electron-ion spectrometer as well as the multi-

coincidence detection, and data analysis schemes are presented.

2.1 Generating clusters of atoms and molecules

2.1.1 Supersonic expansion in free-jet

One of the most popular ways of creating clusters of atoms or molecules from gaseous

state is non-adiabatic expansion of pressurized gas of the corresponding entity through a

small orifice or a nozzle into a vacuum chamber. Due to the non-adiabatic nature of the

expansion, a collimated beam of atoms or molecules is produced, wherein the three di-

mensional (3D) velocity distributions of the particles are converted into highly directional

velocities with almost near-zero velocity spread. As a consequence, local temperature of

the particle beam reduces, and when this local temperature becomes sufficiently low, the

particles condense into clusters of atoms or molecules due to the van der Waals forces

acting between them.

One can achieve this clusterization by expanding pressurized gas through a nozzle,

wherein the gaseous atoms or molecules can attain supersonic velocities following the

37
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Figure 2.1: a) Schematic of the nozzle-skimmer arrangement for creating supersonic jet,
and different expansion regimes. b) Image of the supersonic jet shock-wave and Mach
disk structure (adapted with permission from ref.[194]).

expansion [193]. If the backing pressure, commonly known as stagnation pressure, of the

gas is P0, and the pressure on the other side of the nozzle in the vacuum chamber is

maintained at Pb (before expansion), then the condition for supersonic expansion is given

by,
P0

Pb
> 2.1 (2.1)

The mean velocity (v) of the atoms or molecules in the supersonic beam is greater than the

velocity of sound (vs) in that medium, i.e., the Mach number, M , which is quantified as

v/vs, is always greater than unity. However, due to interactions with ambient low-pressure

gases in the vacuum chamber, the supersonic expansion creates a shock-wave system which

separates the supersonic jet from the warm background gases in the vacuum chamber,

see Fig. 2.1. Thus, the supersonic beam is only contained in the ‘zone of silence’, where

M >> 1. To extract the supersonic beam, therefore, it is required to place a skimmer

in the ‘zone of silence’. By limiting the transverse jet size, the skimmer prevents the

supersonic jet from being destroyed by the interactions with surrounding gases.

2.1.2 Conditions for rare gas clusterization

As the random thermal velocities of the atoms or molecules are converted into highly

direction translational velocities in a supersonic free-jet expansion, the local temperature

is reduced, which in turn facilitates the cluster formation. Thus, by controlling the local
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temperature of the supersonic beam, one can control the cluster formation dynamics. This

is experimentally achieved by the changing the stagnation pressure (P0), the temperature

of the gas before expansion, also known as stagnation temperature (T0), as well as the

geometry of the nozzle, such as the diameter of the orifice (d) and the half-angle (α1/2)

of the nozzle opening. Hagena and co-workers extensively studied rare gas cluster for-

mation by supersonic expansion and proposed a semi-empirical parameter, Γ, also known

as Hagena parameter, based on the above mentioned experimental conditions [195], see

below.

Γ = kP0

(
d

tan α1/2

)0.85

T−2.29
0 (2.2)

where, the parameter k depends on the specific gas species. For example, the values of

k for He, Ne, Ar, Kr and Xe are 3.85, 185, 1650, 2890 and 5500, respectively. In the

above equation, P0, T0 and d are expressed in mbar, K and µm, respectively. The cluster

formation starts for Γ > 300 [196], and the estimated average number of atoms per cluster

is given by

n = 33×
(

Γ
1000

)q
(2.3)

where, the value of q ranges from 2 to 2.5. Usually for Γ ≤ 104, one can get an estimate

of n by setting q = 2.35. However, for Γ � 104, Dorchies et al. [197], reported a weaker

scaling between n and Γ, as shown below.

n = 100×
(

Γ
1000

)1.8

(2.4)

2.1.3 Creating helium nanodroplets

As the value of k, used in the Hagena parameter calculation (equation 2.2), is very low

for He (k = 3.85), compared to other rare gases, creating He clusters is challenging in

a standard free-jet expansion. To have Γ greater than 300, required for clusterization,

one needs very high stagnation pressure (P0 ∼ 1 − 100 bar) and very low stagnation

temperature (T0 ∼ 5− 30 K) for typical nozzle diameter of 5− 100 µm.

However, due to the large gas throughput resulting from the high stagnation pressure, it

is necessary to use ultra-high-vacuum pump with large pumping speed (≥ 1000 L/s) in the

source chamber. For unhindered propagation of the cluster beam, a background pressure
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of ∼ 10−3 mbar should be maintained. To manage this background gas pressure in the

vacuum chamber, instead of continuous expansion of the He gas, pulsed expansion of the

gas has also been implemented using commercial solenoid driven pulsed nozzles, such as,

Parker valve [198, 199] and Even Lavie valve [200, 194]. Using these pulsed valves, one

can achieve a repetition rate up to 1 KHz with pulse widths between 20− 100 µs, which

significantly reduces the overall gas load even for higher flux of atoms within a single

pulse compared to the continuous mode of operation. Having a pulsed cluster beam is

also advantageous for experiments with pulsed laser systems, e.g., table-top femtosecond

lasers and free electron lasers (FEL), which have similar repetition rates, since one can

synchronize the cluster beam pulses with the light pulses for better probability of light-

matter interaction or getting better ‘hit-rate’. However, for the current experiments with

synchrotron radiation, due to the high repetition rate (500 MHz) of the light pulses,

continuous mode of operation with a 5 µm nozzle and a skimmer with 0.4 mm aperture

diameter is chosen for obtaining a reasonable data acquisition speed.

The schematic of experimental setup is shown in Fig. 2.2. For producing He clusters,

other than having a high stagnation pressure, one also needs low stagnation temperature

between 5 − 30 K. So, the nozzle was first cryogenically cooled to a lower liquid He

temperature (4.2 K) using a Sumitomo RDK 415E Cryogenic head connected via high

pressure He flex lines with a water-cooled CSW-71D compressor unit [201] from Sumitomo

Heavy Industries Ltd. Then, the nozzle temperature was raised to a higher value by

Joule heating with a resistive heating coil attached to the nozzle holder. To maintain a

desired the nozzle temperature, model 325 temperature controller [202] from Lake Shore

Cryotronics Inc. was used. High purity He gas (99.99999%) (He 6.0) [203] from Linde Gas

& Equipment Inc., was delivered from a pressurized gas cylinder (200 bar) to the nozzle

for supersonic expansion. For safe delivery of the He gas from the pressurized bottles and

monitoring the He backing pressure, high pressure regulators, proportional relief valves,

pressure gauges and needle valves from Swagelok were installed in the high pressure He

gas line as shown schematically in Fig. 2.2. Furthermore, the whole experimental setup

consists of four vacuum chambers, housing the mobile He cluster generation machine inside

the source chamber, the doping arrangements inside the doping chamber, electron-ion

spectrometers inside interaction chamber, and a Langmuir–Taylor detector inside beam

dump chamber. In Fig. 2.2, relative distances between different elements are shown above
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Figure 2.2: Schematic of the experimental setup. Pure He nanodroplets are produced
via supersonic expansion of He gas through the cryogenic nozzle and the 1st skimmer in
the source chamber. Then, the droplets are doped either with gaseous atoms/molecules
which are effused into the doping chamber via a leak valve, or with solid dopants which
are evaporated via heating in the oven cell. Subsequently, the doped droplet beam enters
the interaction chamber through a 2nd skimmer, wherein the doped droplets are ionized
by the linearly polarized EUV light and the resulting ions and electrons are detected
by the co-axial ToF and VMI spectrometer. Finally, the droplet beam enters the beam
dump chamber, where a Langmuir–Taylor (LT) detector detects to the droplet beam. A
mechanical chopper periodically blocks the droplet beam in the doping chamber to enable
background subtraction.

and the pumping speeds of the vaccum pumps at each section are shown below. Here,

only the source arrangements are discussed, the details on the other parts of the setup

are presented in the respective sections, whenever required. However, before going to the

doping of He nanodroplets and subsequent probing methods with synchrotron radiation

using electron-ion spectrometers, the formation mechanisms of the He clusters at different

expansion conditions as well as about their size distributions are presented below.

Fig. 2.3 shows the phase diagram of 4He [204]. Since the temperature in the supersonic

jet can reach as low as a few hundred mK [193], one can see that He clusters already reach

the superfluid state in the supersonic beam. Furthermore, the generated He clusters in

the current experimental conditions have diameters of the order of nanometer. Thus, the

He clusters can be referred as He nanodroplets. As discussed in section 2.1.2, the average

number of atoms per cluster depends on the stagnation pressure and temperature (P0, T0)

for a specific nozzle geometry. Therefore, based on the expansion conditions, the cluster
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Figure 2.3: Phase diagram of 4He adapted with permission from ref.[204]. The dashed
lined shows isentropes for different expansion conditions starting from the stagnation pres-
sure (P0) of 20 bar at different stagnation temperatures (T0). The solid lines differentiate
between solid, liquid and gas phase of 4He. The solid line between the liquid and gas
phase represents the transition from subsonic to supersonic flow of the fluid.

size distributions of He nanodroplets were measured using several techniques, such as,

by measuring the fragmented ion time of flights upon electron impact ionization of the

droplets [205], by deflecting the droplet beam with a secondary atomic beam and mea-

suring the scattered droplet signal at a specific angle [206], by measuring the attenuated

droplet signal upon scattering with rare gases at room temperature [207], or by recent

single shot coherent diffraction imaging of individual droplet with X-ray free electron laser

pulse [208].

Fig. 2.4 a) and b) show the average number of 4He atoms per droplet (N̄4) as a function

of T0 at different P0 for 5 µm nozzle [151, 209]. Based on the expansion conditions and

cluster sizes, the droplet formation dynamics can be divided into two regimes: 1) su-

percritical, and 2) subcritical. These expansions regimes are depicted in Fig. 2.4 b),

where average droplet size with respect to T0 for a fixed P0 follows different trends. In

supercritical expansion, which occurs at lower stagnation temperature, the droplets are

formed due to fragmentation of liquid He, and average number of atoms (N̄) per droplet

is large (N̄ > 105). Whereas, in the subcritical expansion, smaller droplets (N̄ ≤ 105)

are formed due to condensation of gaseous He at relatively high stagnation temperature.

Furthermore, in the supercritical region, very large droplets (N̄ ∼ 1010) can be formed
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a) b)

Figure 2.4: a) Average number of 4He atoms per droplet (N̄4) as a function of stagnation
temperature (T0) at different stagnation pressure (P0) (adapted with permission from
ref.[151]). b) Average number of atoms per droplets as a function of nozzle tempera-
ture at different stagnation pressures for 5 µm nozzle both for 3He (open symbols) and
4He (adapted with permission from ref.[209]). The vertical axis on the right shows the
diameters of the droplets. The data for 4He in panels a) and b) are identical.

from the breakup of liquid He due to Rayleigh instability [210]. These droplet formation

mechanisms are schematically shown in the insets of Fig. 2.4 a). Note that, for our experi-

ments, He nanodroplets are generated at 14−16 K nozzle temperature and 50 bar backing

(stagnation) pressure using similar nozzle, which falls under the subcritical regime.

It should be noted that, He nanodroplets produced at this subcritical expansion con-

dition, follows a log-normal size distribution, see below.

f(N) = 1
N

1√
2πσ

exp
(
−(ln(N/N0))2

2σ2

)
(2.5)

where, N , N0 and σ are the number of the atoms per droplet, most probable cluster size

and the standard deviation of the distribution. Fig. 2.5 shows the distribution of number

of atoms per droplet produced by a 5 µm nozzle for different nozzle temperatures at 80 bar

stagnation pressure [206]. Moreover, assuming the droplets to be spherical with uniform

density of atoms, one can estimated the radius of the droplets containing N number of
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Figure 2.5: Helium cluster size distributions at different nozzle temperatures, for stagna-
tion pressure of 80 bar and 5 µm nozzle diameter (adapted with permission from ref.[206]).

He atoms as follows [151, 211].

R = 0.222×N1/3[nm] (2.6)

2.2 Doping of foreign atoms and molecules

He nanodroplets can easily pick up foreign atoms and molecules from gas phase by inelastic

collisions. Thus, the pure He nanodroplets are doped on their travel path by introducing

dopant atoms or molecules of interest in the doping chamber, just after they exit the

source chamber (see Fig. 2.2). For gaseous dopants like acetylene, the dopants are usually

effused into the doping chamber in a controlled way using an ultra high vacuum variable

leak valve from Leybold. However, for solid dopants such as alkali metals, the dopants are

evaporated by heating the sample in a temperature controlled oven cell, kept on the path

of the droplet beam inside the doping chamber. Since the droplets can capture multiple

dopants, the number of dopants per droplet is decided by the density of these dopants

inside the doping chamber or in the oven cell. Thus, the levels of doping in He nanodroplets

are regulated by changing the partial pressure of the dopants. The probability (p(k)) of

doping k number of dopants follows Poisson distribution [212, 213, 214, 215], which is
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given by,

p(k) = Kk

k! exp(−K) (2.7)

where, K is the average of number of dopants captured by a droplet of specific size. The

value of K is determined by the capture cross section (σcap) of the droplet, the density (ρ)

of the dopants in the pick-up region, and the length (L) of the pick-up region, as shown

below.

K = σcapρL (2.8)

Note that, the capture cross section (σcap) is related to the geometric cross section (σgeo)

by a sticking coefficient (ζ) as follows,

σcap = ζσgeo (2.9)

where, the value of the sticking coefficient (ζ) varies between 0.5 and 0.9 [212]. Assuming

the He droplet to be classical spherical object of radius R, and since the size of the

nanometer-sized droplet is much larger than the dopant atom or molecule, the geometric

cross section for collisional pick-up of dopant by the droplet can be approximated as

σgeo ≈ πR2. For a droplet comprising of N number of He atoms, the radius of the droplet

can be calculated from equation 2.6. Thus, the value of σgeo is given by,

σgeo ≈ 0.15×N2/3[nm2] (2.10)

Underlying the above formalism, the capture cross section (σcap) is assumed to be con-

stant through out pick-up process and the relative velocities of the dopants are neglected.

However, this is only true for a very low number of pick-ups. Since the binding energy of

a He atom in a droplet is extremely low (∼ 0.6 meV), the energy released due to pick-up

of several dopants can evaporate a large number of He atoms, resulting in a considerable

shrinkage of the droplet size. The total energy released (Epick−up) due to the pick-up of

the dopants (X) can be estimated as

Epick−up = Ecoll + Eint(X) + Eb(He X) + Eb(X X) (2.11)

where, Ecoll is the collisional kinetic energy release, Eint is the internal energy of dopants,
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Eb is the binding energy between the dopants (X X) and between He and dopant (He X).

Ecoll can be calculated from the random thermal velocities of the dopants and from the

velocity of droplet in the jet, as follows.

Ecoll = 3
2kBT + 1

2mXv
2
He (2.12)

where, T in the temperature of the dopant gas, kB is the Boltzmann constant, mX is

the mass of the dopant and vHe is the velocity of He droplet (∼ 350 m/s). In case of

molecular dopants, Eint comprises of the rotational (∼ 1 meV) and the vibrational (∼ 100

meV) energies. For X = Ne, Ar, Kr, and Xe, the binding energies (Eb(X X)) are 20, 80,

115 and 163 meV, respectively [216], whereas binding energies (Eb(He X)) are ∼ 27 meV

[212]. Thus, the number of evaporated He atoms (Nevap) for capture of a dopant is given

by,

Nevap = Epick−up
0.6 meV (2.13)

Considering the shrinkage in droplet size due to evaporation of He atoms, Kuma et al.

[214] proposed the following formula for the average number of dopants (N) picked up by

the droplets in the Poisson distribution (see equation 2.7)

K = N0

Nevap

[
1−

(
1− NevapχPX

3N0

)3]
(2.14)

where, N0 is the number of atoms per droplet before doping, PX is the partial pressure of

the dopants, and the parameter χ is given by,

χ = σcapL

kBT

√√√√〈v2
He〉+ 〈v2

X〉
〈v2

He〉
(2.15)

The Poissonian distribution of the dopants in He nanodroplets is validated in various

studies with molecular dopants such as SF6 [163], propyne [217], Mg-phthalocyanine [214].

For example, Hartmann et al. measured the depletion in the absorption band related to

attached (SF6)k clustes in the droplets for k = 1 − 4 as a function of the density of the

dopants or in other words as a function of the dopant pressure in the pick-up cell (see

Fig. 2.6). The measured dependences in the depletion signals fit reasonably well with

Poisson distributions. However, it should be noted that, for dopants that attach to the
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Figure 2.6: Dependence of the depletion signal (Drel) on the SF6 pressure in the pick-up
cell, as measured for the absorption bands for (SF6)k complexes with different k values
[163]. Solid curves are obtained from fitting Poisson distributions (see equation 2.7). The
mean droplet size is N0 = 4.1× 103 atoms. The insert shows a schematic representation
of the pick up, coagulation, and evaporative cooling processes. Adapted with permission
from ref.[151].

surface of the droplets such as alkali dopants, considerable deviation from the Poissonian

distribution has been reported [218].

2.3 Synchrotron radiation

As a source of perturbation to the doped He nanodroplets, radiation from Elettra Syn-

chrotron Facility, Italy was used in the current set of experiments. In the basis form,

charged particles with relativistic energies are accelerated around a circular arc in a syn-

chrotron facility, which leads to emission of radiation. Fig. 2.7 shows schematic of a typical

synchrotron facility. First, electrons are usually generated through thermionic emission

from a heated filament in an electron gun. Note that, alternative electron generation

methods, such as, laser ablation from intense ultrafast laser pulses, are also implemented

in modern synchrotron facilities. The generated electrons are then accelerated via a lin-

ear accelerator (LINAC) to ∼ 100 MeV, and injected into a booster ring where they are

further accelerated to a few GeV. Once the electron energy reaches close to the operating

energy of the synchrotron (2 − 2.4 GeV for Elettra) in the booster ring, they are trans-

ported to a storage ring, where bending magnets or insertion devices, such as, wigglers
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Figure 2.7: Schematic of different components in modern synchrotron radiation facility,
adapted with permission from Figure 3.1 of ref.[219].

and undulators, generate radiation by bending the electrons along their paths using mag-

netic fields. Finally, the generated radiation enters the experimental hutch through a set

of beamline optics, wherein the radiation beam is suitably monochromatized and focused

for probing the experimental sample.

Note that, the electrons rotate multiple times inside the booster and storage rings,

before they decay due to collisions with background gases. Thus, it is important to have

a continuous source of electrons, and to periodically ‘top up’ electrons from the booster

ring to the storage ring. Moreover, to keep the electrons in closed paths inside these rings,

arrays of magnets, also known as magnetic lattice, are used, wherein bending dipole mag-

nets are used for changing the electron paths so that they follow closed orbits, quadrupole

magnets are used to refocus the diverging electron beam, and sextupole magnets are used

to correct the chromatic aberrations. To accelerate the electrons and to compensate for

the lost power due to radiation, radio frequency (RF) cavities are inserted in the storage

ring. These RF cavities also bunch the electrons into pulses which usually have a typical

pulse width of hundreds of picoseconds (ps) and repetition time of a few nanoseconds

(ns). These repetition time (2 ns for Elettra) and pulse width (130 ps for Elettra) are
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Figure 2.8: a) Schematic of the emitted radiation from a relativistic electron which travels
along a circular arc due to the effect of a magnetic field (B̄), such as that generated by
bending magnet, adapted from ref.[221]. b) Periodic arrangement of magnetic fields in an
undulator which generates the radiation, adapted with permission from Figure 3.11 (a) of
ref.[219]. c) Interference of radiations generated at each electronic arc in the undulator,
adapted with permission from Figure 3.34 of ref.[219].

reflected in the generated synchrotron radiation too. Thus, at Elettra, the obtained ra-

diation pulses have a very high repetition rate of 500 MHz. Details about the Elettra

machine parameters can be found in ref.[220].

Fig. 2.8 a) shows the directionality of the emitted radiation, when an electron with

relativistic energy is bent across a circular arc under the influence of external magnetic

field (B̄). The radiative energy-loss (P ) of a relativistic electron, due to centripetal

acceleration (ā) generated by Lorentz force, is given by,

P = 2
3
e2

c3 γ
4a2 (2.16)

where, e is charge of the electron and c is velocity of light in vacuum. The Lorentz factor

is denoted as γ, which is calculated as 1/
√

1− β2, where β is ratio of electron velocity

and c. The radiation is emitted tangential to the arc with an opening angle of ±(1/γ).

Thus, at relativistic electron energies, the emitted radiation becomes highly directional

with a few milliradians (mrad) of beam divergence.

The experiments presented in this thesis were conducted at the GasPhase beamline of
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Elettra [222, 223], wherein radiation is obtained from an undulator. An undulator con-

sists of periodic arrangement of permanent magnets, which creates alternating magnetic

fields along the electron path as shown in Fig. 2.8 b). Due to this magnetic arrange-

ment, radiations emitted at each electronic arc interfere with each other (see Fig. 2.8 c)),

and radiation beam intensity and divergence are greatly improved. The condition for

constructive interference is given by,

mλm = λu
β

1 +
(
f

2γ

)2
− λu (2.17)

where, λm is the wavelength of them-th harmonic of emitted radiation, λu is the undulator

period and the parameter, f , is defined as,

f = eB0λu
2πmec

(2.18)

where, B0 is the maximum magnetic field created in the electron path by the permanent

magnets, and me is the rest mass of the electron. One can see from the above two

equations that the wavelength of the emitted light (λm) can be easily tuned by changing

B0 and λu. However, since λu is a geometrically fixed parameter, in a typical undulator

beamline, the wavelengths of emitted radiation is tuned by changing the vertical gap

between the permanent magnets, thereby changing the value of B0. Furthermore, the

radiation emitted in the undulator is linearly polarized with the plane of polarization

coinciding with the plane of the electron beam undulations.

It should be noted that, the emitted radiation consists of all the harmonics. Thus, in

order to obtain radiation of specific wavelength or photon energy, the emitted radiation

should be monochromatized. Fig. 2.9 shows the optical arrangements at the GasPhase

beamline [222, 224]. First, the synchrotron radiation from the undulator is focused onto

a variable angle spherical grating monochromator using a pre-focusing mirror and an

entrance slit. The monochromatized beam is then passed through an exit slit and trans-

ported to the experimental station at the branch line using a switching mirror. The

photon energy resolution and the photon beam flux are controlled by adjusting the slits

on the beam path. At the GasPhase beamline, energy resolution (∆E/E) of 10−4 can be

achieved over the whole available photon energy range between 13 and 900 eV, wherein
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Figure 2.9: Schematic of the optical arrangements implemented to monochromatize the
synchrotron radiation at the GasPhase beamline of Elettra, adapted from Figure 1 of
ref.[224], permission granted by www.tandfonline.com.

the photon energy of the emitted radiation from the monochromator was calibrated from

the photoabsorption and photoionization spectra of rare gas atoms. Note that, for exper-

iments where the host droplets were photoexcited via 19−23 eV photons, a tin (Sn) filter

of 200 nm thickness was used in the beam path to further suppress the higher harmonics,

so that the ionization of host He droplets by the incident high harmonic photons can be

avoided.

2.4 Co-axial electron and ion spectrometer

As discussed in section 1.3, to investigate the inter-atomic/molecular decay processes,

it is important to measure the kinetic energies of the electrons in coincidence with the

various fragmented ions as well as the total kinetic energy released by the ions in these

processes. Thus, a co-axial but opposing pair time of flight (ToF) and velocity map

imaging (VMI) spectrometer, capable of detecting ions and electrons in coincidence, is

used in these experiments. The spectrometer is kept inside the interaction chamber as

shown in Fig. 2.2, wherein the doped droplet clusters as well as the background gases

https://www.tandfonline.com
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Figure 2.10: Schematic arrangement of the electrodes and detectors of the co-axial time
of flight and velocity map imaging spectrometer.

interact with the synchrotron radiation at the middle of the ToF and VMI segments of

the spectrometer. However, to get the ionization signals only from droplet ionization, a

mechanical chopper is introduced in the doping chamber to periodically block the droplet

beam at ∼ 60 Hz. When the chopper is ‘open’, the droplet beam is allowed to enter

the interaction chamber, and both the droplet and background ionization signals are

recorded. Whereas, only the background ionization signal is recorded when the chopper

is closed. Thus, one can properly eliminate the contributions from background ionization

by subtracting the chopper ‘close’ signal from the chopper ‘open’ signal. Note that, in

our experimental configuration, the cluster jet, the photon beam and the spectrometer

axis are orthogonal to each other with interaction point residing on the spectrometer axis.

Furthermore, the light polarization axis is parallel to the cluster jet direction.

Fig. 2.10 shows the schematic of the spectrometer and geometric arrangement of differ-

ent electrodes and the detectors. The left side of the spectrometer from the interaction

point or source (s) in Fig. 2.10, functions on the principle of a Wiley-McLaren type ToF

spectrometer [225], in which the charged particles are detected using a microchannel plate

(MCP). This part consists of two accelerating regions and one drift region for enhanced

spatial focusing of the source points within the interaction region. In the first accelerating

region across the source, static electric field is generated by applying voltage differences
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between two electrodes with open apertures (extractor and repeller), to accelerate the

charged particles towards the MCP detector. Note that, in the original Wiley-McLaren

ToF spectrometer, however, electrode-apertures were covered with meshes for generating

homogeneous electric fields at this region. For the current spectrometer, the electrode-

apertures are kept open for accommodating the VMI part which requires inhomogeneous

electric fields for mapping the velocities of the oppositely charged particles on the other

side. Immediately after repeller electrode, a protective grid attached with mesh is placed

on the left, so that the electric fields become homogeneous afterwards. Same voltages are

applied to the repeller and the grid. The second accelerating region with homogeneous

electric field is created between the grid and the drift tube, where on both sides of the

drift tube, meshes are attached and same voltages are applied. Note that this voltage

is, however, different from that of the grid. After travelling through the accelerating and

drift regions, the charged particles hit the MCP detector where appropriate bias voltages

between the MCP front and back are applied and the detection signals are collected from

the MCP anode.

In Fig. 2.10, the right side of the spectrometer from the source (s) is based on the

principle of velocity map imaging [226]. Charged particles with different kinetic energies

form three dimensional ‘Newton spheres’ with different radii, as shown schematically in

Fig. 2.10, which are then projected onto a two dimensional position sensitive detector.

For mapping particles with same momentum components (parallel to the detector plane)

on the same point of the detector, a lens electrode with open aperture and an Einzel

lens are placed between the extractor and the position sensitive detector. By referencing

the lens electrode to the ground, and voltages are applied to the other electrodes and

detectors accordingly using high voltage power supplies from iseg Spezialelektronik GmbH

and Elettra – Sincrotrone Trieste S.C.p.A. [227, 228]. Note that, the Einzel lens is used

for mapping very high energy electrons and ions. However, for the current experiments,

voltages on all the Einzel lens segments are kept same. This configuration enables detec-

tion electrons and ions with kinetic energies up to 30 eV over the entire 4π solid angle,

which is sufficient for our current investigation. The end aperture of the Einzel lens is

covered with a mesh, after which a cross delay line detector (DLD) [229] from Elettra –

Sincrotrone Trieste S.C.p.A., capable of measuring both the two dimensional positions

(x,y) and detection times (t) of the particles, is placed. Note that, since the charged par-
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Figure 2.11: a) Schematic of the spectrometer electrodes and detectors along with the
relevant dimensions of different elements (in mm) and distances between them (in mm).
Schematic of the voltage settings of the spectrometer when operated in b) electron-VMI
and c) ion-VMI modes. Adapted with permission from Dr. Robert Richter.
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ticle trajectories can be influenced by both the electric and magnetic fields, to eliminate

the effect of earth’s magnetic field, the whole spectrometer is surrounded by a µ-metal

shield of 2 mm thickness. All the mashes attached to the electrode-apertures are gold

meshes with a pitch of 70 lines per inch.

The electrons and ions, created at the interaction point, are guided opposite to each

other for a particular spectrometer voltage setting. Based on the directions in which the

electron and ions are guided, the spectrometer can be operated in two different modes:

a) electron-VMI, and b) ion-VMI. In the electron-VMI mode, the electrons are detected on

the VMI side while the ions are detected on the ToF side. Whereas, in the ion-VMI mode,

the ions on the VMI side and the electrons are detected on the ToF side. Fig. 2.11 a)

shows dimensions (in mm) of different electrodes and detectors as well as distances (in

mm) between them. Fig. 2.11 b) and c) shows the schematic of voltage settings for the

electron-VMI and ion-VMI modes, respectively.

2.4.1 Coincident detection of electrons and ions

In Fig. 2.12, the electronics that enables coincidence detection of the charged particles are

schematically presented. The analogue detection signal from the MCP detector on the

ToF side, is first fed into a pre-amplifier and then into the constant fraction discriminators

(CFD) (from Elettra – Sincrotrone Trieste S.C.p.A.). Following which, the signal from

the CFD is divided into three routes, where one signal is directly fed into the NIM-TTL

converter [230] (from CAEN S.p.A.) and other two signals are combined with the chopper

‘open’ and ‘close’ signals using AND logic gates [231] (from Phillips Scientific.). The

chopper ‘open’ and ‘close’ signals represent the status of the chopper dictating whether

the droplet beam is present or not at the interaction regime when the MCP signal is

recorded. Note that, proper delays in these signals before they are fed into the AND logic

gates are generated using delay generators [232] (from Phillips Scientific.). The outputs

of the AND gates are also then fed into the NIM-TTL converter. In this way, three NIM

singles are created from the MCP detector that can discriminate between chopper ‘open’,

‘close’ and ‘all’ status. This scheme is useful for subtracting the background from the

foreground to get droplet correlated signal, as well as for getting signals out of the MCP

detector when the chopper is switched off.
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Figure 2.12: Schematic of the electronics for electron - multi ion coincidence measurements
using co-axial ToF and VMI spectrometer. Adapted with permission from Dr. Robert
Richter.

On the VMI side, four signals (X1, X2, Y1, Y2) are collected from the DLD and fed into

four pre-amplifiers. Then, the amplified signals are converted into digital signals, which

encode the timing information, using a four-channel THR08-TDC module (from Elettra

– Sincrotrone Trieste S.C.p.A.). Finally, all the processed signals from the MCP and

DLD detectors are fed into the ACAM AM-GPX module [233] (from acam-messelectronic

GmbH.). An external pulse generator [234] (from Stanford Research Systems) is used to

trigger the ACAM module at 1 KHz to reset the time counter to zero. After each trigger,

an event window is set when all the data is recorded. For the current experiments, it is set

at 800 µs, so that even the slowest ion can reach the detector within the event window.

The intensity of radiation (typical set at ∼ 15 W/m2) and gas density at the interaction

region are also kept low enough such that only one ionization occurs within one event

window. However, any false coincidence is eliminated in the post-processing of the data.

The output signals from the ACAM AM-GPX, which contains digital time stamps of each

detected particle within an event window, are saved on a computer through ATMD-PCI
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card (from acam-messelectronic GmbH.). Note that, within each event window upto 8

distinguishable-hits can be recorded.

Thus, finally one gets a list mode data for each event of the following: 1) timestamp

of each particle detected on the MCP flagged with the chopper status, 2) X1, X2, Y1

and Y2 timestamps of each particle detected on the DLD. From the X1, X2, Y1 and Y2

timestamps, the 2D position of each particle is calculated as follows:

x = (tX1 − tX2)× vsignal (2.19)

y = (tY 1 − tY 2)× vsignal (2.20)

where vsignal is the velocity of signal on the delay line. The time of detection (t) of

each particle can be calculated from the mean of these timestamps. Due to the very

light mass, electrons are detected almost instantaneously after the ionization within a few

nanoseconds. In case of multiple electrons produced in the same ionization, the position

of only one electron is obtained in the electron-VMI mode, since all the electrons hit

the detector virtually at the same time within the time resolution of the TDC (∼ 2 ns).

However, the ions are detected on the timescale of microsecond after the ionization. Thus,

the electron-detections by the MCP and DLD act as the start signals for measuring flight

times of the ions between the source and detector, in the ion- and electron- VMI modes,

respectively.

Fig. 2.13 shows the charged particle detection schematic for two sample photoionization

events of AB producing A and B+ in the first event, and A+ and B+ in the second. Upon

the event trigger at every 1 ms, the TDC starts counting the time, and when the electrons

reach the detector, time of ionization is obtained. Depending on their mass and charge,

the ions hit the other detector at a later time from which the time of flights (ToFs) are

calculated for each detected ion. Fig. 2.13 also shows the processed data that can be

calculated from both the electron- and ion- VMI modes. In case of electron-VMI mode,

the 2D positions (x,y) of electrons are recorded from the VMI side, while the ion-ToFs

and chopper status (ch) are recorded from the ToF side. Whereas, in the ion-VMI mode,

the chopper status is known from the electron detection on the ToF side, and 2D position

and ToF of each detected ion are recorded from the VMI side. Now, this is obvious
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Figure 2.13: Multi-coincidence detection schematic of electrons and ions from different
ionization events, as well as processed list mode sample data of the same in electron- and
ion- VMI modes.

from the list mode data, presented in Fig. 2.13, that one can get electron and ion- VMI

images (2D projections of the velocity distributions) correlated to different ions at different

chopper conditions by selecting specific ToF windows and chopper conditions in the post

processing.

Furthermore, in ionization where multiple ions are created from the same molecule or

cluster, the ion-ToFs will be anti-correlated. This anti-correlation can be easily understood

from the second sample photoionization discussed above (AB2+ → A+ + B+). When A+

and B+ fragment from AB2+, the resultant ions will move opposite to each other with equal

and opposite momenta, as the total momentum of the system should be conserved, see

Fig. 2.14 a). Now, the fragment-ion (A+) with a positive momentum component towards

the detector will reach the detector slightly earlier than the case when the same ion has

zero momentum component towards the detector. Whereas, the fragment-ion (B+) with
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Figure 2.14: a) Schematic of coincident electron - multi ion detection in electron-VMI
mode for AB2+→ A+ + B+ fragmentation. b) Correlation between the time of flights of
A+ and B+.

a negative momentum component towards the detector, will reach slightly later than the

case when when it has zero momentum component towards the detector. Thus, ToF of

A+ will be reduced while the ToF of B+ will be increased, making them anti-correlated,

see Fig. 2.14 b).

For example, in Fig. 2.15, time of flights of the first two detected ions are plotted against

each other from the photoionization of Rb doped He nanodroplets at 21.6 eV using the

spectrometer in the electron-VMI mode. One can readily see these anti-correlations from

the islands with negative slopes. The magnitudes of these slopes are related to the ratio

of corresponding ionic masses in case of two body fragmentation. However, for many

body fragmentations, both the slopes and the shapes of these inland will differ [235]. One

can also select specific islands and plot the corresponding electron-VMI image (see inset

of Fig. 2.15). To gain knowledge about higher order multi-ion fragmentation processes,

correlated ToFs of higher order hits (e.g., second and third, third and fourth,...) can also

be plotted.

Note that, the electronics of the current spectrometer has been changed over the years

according to the experimental requirements, details on the same was, however, published
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in ref.[236]. The same spectrometer setup had been used in several studies at the Gas-

Phase beamline of Elettra Synchrotron Facility to investigate ICD processes in Ar2, NeAr

following resonant Auger decay [107], as well as to investigate ICD and ETMD processes

in pure and doped He nanodroplets [180, 185, 188, 183, 187, 181, 186, 184].

2.5 Data analysis

In this section, the methodologies to analyse the experimental data obtained from this

spectrometer are presented with some sample examples.

2.5.1 Time of flight data

The time of flights (ToF) of the ions, recorded in the current spectrometer, are propor-

tional to the square root of the mass (M) to charge (q) ratios of the ions. Thus, the ToF

can be written as,

ToF = a
√
M/q + b (2.21)

where, parameters, a and b, depend on the geometry and voltage setting of the spectrom-

eter. However, one can obtain these values for particular spectrometer setting, from the

time of flights of at least two known ions. For the experiments in this thesis, flight times

of H+, H2O+ and N +
2 ions, created due to photoionization of water and nitrogen in the

background, were used.

For example, the histogram of all the recorded ToFs for photoionization of C2H2, He and

background gases at 26 eV is shown in Fig. 2.16 a). The ToF peaks are associated with

different ionic species produced due to the photoionization. Note that, the spread in the

ToF peaks correspond to the initial spread in momenta of the ions when they are created.

Using equation (2.21), one can convert ToF to M/q and plot the histogram of M/q, as

shown in Fig. 2.16 b) to properly identify the all ionic species recorded in the experiment.

Thus, upon identification of different fragment-ions, one can easily set ToF limits from

a specific ionic fragment from Fig. 2.16 a) to extract the corresponding electron or ion

VMI image. Note that, the mass resolution, ∆(M/q)/(M/q), of the ToF spectrometer,

calculated from the M/q peak of the parent atomic or molecular ion, is found to be lower

than 2.3 % over the whole spectral range. Analysis procedure of VMI image to get the
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Figure 2.16: a) ToF and b) calibrated M/q spectra upon photoionization of C2H2, He,
H2O, and N2 at 26 eV.

corresponding electron or ion kinetic energy spectrum is presented below.

2.5.2 Velocity map imaging data

The VMI images are projection of the 3D ‘Newton spheres’ created by the charged parti-

cles onto a 2D position sensitive detector upon photoionization. First task of analysing the

VMI data, to get the kinetic energy distributions of the charged particles, is to reconstruct

the 3D velocity distributions from these 2D projections. Since, the light polarization axis

(ε̄) introduces cylindrical symmetry in the 3D ‘Newton spheres’ (see fig. 2.10), the recon-

struction algorithm used here is based on inverse Abel transformation. There are several

numerical techniques available to do this inversion, as follows: BASEX, where the 2D

projection images are fitted with a set of Gaussian basis functions with known inverse

Abel transformations [237]; pBasex, where the same method of fitting is used except the

basis set is adapted to the polar symmetry of the photoionization [238]; POP, where the

concept of pBasex is combined with polar-onion-peeling algorithm to reconstruct the 2D

projections at incremental radius [239]; MEVIR and MEVELER, where the reconstruc-

tions are done by iteratively finding out the most likely 3D distributions for which the 2D
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Figure 2.17: a) Electron VMI image from C2H2 photoionization at 26 eV. b) Slice of
the reconstructed 3D velocity distribution along the polarization axis (ε̄) obtained from
MEVELER analysis. c) Radial distributions of Q0(v) (see equation (2.23)) of C2H2 photo-
electrons. d) Radial distributions of Q0 of He photoelectrons at different photon energies.
e) Calibration relation between radius (r) and electron kinetic energy (eKE). c) C2H2 eKE
distribution obtained from corresponding Q0 distribution using the calibration relation.
Ionization energy of C2H2 is shown at the top x-axis from which different C2H +

2 (X2Πu,
A2Σ+

g , B2Σ+
u , and C2Σ+

g ) states are correctly identified.

projections are obtained using the concept of entropy maximization [240, 241].

For analysing the current data of this thesis, the MEVELER technique is used, where

the 3D velocity distribution, P(v̄), is reconstructed as follows:

P(v̄) = 1
v2

∑
l

Ql(v)Pl(cos θ) (2.22)

where v is magnitude of the velocity (v̄), θ is angle between v̄ and ε̄, and Pl(cos θ) is

Legendre polynomial of order l. There is no dependence on the azimuthal angle (φ) due

to cylindrical symmetry. Under this expansion, the distribution of velocity integrated

over all the angle is given by,

Q0(v) =
∫ π

0
P(v, θ) v2 sin θ dθ (2.23)
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For example, in Fig. 2.17, panel a) shows a sample electron VMI image recorded from

C2H2 photoionization at 26 eV, and panel b) shows the 2D slice of the corresponding

reconstructed 3D electron velocity distribution along the polarization axis. Since, single-

photon ionization of C2H2 is done by linearly polarized light, the dipole approximation

holds. Thus, the velocity distribution is expanded up to second order Legendre polynomial

and odd terms are neglected in equation 2.22. Fig. 2.17 c) shows the distributions of Q0 as

a function of radial distance from the centre of the VMI image, which gives photoelectron

velocity distribution integrated over all the angle, see equation 2.23.

Now to convert this radial distribution of Q0 into the kinetic energy distribution of

the photoelectrons, one need to calibrate the radius into kinetic energy of photoelectrons.

For this, photoelectrons from the ionization of atomic He at different photon energies are

imaged by the VMI at the same spectrometer setting. Since, the ionization energy of He

is known, the corresponding kinetic energies of the photoelectrons can be easily mapped

to the radial distribution. Fig. 2.17 d) shows the radial distributions of Q0 corresponding

to He photoelectrons recorded at different photon energies. From the peak positions of

Gaussian functions fitted to the Q0 distributions, the relation between the electron kinetic

energy (eKE) and radius (r) can be calculated, see Fig. 2.17 e). Now, one can convert

Q0(r) to the eKE distribution, P(eKE), using Jacobian transformation, as follows:

P(eKE) = 1
∂
∂r

eKE
Q0(r) (2.24)

In Fig. 2.17, panel f) shows the eKE distribution of C2H2 photoionization obtained from

Q0 distribution shown in panel c). From this eKE distribution, C2H +
2 (X2Πu, A2Σ+

g ,

B2Σ+
u , and C2Σ+

g ) states are identified.

Furthermore, one can estimate the energy resolution of the spectrometer from the full

widths at half maxima (FWHM) of He photoelectron kinetic energy peaks obtained at

different photon energies, as shown in Fig. 2.18 a). The energy resolution (∆E/E) of

the VMI as a function of measured energy (E) is presented in Fig. 2.18 b). The VMI

resolution is improved with the increase in the measured energy, from a quite high value

(∼ 42 %) near zero energy to below 7 % at energy greater than ∼ 6 eV. Note that,

energy resolution functions for different spectrometer settings, calculated in this manner,

have been used later to convolute theoretically calculated electron and ion kinetic energy
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Figure 2.18: a) Electron kinetic energy (eKE) spectra correlated to He photoelectrons
at different photon energies. b) Energy resolution (∆E/E) of the VMI as a function of
measure energy (E).

spectra. Furthermore, to eliminate any error introduced by the finite VMI resolution, the

convoluted theoretical spectra are always fitted to experimentally measured one.

Thus, one can see that this experimental setup enables the generation He nanodroplets

of specific size distribution by controlling the nozzle temperature and He backing pressure,

while the number of dopants per droplet can be maintained by changing the dopant gas

pressure at the pick up region of the doping chamber. By irradiating tunable synchrotron

photons, one can investigate inter-atomic/molecular decays in these doped droplets fol-

lowing resonant photoexcitation and ionization of the host. Furthermore, with the help

of the co-axial time of flight and velocity map imaging spectrometer, multi-coincident

measurements of the product-ions and electrons ejected from the doped droplet as a con-

sequence of different inter-atomic/molecular decays become feasible, wherein both the

electron and ion kinetic energy spectra correlated to specific product-ion(s) can be mea-
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sured in sequence by selecting the relevant charged particle detection scheme (electron-

and ion- VMI modes). This measurement methodology allows us to unambiguously iden-

tify and study different inter-atomic/molecular decay processes in acetylene and heavy

alkali doped He nanodroplets following host photoexcitation and ionization, which are

discussed in chapter 3 and 4, respectively.



Chapter 3

Acetylene Doped Helium

Nanodroplets

In this chapter, the ionization dynamics of acetylene (C2H2) doped in He nanodroplets

following the photoexcitation and ionization of droplets are discussed. The ionization

processes are induced by the EUV photons in the energy range between 20 and 26 eV. The

experimental techniques and the results obtained are discussed in detail in the following

sections.

3.1 Experimental Methods

Here, only the doping process and the configuration of the electron-ion spectrometer are

presented, as rest of the details are already discussed in chapter 2.

3.1.1 Doping process

Fig. 3.1 shows the schematic of the experimental setup, where in the doping chamber

C2H2 molecules are doped with the beam of pure He nanodroplets via collisional pickup

process. Due to safety reasons C2H2 gas comes with a mixture of acetone, therefore the

acetylene gas was needed to be filtered out from the acetone contamination, before effusing

it inside the doping chamber. Thus, the acetylene-acetone gas mixture was passed through

a spiral tube emerged inside a slurry of methanol and liquid nitrogen whose temperature

was around −100 ◦C. This process freezes the acetone and thereby filters the C2H2 gas.

67
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Figure 3.1: Schematic of the experimental setup for C2H2 doped He nanodroplets exper-
iments. Pure He nanodroplets are produced via supersonic expansion of He gas through
the cryogenic nozzle and the 1st skimmer in the source chamber. Subsequently the droplets
are doped with pure C2H2 molecules which are effused into the doping chamber via a leak
valve to maintain specific doping pressure. Finally, in the interaction chamber, the doped
droplet is ionized by the linearly polarized EUV light and the resulting ions and electrons
are detected by the ToF and VMI spectrometer, respectively. The C2H2 gas is filtered
from a mixture of acetone and acetylene by passing them through a slurry of methanol
and liquid nitrogen maintained at around −100 ◦C.

Now this pure acetylene gas was effused inside the doping chamber in a controlled fashion

using a ultra high vacuum (UHV) variable leak valve. This gives a control over the level of

C2H2 doping in the droplets. The gas pressure inside the doping chamber was maintained

between 6 × 10−7 and 4 × 10−6 mbar for these experiments to dope only a few C2H2

molecules per droplet. The nozzle temperature was kept between 16 and 14 K, while

the He backing pressure was maintained at 50 bar. At this experimental condition, He

nanodroplets with on average 8800 to 23000 He atoms per were produced [151].

Note that, as discussed in section 2.2, in these experiments at each doping chamber

pressure, multiple C2H2 molecules can be doped in a single He droplet, wherein the number

of dopants per droplet follows a Poissonian distribution depending on the size of the

droplet and doping pressure. Thus, not only ionization dynamics of single C2H2 molecule
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in the droplet is discussed, but also ionization processes in acetylene clusters or oligomers

([C2H2]n, n ≥ 2) are addressed in this chapter.

3.1.2 Spectrometer configuration

For studying the ionization processes in C2H2 doped droplets, we implemented the electron-

VMI mode, wherein the ions are detected by the time of flight part, in coincidence with

the electron in the velocity map imaging part of the spectrometer. This allows us to mea-

sure ion ToF spectra as well as the electron kinetic energy (eKE) spectra correlated to

different ions. The insights about the ionization processes gained from the experimental

data are presented below.

3.2 Dopant ionization at different photon energies

As the goal of this thesis is to examine the inter-atomic/molecular ionization processes

induced by EUV radiation in doped He nanodroplets, the yield of the dopant ions coming

out of the doped droplets was recorded as a function of the photon energy, when the

droplet was being photoexcited or ionized by the incident photons. Fig. 3.2 a) shows

the C2H +
2 ion yield as a function of the photon energy between 20 and 26 eV for nozzle

temperature of 16 K and doping chamber pressure of 6.5× 10−7 mbar. The fluorescence

and electron yield from pure droplet photoexcitation and ionization as a function of photon

energy are presented in Fig. 3.2 b) by the red and blue lines, respectively.

3.2.1 Inter-atomic/molecular decays

From Fig. 3.2 a), we see very low, almost negligible, ion-yield of C2H +
2 from the droplet

below the threshold (∼ 20.5 eV) for pure droplet excitation to n = 2 band, see the onset of

fluorescence (red line) in Fig. 3.2 b). Following this, the C2H +
2 ion yield follows the trend

of the fluorescence and total electron yields from the pure droplet, shown by red and blue

lines, respectively, in Fig. 3.2 b). These observations suggest indirect ionization of the

dopants following droplet excitation or ionization is majorly responsible for the significant

increase in the C2H +
2 ion-yield. The large difference between the ionization cross section

of doped C2H2 molecules and the effective photoexcitation cross section of the droplet

containing ∼ 104 He atoms can be the reason why we do not observe significant direct
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Figure 3.2: a) C2H +
2 ion-yield spectrum as a function of photon energy from C2H2 doped

He nanodroplets at 16 K nozzle temperature and 6.5×10−7 mbar doping pressure. b) The
fluorescence (red line) and total electron yield (blue line) from pure He droplets as a
function of photon energy, obtained in previous studies [242, 180]

photoionization of the doped C2H2 molecule below the photoexcitation threshold (∼ 20.5

eV) of the droplet, although the ionization energy of gas phase isolated C2H2 molecule is

11.4 eV.

However, it should be noted that, to overcome the challenges arising due to this differ-

ence in the cross sections, and to observe significant direct dopant ionization signal from

the droplets, we performed a similar experiment with coronene (C24H12) dopants, having

12 times more C-atoms than that of C2H2 and thereby having large photoionization cross

section. For comparison, the photoionization cross sections of coronene and acetylene at

18.5 eV are ∼ 500 Mb and ∼ 50 eV, respectively [243, 244]. At photon energy below the

droplet photoexcitation threshold, we observed significant direct photoionization signal

from coronene inside the droplets at 19 eV photon energy [184]. Another experiment that

we recently conducted was with Xe doped droplets, where we overcame the cross section

problem by exciting the system with 90 eV photons at the Xe (4d) giant resonance and

observed the direct ionization of the dopant inside the droplet [245].

In the current experiment, to know about the degree of ionization, we checked the multi

ion coincidences for each ionization event. No double ionization leading to dissociation of

the C2H2 molecule into two or more ionic fragments was observed at this photon energy

range from 20 to 26 eV. Also the double ionization energy of C2H2 (32 eV) is much higher
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than the incident photon energy range, therefore not doubly ionized C2H 2+
2 and their

fragment are expected. Therefore, the small ionization peak of C2H2 around 21.6 eV, in

the shaded yellow region below ∼ 22.4 eV of Fig. 3.2 a), suggests single ionization of

the dopants through inter-atomic/molecular Coulombic decay (ICD) processes from the

excited He∗ states following the photoexcitation of the droplet to first excitation band

derived from atomic He∗ (1s2p) state. It is well known that, at this n = 2 droplet

excitation band, He atom is first excited to He∗ (1s2p 1P ) state, which subsequently

undergoes ultrafast internal relaxations to dipole forbidden He∗ (1s2s 3,1S) states inside

the droplet [246]. Thus, all these He∗ (3,1S,1 P ) states can participate in the ICD processes

for ionizing the dopant [C2H2]n cluster, as shown below.

He∗(3,1S,1 P ) + [C2H2]n→ He + [C2H2] +n + e−ICD (3.1)

Between 23 eV and the ionization energy of atomic He (EHe
i = 24.58 eV), we see another

peak in the C2H +
2 ion yield at 23.9 eV. We already know that at this energy range (23 <

hν < EHe
i ) He atoms are excited to (n ≥ 3) Rydberg excited states. Thus, relaxation

in He∗ can proceed in two possible pathways in He nanodroplets: 1) via photoemission,

and 2) via autoionization by forming Hen∗ excimer which decays to vibrationally excited

He +
n ion [173, 247]. These two decay processes are evident from the fluorescence and

electron yields from pure droplets shown in Fig. 3.2 b) at this energy range (shaded grey

region). Thus, there are can be two possible inter-atomic/molecular decay mechanisms

underlying the ionization of C2H2 dopants, as follows:

He∗ + [C2H2]n→ He + [C2H2] +n + e−ICD (3.2)

and

Hen∗ + [C2H2]n→ He +
n + [C2H2]n + e−He

→ Hen + [C2H2] +n + e−He

(3.3)

where, the first process (process 3.2) is similar to the ICD expected at 21.6 eV (process

3.1). At 23 eV < hν < EHe
i , however, higher excited states of both the C2H2 and He can

participate in the ICD. Whereas, the second process (process 3.3), charge transfer (CT)
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following the autoionization of Hen∗ is responsible for ionizing the dopants.

Note that, following autoionization of the He droplet, due to very close energy levels of

the initial Hen∗ state and final vibrationally excited He +
n state, near zero kinetic energy

electrons are emitted which are independent of the photoexcitation energy. Moreover,

the autoionized electron can loose its kinetic energy due to inelastic collisions with the

surrounding He atoms and can form electron ‘bubble’ state in the droplet. Finally, the

ionized electron can eject out of the droplet via thermionic emission, leading to detection

of near zero electron kinetic energy [247].

Above EHe
i , we see that the He atoms in pure droplets are ionized directly by the

incident photons, and no photoemission is detected (see Fig. 3.2). Therefore, only possible

ionization pathway for C2H2 dopants here is charge transfer ionization, see below.

He + [C2H2]n + hν → He+ + [C2H2]n + e−He

→ He + [C2H2] +n + e−He

(3.4)

In all these dopant ionization processes described above, we can see that the ejected

electrons in coincidence with the dopant ions originate from different relaxation processes

involving He∗, He+ and He +
n . Thus, the kinetic energy carried by these correlated electron

will unravel the ionization dynamics effectively by giving insights about the participating

electronic states of the host-droplet and dopants.

3.2.2 Interior localization of acetylene

Furthermore, we observe that the ionization probability of C2H2 due to CT above EHe
i is

much larger than the same following ICD at 21.6 eV photon energy, when the correspond-

ing C2H +
2 yields are compared in Fig. 3.2 a). The high CT efficiency compared to the

ICD efficiency can be due to the higher probability of finding the He+ ion in the vicinity

of C2H2 molecules than finding He∗ ion near the dopants. As discussed in section 1.4, due

to the attractive and repulsive interactions of He+ and He∗ with the droplet, respectively,

the He+ ion submerges to the centre of the droplet [175, 176, 177, 178], while He∗ migrates

to the surface of the droplet [173, 174]. Thus, the corresponding precursor state for CT

ionization is easily formed when He+ migrates to the centre of the droplet where doped

C2H2 molecules are likely to be localized. This result complements the already known
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Figure 3.3: Schematic of the charge transfer process. Upon ionization of He, He+ ion
migrates to the interior of the droplet where the doped C2H2 molecules reside. The He+
ion is neutralized by the charge transfer from the dopants, creating C2H +

2 ion. Here, for
illustration purpose only two C2H2 molecules are shown inside the droplet, however single
to multiple C2H2 molecules can be doped in the droplet.

fact about the location of C2H2 obtained from He nanodroplets isolation IR spectroscopic

studies [248, 249, 250, 168]. Fig. 3.3 schematically shows the migration of He+ ion and

subsequent ionization of C2H2 inside the droplet through charge transfer ionization.

3.2.3 Product ions

To get an idea about the ions produced in the C2H2 doped droplets by these EUV induced

processes, the ion ToF spectra were recorded at different droplet excitation and ionization

regimes. Fig. 3.4 shows the calibrated ion mass spectra at a) 21.6, b) 23.9 and c) 26 eV

photon energies for Tnoz = 14 K and Pd = 4.5× 10−6 mbar.

We can readily see that C2H2 cluster ions ([C2H2] +n , n = 1 − 3) and their fragments

are detected at all three photon energies, while the He cluster ions (He +
n , n = 1 − 3)

are produced at 23.9 and 26 eV photon energies, following the autoionization and direct

ionization of the droplet, see Fig. 3.4 b) and c), respectively. Furthermore, extensive frag-

mentations of the dopant cluster ions are observed at these higher photon energies, where

the CT processes are supposed to be the dominant dopant ionization mechanisms. Simi-

lar extensive fragmentations were also reported in thermal collision of He+ with isolated

C2H2 molecule, where the underlying charge transfer process is almost identical [252].
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Figure 3.4: Ion mass spectra at photon energies of a) 21.6 eV, b) 23.9 eV and c) 26 eV
for Tnoz = 14 K and Pd = 4.5 × 10−6 mbar. The horizontal axis shows the mass (M)
to charge (q) ratio of the ionic fragments. The spectra are normalized with respect to
the background N +

2 ions yields, such that the total N +
2 ion yields are proportional to

the cross sections of producing N +
2 ion from the photoionization of N2 at the respective

photon energies [251].
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3.3 Dopant ionization at n = 2 droplet excitation

band

Now, we focus on the ionization processes at 21.6 eV photon energy due to n = 2 droplets

excitation. As discussed earlier in section 3.2.1, ICD between the dopant molecules and

the excited He∗ (3,1S,1 P ) states are expected at this photon energy, as shown by the

process 3.1. Since, the eKE spectra of the ICD electrons in coincidence with the detected

dopant ions reveal the underlying ionization dynamics, we look into the correlated eKE

spectra for the major ionic products, acetylene dimer ions ([C2H2] +2 ) and acetylene trimer

ions ([C2H2] +3 ) shown in Fig. 3.5 a) and b), respectively.

Owing to low ion yield of the acetylene monomer ions (C2H +
2 ) at this experimental

condition, we are unable to get a meaningful background subtracted eKE spectrum for

C2H +
2 . Initially, it was believed that at the current doping pressure of Pd = 4.5 × 10−6

mbar, multiple C2H2 molecules are doped in the droplet which effectively reduces yield

of C2H +
2 ions from the droplet due to the formation of higher order C2H2 oligomer ions.

Therefore, we decreased the doping pressure of C2H2 to achieve a monomer doping condi-

tion at the current droplet size. In-spite of that, we were unable to observe considerable

statistics in the C2H +
2 correlated eKE spectrum. There might be two underlying reasons

for this observation: 1) the ICD efficiency of C2H2 monomer is negligible compared the

same for higher order C2H2 oligomers, and 2) the probability of ejection of C2H +
2 ion from

the droplet is very low compared to the other higher order oligomer ions.

The first assumption is supported by recent experimental results from acene (anthracene

(C14H10), tetracene (C18H12), pentacene (C22H14)) doped He nanodroplets studies at the

same photon energy and droplet size [183], where one can see that the normalized yields

of these dopant ions at 21.6 eV photon energy systematically decrease for lower mass

molecular dopants, suggesting lower ICD efficiency for smaller molecule, see Fig. 1 in

ref.[183]. Moreover, since these acene molecules are embedded inside the droplet and He∗

tends to migrate to the surface of the droplet from the excitation site, there is always

a higher probability of finding He∗ in the vicinity of a bigger dopant inside the droplet,

allowing the ICD to take place. Furthermore, with the increase in number of available ICD

decay channels, the overall ICD decay rate also increases, as stated in section 1.2.4. Since

acetylene monomer (C2H2) has less number of available degenerate ICD decay channels
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Figure 3.5: PIES correlated to (a) [C2H2] +2 and (b) [C2H2] +3 from acetylene doped He
droplet ionization at photon energy of 21.6 eV for Pdoping = 4.5×10−6 mbar and Tnozzle =
14 K. The red, blue and green spectra with hatched shading are the convoluted PIES for
C2H2 monomer from He∗ (1s2s 3S), (1s2s 1S) and (1s2p 1P ) states, respectively, while the
convoluted PIES of C2H2 dimer from these He∗ states are represented by the red, blue and
green spectra with filled shading, respectively. The solid black line in each panel shows
the total fit performed over the high energy feature from 7.5 eV to 11 eV which is arising
from the cationic states of C2H2 monomer and dimer correlated to C2H +

2 (X2Πu) state.
The parameters for the fit were determined only using experimental data in the region
7.5 eV and beyond. Nonetheless, we extrapolate this using the dashed black line into the
region ≤ 7.5 eV considering the corresponding A2Σ+

g and B2Σ+
u states. In panel (b), the

red, blue and green vertical lines denote the PIES peak positions of C2H2 trimer Penning
ionization from He∗ (1s2s 3S), (1s2s 1S) and (1s2p 1P ) states, respectively. Note that
the width of the bar in the histogram indicates the bin size on the energy scale and does
not represent the energy resolution of the VMI spectrometer. Adapted with permission
from ref.[253].
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compared to that of acetylene oligomer ([C2H2]n (n ≥ 2)), the ICD decay rate of the

monomer can be lower than the same for the oligomers. Whereas, the second assumption

of suppression of dopant ion ejection upon monomer ionization can be attributed to the

inefficient evaporation of He atoms from the host droplet. In case of multiply doped

droplets, upon ionization of one dopant molecule through ICD, the resultant ion can

combine with other dopants to form bigger oligomer ion, and the binding energy released

in this process can be used to evaporate sufficient number of He atoms, thereby shrinking

the host droplet and enhancing the ejection of oligomer ions. In case of monomer doping,

the lack of other dopants hinders this process of ejection. Note that, in case of detection

of ejected oligomer ion, not only precesses involving ICD in monomer, but also processes

involving ICD in oligomers can be responsible.

We can see that the observed eKE spectra in coincidence with C2H2 dimer and trimer

ions are very similar to each other in Fig. 3.5 a) and b), respectively. The spectra contain

two broad peak structures: a) low energy peaks between 0 and 7.5 eV, and b) the high

energy peaks between 7.5 and 12 eV (the shaded grey part of Fig. 3.5). In the following

section, the origins of both these features are discussed in detail.

3.3.1 Penning ionization electron spectra

The proposed resonant ICD processes leading to single ionization of the dopants are similar

to Penning ionization processes where excited metastable atoms or molecules interact

with other neutral atoms or molecules in a crossed-beam setup, discussed in section 1.2.2.

Only here, the processes are happening inside the droplet between the He∗ and [C2H2]n,

as shown by process 3.1. Thus, we explain the observed eKE spectra in terms of Penning

ionization electron spectra (PIES) for different He∗ and [C2H2]n states involved.

In Fig. 3.5, the high energy peaks (7.5 to 12 eV) are originating from the ground cationic

states of the dopant clusters, derived from C2H +
2 (X2Πu, 11.4 eV), as the ionization

threshold of C2H2 monomer, dimer and trimer are 11.4, 10.44 and 9.83 eV, respectively.

Thus, upon relaxation of He∗ (1s2s 3S, 19.82 eV), (1s2s 1S, 20.62 eV) and (1s2p 1P ,

21.21 eV), the resulting Penning ionization peaks should lie in this high energy regime.

Whereas, the low energy parts (0 to 7.5 eV) of the measured eKE spectra, result from

the Penning ionization of C2H2 clusters, leading to excited cationic states, derived from
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C2H +
2 (A2Σ+

g , 16.7 eV) and (B2Σ+
u , 18.8 eV) states [254].

It should be noted that these well separated peak features in the PIES from the dopants

embedded inside the droplets are of great significance, for the following reasons. To

resolve the structure of embedded molecules or clusters inside the He nanodroplets, high

resolution IR spectroscopy has been a long-established method, where IR photons are used

to directly perturb the embedded species to gain insights. Whereas in the EUV range

above∼ 20.5 eV, the droplets no longer remain transparent to the incident photons and get

photoexcited by the EUV radiation. Subsequently, ICD or Penning ionization processes

can occur in the dopant - excited droplet system. Now, as discussed earlier, one can gain

insights about the structure of the embedded dopants from the PIES. Thus, PIES provides

an indirect probe for unravelling the structure of embedded species. However, previous

attempts to probe the structure using PIES had failed in case of acene doped droplets

[183]. PIES study on rare-gas (Xe, Kr) doped droplets has also been reported [179]. It was

observed that in both cases the Penning electrons undergo inelastic scattering with the

surrounding He environment and significantly lose energy which lead to broad low-energy

features in the PIES. For Xe and Kr doped droplets, the PIES retain some features of

unperturbed Penning electrons resulting in ground cationic dopant ions. For acene doped

droplets, the reported PIES were massively distorted by the droplet environment and

thereby no information about the structure of acene dopants were gained. In our case

with C2H2 dopant, however, we see relatively unperturbed spectra features at least for

the high energy part of the PIES. Therefore, it can provide significant insights about the

structure of the embedded cluster and establish this indirect PIES method for probing

the same for the first time. However, note that, the exact physical reason behind these

contradicting observations in the PIES for acetylene and acene doped droplets, at similar

droplet expansion and doping conditions, is not known and requires further explorations

beyond the scope of the current thesis.

PIES fitting

Therefore, we fitted the observed eKE spectra correlated to C2H2 monomer and dimer

ions in Fig. 3.5 with calculated PIES from different He∗ states and participating C2H2

cluster, in the following way.

The kinetic energies of the ICD or Penning electrons, shown in process 3.1 can be
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calculated from

eKEn,(i,j) = E(He∗(i))− E([C2H2] +n (j)) + ∆En,(i,j) (3.5)

where, E(He∗(i)) are the energies of He∗, wherein i represents He∗ (1s2s3S), (1s2s1S)

and (1s2p1P ) states. E([C2H2] +n (j)) are the energies of [C2H2] +n , wherein j represents

the different cationic states of [C2H2]n. ∆En,(i,j) are the energy differences between the

incoming He∗(i) +[C2H2]n and outgoing He+[C2H2] +n (j) +e−ICD channels [255]. The values of

∆E for interaction with rare gas atoms are usually negligible or less than 0.5 eV. Although

experimentally one can determine the values of ∆E by measuring the eKE(e−ICD) spectra

provided the energies of [C2H2] +n are known, while for theoretical evaluation of ∆E, a

two-potential-curve model of Penning ionization is presented in ref.[16].

Thus, the PIES for ionization of [C2H2]n cluster from all the He∗ states can be deter-

mined from the following equation:

PIESn =
∑
i,j

Cn,(i,j) eKEn,(i,j) (3.6)

where, Cn,(i,j) is the Penning ionization efficiency of the ith state of He∗ to ionize [C2H2]n to

its jth cationic state. Now, if the relative contribution of [C2H2]n (n = 1, 2, 3...) oligomer

ionization to the measured PIES correlated to a specific dopant cluster ion is ρn, one can

calculate the total PIES as:

PIES =
∑
n

ρn PIESn (3.7)

Thus, by fitting the above equation to the measured eKE spectra, one can estimate

the values of ρn underlying the detection of each correlated dopant ion. This, however,

requires that the PIES for Penning ionization from each participating states of He∗ and

[C2H2]n cluster in the droplet are known exactly. Therefore, one need to know all the

values of Cn,(i,j), E([C2H2] +n (j)) and ∆En,(i,j) experimentally or theoretically. Since, the

theoretical calculation of these parameters was beyond the scope of the current work,

and only the PIES for Penning ionization of gas phase acetylene monomer (C2H2) from

metastable He∗ 1s2s3S state is experimentally known, we developed a simple model to

estimate the other PIES, as follows:

First, we consider that the Penning ionization efficiencies (Cn,(i,j)) for all the involved

He∗ states and [C2H2]n cluster are same as the values obtained from the Penning ionization
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of acetylene monomer (C2H2) from metastable He∗ (1s2s 3S) state. Thus, equation 3.6

can be rewritten as,

PIESn =
∑
i,j

C1,(3S,j) eKEn,(i,j) (3.8)

Now, to calculate the values of the eKEn,(i,j), one need to known E([C2H2] +n (j)) and

∆En,(i,j) (see equation 3.5). To estimate E([C2H2] +n (j)) for n ≥ 2, we referred to the re-

ported changes in the ionization energies (∆IE) between [C2H2]n and C2H2, and calculated

the values as,

E([C2H2] +n (j)) = E([C2H2]+(j)) + ∆IE([C2H2]n) (3.9)

Finally, we assumed that the values of ∆En,(i,j) are same as the values obtained from

the Penning ionization of C2H2 from He∗ 3S states. Therefore, the equation 3.5 can be

rewritten as,

eKEn,(i,j) = E(He∗(i))− E(C2H +
2 (j)) + ∆IE([C2H2]n) + ∆E1,(3S,j) (3.10)

Thus, the total PIES fitting equation become,

PIES =
∑
n,(i,j)

ρn C1,(3S,j) [E(He∗(i))− E(C2H +
2 (j)) + ∆IE([C2H2]n) + ∆E1,(3S,j)] (3.11)

In the above fitting equation, ρn is the fitting parameter, while all the values of C1,(3S,j),

E(He∗(i)), E(C2H +
2 |(j)), ∆IE([C2H2]n) and ∆E1,(3S,j) are known from earlier work [256, 257,

258].

Qualitatively in this model fitting, we referred to the experimental PIES from acetylene

monomer due to relaxation of He∗ 3S state [258], and calculated the PIES from the other

He∗ 1S and 1P states by shifting the reference-PIES by the energy differences between the

initial states, i.e., [E(He∗ 1S) − E(He∗ 3S)] and [E(He∗ 1P ) − E(He∗ 3S)], respectively.

Then, to calculate the PIES from the Penning ionization of acetylene cluster ([C2H2]n,

n ≥ 2), due to relaxation of the three He∗ states, the calculated PIES from the monomer

ionization are then further shifted by the change in ionization thresholds of [C2H2]n (n ≥ 2)

compared to the same for monomer C2H2. Finally, three sets of PIES for each participating

acetylene oligomer are fitted, keeping the same ratios between the three PIES from He∗



CHAPTER 3. ACETYLENE DOPED HELIUM NANODROPLETS 81

states.

Note that, the effect of electron scattering in the droplet environment has been ac-

counted for in these simulated PIES by performing a Monte Carlo simulation based on

binary electron-He scattering, similar to what was implemented in case of acene doped

He nanodroplets [183]. Moreover, each simulated PIES has also been convoluted with the

spectrometer resolution factor before the fitting.

Fitting of high energy part

Since the high energy parts (7.5 − 12 eV) of the measured PIES in Fig. 3.5 a) and b)

show eKE spectral features that are relatively unperturbed by the inelastic scattering of

electrons inside the droplet, we fitted the same with our model. The red, blue and green

peaks with the hatched shading show the PIES of acetylene monomer from the He∗ 3,1S

and 1P states, respectively. Whereas the same with the solid shading show the PIES

of acetylene dimer. As the PIES from acetylene monomer and dimer alone can fit the

observed PIES correlated to [C2H2] +2 and [C2H2] +3 ions, the PIES from acetylene trimers,

which result in PIES peaks at higher electron energies as shown by the vertical red, blue

and green line in panel b), are not taken into account. This fitting indicates the following

ionization dynamics of the acetylene clusters.

3.3.2 Clusterizations of neutral and ionic dopants

As seen in Fig. 3.5 a), the contribution of acetylene monomer Penning ionization in

the PIES in coincidence with [C2H2] +2 ion indicates that the Penning ionized C2H +
2 ion

combines with a neutral C2H2 molecule in the droplet, see below.

He∗ + C2H2→ He + C2H +
2 + e− (3.12)

C2H +
2 + C2H2→ [C2H2] +2 (3.13)

Whereas the contribution of acetylene dimer Penning ionization in the PIES in coin-

cidence with [C2H2] +2 ion indicates the formation of neutral [C2H2]2 which subsequently
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Penning ionized by He∗, see below.

C2H2 + C2H2→ [C2H2]2 (3.14)

He∗ + [C2H2]2→ He + [C2H2] +2 + e− (3.15)

The formation of neutral [C2H2]2 can also be observed from the acetylene monomer and

dimer Penning ionization contributions in the fitted PIES correlated to [C2H2] +3 ion in

Fig. 3.5 b), see below.

He∗ + C2H2→ He + C2H +
2 + e− (3.16)

C2H +
2 + [C2H2]2→ [C2H2] +3 (3.17)

and

He∗ + [C2H2]2→ He + [C2H2] +2 + e− (3.18)

[C2H2] +2 + C2H2→ [C2H2] +3 (3.19)

3.3.3 Structures of dopant clusters

The ratio of acetylene monomer to acetylene dimer Penning ionization channels, contribut-

ing to the detection of [C2H2] +2 ions is 3.07. Similarly, the ratio of acetylene monomer to

acetylene dimer Penning ionization channels, contributing to the detection of [C2H2] +3 ions

is 1.09. These values are calculated from the ratio of total area under the fitted PIES

from the monomer Penning ionization channels to the total area under the fitted PIES

from the dimer Penning ionization channels, contributing to the detection of respective

oligomer ion as shown in the previous section. Since the ratios of monomer to dimer

Penning ionization channels is greater that one in both the cases, the major contributions

to the Penning ionization are from the monomer rather than from larger oligomers. This

suggest that, resulting monomer ion (C2H +
2 ) combines with one or two dopant molecules

in the droplet and the binding energy released in this process evaporates a large number

of He atoms from the droplet, leading to shrinkage in the droplet size which aids the

detection of [C2H2] +2 or [C2H2] +3 ion. Whereas, the dimer Penning ionization channels

contributing to the detections of [C2H2] +2 and [C2H2] +3 ions can be interpreted in terms

of Penning ionization of loosely-bound neutral acetylene dimer ([C2H2]2) in the droplet,
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which subsequently binds into covalently-bound acetylene dimer ion ([C2H2] +2 ), releasing

significant binding energy (> 2 eV) [259]. This again leads to shrinkage in the droplet

size through evaporation of He atoms, facilitating the detection of [C2H2] +2 ion. For

larger droplets containing three or more C2H2 molecules, the resulting covalently-bound

[C2H2] +2 ion can associate with another neutral C2H2 molecule in the droplet to form

[C2H2] +3 ion, which is subsequently detected. However, the absence of C2H2 trimer Pen-

ning ionization channel leads to the following conclusions: acetylene molecules may not

form a weakly-bound trimer in He nanodroplets. Instead the dopant aggregate is very

likely loosely bound retaining significant characteristics of the electronic structure of the

monomer. This finding is in line with recent results from an IR spectroscopy of acetylene

dimers in He nanodroplets [168]. This unusual behaviour of acetylene oligomers in the

droplet is reminiscent of the foam-like structure of the dopant aggregate in Mg-doped

He nanodroplets and state-specific spatial separation observed in (Cr)-dimers in He nan-

odroplets [260]. Furthering the analogy, the Mg-foam was also observed to collapse upon

photoexcitation forming strongly bound oligomers in the excited state. This motivates

further experimental and theoretical investigations of the spatial and electronic structures

of similar mesoscopic aggregates formed inside these He quantum fluid host.

Interpretation of fitting in low energy part

In the Fig. 3.5, below 7.5 eV, the black dashed lines show the total PIES when the

fitting of the high energy part is extrapolated into the low energy part. As discussed

before, in the low energy part we see contributions from 1) Penning ionization leading

to excited cationic states, A2Σ+
g and B2Σ+

u of C2H2, and 2) inelastically scatter Penning

electrons. We accounted for the scattering effects on the Penning electrons in the droplet

by performing a Monte Carlo simulation based on binary electron-He scattering, similar

to the work on acene doped droplet [183]. However, despite incorporating all the features

of electron-He scattering in our simulations, we found that even for a large droplet radius

of 30 nm (compared to 6.5 nm in our experiments for 14 K nozzle temperature and He

expansion pressure of 50 bar) the simulated PIES do not agree with the low-energy part

of the electron energy spectra. This indicates that one should take into account possible

electron bubble interactions in the simulation. This low energy feature also arises from

the higher excited A and B states of C2H +
2 . The large Penning ionization signal involving
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the A and B states as compared to that in earlier molecular beam experiments [258] may

be related to the steep dependence of the corresponding effective cross-sections on the

collision energy [17].

3.4 Dopant ionization upon droplet autoionization

To learn about the ionization mechanisms in the autoionization regime (23 eV < hν <

EHe
i ), the doped droplet was photoexcited across the n = 4 droplet band corresponding

to the atomic He∗ (1s4p 1P ) excitation. The electron energy spectra correlated to He +
2 ,

C2H +
2 and [C2H2] +2 are presented in Fig. 3.6 at two different photon energies, 23.9 eV

where a pronounced ionization maximum was observed, and 24.3 eV which is a minimum

that follows in Fig. 3.2 a).

In Fig. 3.6 a1), and a2), the electron energy spectra correlated to He +
2 at both photon

energies reveal very low-energy (∼ 100− 500 meV) electrons which are the signatures of

droplet autoionization [180, 247], as also stated in section 3.2.1. Interestingly, the electron

energy spectra correlated to C2H +
2 and [C2H2] +2 at 23.9 and 24.3 eV photon energies also

show similar low energy features, see Fig. 3.6 b1), b2), c1), and c2). However, these

features are broader with their maxima shifted toward higher energy sides compared to

that of He +
2 . This suggests that charge transfer (CT) ionization of the dopant from

He +
2 formed due to autoionization in the droplet (see process 3.3) cannot be the only

mechanism responsible for formations of the acetylene oligomer ions. The additional low

energy peak around 0.5 eV could therefore be due to Penning ionization of C2H2, leading

to highly excited C2H +
2 ion. In Fig. 3.6 d1), and d2), the measured photoelectron spectra

(PES) of effusive isolated C2H2 at 23.9 and 24.3 eV photon energies energies fit well with

the simulated PES from the higher-lying C2Σ+
g (23.33 eV) and D2Σ+

u (23.33 eV) states of

C2H +
2 [261].

3.4.1 Competing Penning ionization from n = 4 droplet excita-

tion

To confirm the additional Penning processes in the dopant from He∗ (1s4p 1P ) state,

resulting in C2H +
2 in C2Σ+

g and D2Σ+
u states, the following two-function fitting procedure
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Figure 3.6: Electron energy spectra at 1) 23.9 eV and 2) 24.3 eV photon energies, corre-
lated to different ions a1), a2) He +

2 , b1), b2) C2H +
2 , c1), c2) [C2H2] +2 from the acetylene

doped droplet at Pdoping = 4.5× 10−6 mbar and Tnozzle = 14 K. The charge-transfer (CT)
ionization processes are shown by red curves whereas the Penning processes via He∗ (1s4p
1P ) state leading to C2H +

2 C2Σ+
g and D2Σ+

u states are shown by blue and green dotted
curves, respectively. Black dashed curves are the sum of CT and Penning processes. The
insets in panel c1) and c2) show the zoomed out electron energy spectra correlated to
[C2H2] +2 ion at hν = 23.9 and 24.3 eV, respectively, where one can see the presence of
Penning ionization channels from He∗ (1s2s, 1s2p) states, represented by brown lines in
c1), c2) observed at 21.6 eV droplet photoexcitation. PES correlated to effusive C2H2
photoionization at d1) 23.9 eV and d2) 24.3 eV photon energies. The blue and green dot-
ted curves represent the simulated PES from C2H +

2 C2Σ+
g and D2Σ+

u states, respectively.
The insets in panel d1) and d2), PES peaks from C2H +

2 X2Πu, A2Σ+
g , B2Σ+

u , C2Σ+
g and

D2Σ+
u states can be observed. Adapted with permission from ref.[253].
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is implemented to analyse the electron spectra correlated to C2H +
2 and [C2H2] +2 , see below.

F (E) = CMB

(kBT )3/2

√
E exp(− E

kBT
) +

∑
i=1,2

CG
i

σ
exp(−(E − Ep

i )2

2σ2 ) (3.20)

where the Maxwell-Boltzmann distribution function (first term) represents the CT ion-

ization and the Gaussian functions (second term) represent the new Penning ionization

channels. Using the value of T , obtained from the fitting of the electron spectra corre-

lated to He +
2 , the electron spectra correlated to C2H +

2 and [C2H2] +2 are fitted by varying

the coefficients CMB and CG
i . Since Penning ionization can proceed from He∗ (1s4p 1P )

state, the Gaussian peak positions (EP
i ) are fixed at the energy difference between He∗

(1s4p 1P ) and C2H +
2 (C2Σ+

g , D2Σ+
u ) states while the standard deviation (σ) is fixed from

the fitting of the effusive acetylene photoelectron energy spectra. As the energy distri-

bution of the autoionized electrons which are detected in coincidence with He +
2 fits the

Maxwell-Boltzmann distribution quite well, the same Maxwell-Boltzmann distributions

are used to fit the CT ionization component. Note that, the observed energy distribu-

tions of the autoionized electrons are relatively high energy side compared to previously

reported spectra due to the finite energy resolution of the VMI [247].

In Fig. 3.6 b1), b2), c1) and c2), the CT components are marked by red curves

whereas blue and green dotted lines represent the Penning ionization components from

C2H +
2 C2Σ+

g and D2Σ+
u states, respectively. Thus, prominent Penning mechanisms lead-

ing to higher-lying C2Σ+
g and D2Σ+

u states of C2H +
2 via relaxation of He∗ 1s4p 1P are

identified.

Whereas at hν = 23.9 eV the Penning channel dominates, at hν = 24.3 eV CT ionization

is more favourable. We notice that the electron spectra correlated to [C2H2] +2 at these

energies also have weak long tail, extending up to nearly 11 eV, see insets of Fig. 3.6 c1),

c2). This tail is possibly due to Penning ionization from He∗ 1s2s and He∗ 1s2p states

arising from internal relaxations in the droplet, as observed in PIES at 21.6 eV photon

energy. Earlier femtosecond pump-probe time-resolved studies on pure He nanodroplets

reported that upon photoexcitation to the n = 4 droplet band, fast internal relaxation

to the n = 2 droplet band on a time scale of 2 − 3 ps occurs [262, 263]. The observed

strong Penning ionization signal from He∗ (1s4s) compared to the Penning ionization

from internally relaxed n = 2 states suggests that the Penning ionization from He∗ (1s4s)
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Figure 3.7: Electron kinetic energy spectra correlated to a) He +
2 , b) C2H +

2 , c) [C2H2] +2 ,
and d) [C2H2] +3 , at 26 eV photon energy for Tnoz = 14 K and Pd = 4.5× 10−6 mbar.

occurs on a faster time scale than the internal relaxation time of the n = 4 droplet

excitation.

Upon resonant excitation to the n = 2 droplet excitation band at 21.6 eV, we observed

Penning ionization of acetylene clusters leading to C2H +
2 in X, A, and B states. However,

when the droplet is photoexcited to even higher 1s4p state, Penning ionization channels

leading to higher-lying C2H +
2 states such as C andD states become energetically accessible

and are observed here in this autoionization regime along with Penning ionization leading

to lower-lying C2H +
2 states (X,A,B). The enhanced Penning ionization cross-section

leading to C and D states by He∗ (1s4p 1P ) could be related to the near degeneracy of

these C and D states with the 1s4p 1P state.

This interpretation is further supported by PIES recorded for He nanodroplets doped
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with Li atoms presented previously by Ltaief et al. [181]. The spectrum recorded at 21.6

eV photon energy is dominated by electrons emitted by Penning ionization of Li interacting

with excited He in the 1s2s 1S and 3S states. In the coincident electron energy spectra

recorded above the droplet ionization threshold (23 eV), the peaks between 13 and 16

eV reflects Penning ionization of Li after electronic relaxation of the excited He droplet

into the 1s2s 1S and 3S states, and the low-intensity feature around 18 eV is due to

Penning ionization involving the 1s3s; 1s3p and 1s4s; 1s4p states of He∗. The fact that

the contributions to the Li Penning ionization arising from these higher excited states are

significantly lower than in the case of acetylene can be due to the differing location of the

dopants in the droplet: Li atoms are on the surface, whereas C2H2 molecules are expected

to be located in the He droplet interior. Consequently, a He∗ excitation initially localized

within the He droplet migrates over a significant distance until it reaches the Li dopant

which affords the relaxation into the metastable 1s2s 1S and 3S states before Penning

ionization takes place. In comparison, the distance between the He∗ and the acetylene

dopant is shorter on average thereby facilitating direct Penning ionization prior to He∗

relaxation.

3.5 Dopant ionization upon droplet direct ionization

At 26 eV photon energy, above the photoionization threshold of atomic He (24.58 eV),

the electron kinetic energy spectra correlated to He +
2 ions, along with the dopant-ions,

C2H +
2 , [C2H2] +2 and [C2H2] +3 , are presented in Fig. 3.7 a), b), c), and d), respectively.

One can readily see that all these electron kinetic energy spectra are identical and the

peak positions match with the kinetic energy of He photoelectrons at 26 eV. Thus,

it is evident that the dopants C2H2 oligomer ions are formed due to charge transfer

to the directly ionized droplet above atomic He photoionization threshold, as predicted

previously section 3.2.1 (see process 3.4). The obtained He photoelectrons in coincidence

with the C2H2 oligomer ions confirm the mentioned charge transfer ionization mechanism

in the dopants.
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3.6 Summary

Inelastic scattering of Penning electron with the host-He nanodroplet environment was

thought to obscure the information about the electronic structure of the embedded dopants

in the dopant-ion correlated PIES, as demonstrated earlier for acene dopants [183]. How-

ever, in the current experiments with C2H2 as dopants, we demonstrate that this is not

always the case. Penning ionization can indeed be used as spectroscopic tool to study

atomic and molecular quantum aggregates formed in He nanodroplets by exciting the

host matrix. By studying the electrons and ions for the host and dopant in coincidence,

one can identify relevant excited states of the host and dopants. Moreover, it is shown

that Penning ionization electron spectroscopy is not only limited to the n = 2 droplet

excitation, but can also be extended to perform spectroscopy employing higher droplet

excitation bands such as n = 4 to probe higher lying excited states of the dopants which

are not accessible via n = 2 droplet excitation. By implementing this dopant-ion corre-

lated PIES, we are able to uncovered the structure of embedded acetylene clusters inside

nanodroplets. These C2H2 molecules coalesce in the form of loosely bound van der Waals

aggregates, similar to a foam-like structures observed for magnesium dopants. However,

these structure collapses into a composite oligomer ions following Penning ionization from

He∗. Thus, theses results motivate further time-resolved study of C2H2 aggregates in He

nanodroplets. Furthermore, Penning ionization electron spectroscopy has been estab-

lished as a widely applicable technique to probe mesoscopic quantum aggregates in He

nanodroplets.
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Chapter 4

Heavy Alkali Doped Helium

Nanodroplets

In this chapter, the experimental methods and results obtained from the investigation of

inter-atomic/molecular decays in He nanodroplets doped with heavy alkali (Ak) atoms,

rubidium (Rb) and cesium (Cs), when irradiated with EUV radiations in the photon

energy range from 20 to 60 eV, are presented. This photon energy range covers both, the

n = 2 droplet excitation band at 21.6 eV and direct ionization of the He droplet above

EHe
i = 24.58 eV. Note that, these photon energies are below the double ionization energy

of atomic He (79 eV). Therefore, the expected dynamics is mainly initiated by the single

electronic excitation or ionization of droplet up to 58.31 eV photon energy, beyond which

doubly-excited He can also influence the ionization processes.

4.1 Experimental Methods

Here, only the doping process and the configuration of the electron-ion spectrometer are

presented, as rest of the details are already discussed in chapter 2.

4.1.1 Doping process

As shown in the schematic diagram of the experimental setup, in Fig. 4.1, inside the oven

cell at the doping chamber, a small amount of the alkali metal (∼ 1 g) was kept and

heated to 70−100◦C. This evaporates the Ak atoms inside the oven cell. The He droplets

91
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Figure 4.1: Schematic of the experimental setup for Ak doped He nanodroplets experi-
ment. Pure He nanodroplets are produced via supersonic expansion of He gas through
the cryogenic nozzle and the 1st skimmer in the source chamber. In the doping chamber,
the droplets are doped with Ak dopants inside the oven cell where the Ak metals are
evaporated from the solid sample by heating. Finally, in the interaction chamber, the
doped droplet is ionized by the linearly polarized EUV light and the resulting ions and
electrons are detected by the ToF and VMI spectrometer in both the electron- and ion-
VMI configurations.

then pick up a few dopant atoms on their travel paths through the oven cell via collisional

pickup process. We kept the nozzle temperature at 14 K and the He backing pressure at

50 bar, thereby producing an average droplet size of ∼ 23000 He atoms per droplet [151].

4.1.2 Spectrometer configurations

To get more information about the ionization processes in Ak doped He nanodroplets

at different photon energies, unlike the previous experiments with C2H2 dopants wherein

only electron-VMI mode was implemented, here we performed the experiments in both

the electron- and ion- VMI modes. In the electron-VMI mode, we recorded the mass to

charge correlated ion-yield spectra as a function of photon energy, electron kinetic energy

(eKE) spectra correlated to single and multiple ions as well as the total electron kinetic

energy spectra. Whereas, the ion-VMI mode enables us to record the kinetic energies
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Figure 4.2: a) Rb+ ion-yield spectrum as a function of photon energy for Rb doped He
nanodroplets at 14 K nozzle and 90◦C oven temperatures. b) The fluorescence (red line)
and total electron yield (blue line) as a function of photon energy due to photoexcitation
and ionization of pure He droplets, reported in earlier studies [242, 180]

of the detected ions, from where one can derive the total kinetic energy release (KER)

spectra of the product-ions.

4.2 Dopant ionization at different photon energies

To monitor the dopant ionization in the droplet, the yields of alkali ions originating from

droplet excitation or ionization are measured as a function of photon energy from 20 to

26 eV in case of the Rb doping. Fig. 4.2 a) shows the measured ion-yield spectrum of Rb+

ions as a function of photon energy for Rb doped He nanodroplets at 14 K nozzle and

90◦C oven temperatures. For reference, Fig. 4.2 b) shows the fluorescence (red line) and

total electron yield (blue line) due to photoexcitation and ionization of pure He droplets

obtained in earlier studies [242, 264].

4.2.1 Inter-atomic/molecular decays

One can see from the Fig. 4.2 a), Rb+ ions are significantly detected from the droplets

above ∼ 20.8 eV photon energy, which is around the threshold for pure droplet pho-

toexcitation, see the onset in fluorescence yield (red line) in Fig. 4.2 b). Above this

photoexcitation threshold, the Rb+ ion yield curve follows both the fluorescence and to-

tal electron signals from the droplet. Therefore, one can argue that the Ak dopants are
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significantly ionized through inter-atomic/molecular decay via excited or ionized droplet.

Negligible detection of Ak+ ion below the droplet photoexcitation threshold suggests that

at this experimental condition only a few Rb atoms are doped in relative large He droplets,

leading to large difference in photoexcitation yield of the droplet compared to the direct

photoionization yield of the dopants in the droplets.

One can directly see that below 23 eV photon energy (yellow shaded region) the Rb+

ion yield follows the pure droplet fluorescence spectra and shows a large ionization peak

around 21.6 eV photon energy. This indicates that at this energy range the Rb dopants

are significantly indirectly ionized via photoexcitation of the He droplet to the first droplet

excitation band (n = 2). Similarly, above 23 eV photon energy where the host droplet is

either autoionized (23 < hν < EHe
i ) (grey shaded region) or directly ionized (hν ≥ EHe

i )

(cyan shaded region) by the incident photon, the Rb+ ion-yield spectrum follows the total

electron-yield spectrum of pure droplet ionization. This indicates indirect ionization of

the dopants following ionization of the host.

4.2.2 Surface localization of alkali

The large relative intensity of the peak around 21.6 eV in the Rb+ ion-yield compared to

the peaks at the droplet autoionization (23 < hν < EHe
i ) and direct ionization (hν ≥ EHe

i )

regimes gives an indication of the position of these dopants on the surface of the droplet.

Since the dopant ionization process is inter-atomic/molecular in nature, as seen above,

and the photoexcited He∗ tends to migrate to the surface of the droplet [173, 174] as

opposed the He+ ion which migrates to the centre of the droplet [175, 176, 177, 178],

dopants attached to the surface of the droplet preferably undergo inter-atomic/molecular

ionization through droplet de-excitation rather than via charge transfer to the ionized

droplet [180]. The shape of the Rb+ ion-yield curve confirms the surface localization of

these heavy alkali metal (Rb) dopants. This finding complements the earlier studies done

with light alkali metal (Li) dopant [180], and the ultrafast laser experiments done with Na

[265], K [266], Rb [267] and Cs [268] doped He droplets, indicating that small Ak dopant

clusters are generally bound to the surface of the droplet. Fig. 4.3 schematically shows the

migration of He∗ from the photoexcitation site to the droplet surface where subsequent

ionization of Ak dopant takes place through interatomic Coulombic decay (ICD) from the

de-excitation of He∗.
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Figure 4.3: Schematic of the inter-atomic decay following droplet photoexcitation. Upon
excitation of He in the droplet, He∗ migrates to the droplet surface where the doped Ak
atoms are located, and He∗ relaxes via interatomic Coulombic decay (ICD) leading to
ionization of the dopant.

Selected photon energies

Now, to gain detailed insight into the inter-atomic/molecular decays following both the

droplet photoexcitation and photoionization, we focused our study on two different photon

energies; 1) at 21.6 eV (n = 2 droplet excitation band) and 2) at photon energy higher

than the droplet direct ionization threshold (EHe
i = 24.58 eV); 26 eV for Rb and 60 eV

for Cs dopants. The ion mass spectra, multi-ion coincidence maps, correlated electron

and ion kinetic energy spectra at these two photon energy ranges are presented in the

following sections.

4.2.3 Product ions

Fig. 4.4 shows the measured ion mass spectra at a) 21.6 eV and at b) 26.0 eV photon en-

ergies from Rb doped He nanodroplets at 14 K nozzle and 90◦C oven temperatures. Both

Rb +
n cluster ions as well as RbHe +

n snowball ions are detected at these photon energies.

Additionally at 26.0 eV, one can observe the He +
n ions generated from the direct droplet

ionization. Formation of RbHe +
n snowball ion has been observed in earlier experiments

following femtosecond laser photoionization of alkali doped droplets [269] as well as upon

resonant two photon ionization of Rb dopants attached to the surface of the droplet [270].

The attractive potential between the positively charged ion and the droplet is mainly

responsible for such aggregation. Interestingly, the abundance of RbHe +
n snowball ions

relative to the bare Rb+ ions is greater for dopant ionization following droplet direct ion-

ization at 26.0 eV as compared to the same for ionization upon droplet photoexcitation
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Figure 4.4: Ion mass spectrum at a) 21.6 eV and at b) 26.0 eV photon energies from Rb
doped He nanodroplets at 14 K nozzle and 90◦C oven temperatures. The horizontal axis
shows the mass in amu. (M) to charge (q) ratios of the ions.

at 21.6 eV. This observation motivates further investigations into the snowball formation

dynamics specific to these photon energies. However, this is beyond the scope of the

current thesis work.

4.2.4 Degree of ionization of the dopants

Although we get the information about the He +
n , Rb +

n and RbHe +
n ions formed in these

photon energies from the ion mass spectra, to know the degree of ionization of the dopants,

we plotted the ion-ion coincidence maps. Ion-ion coincidence maps for Rb doping at 21.6

eV and 26 eV photon energies are presented in Fig. 4.5 a) and b), while the same for Cs

doping, at 21.6 eV and 60 eV photon energies are shown in Fig. 4.5 c) and d), respectively.
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Figure 4.5: Ion-ion ToF coincidence maps at a) 21.6 eV and at b) 26 eV for Rb doped
droplets. Ion-ion ToF coincidence maps at c) 21.6 eV and at d) 60 eV for Cs doped
droplets. The correlated electron VMI images in coincidence with single and double Rb+
and Cs+ ions are shown in the insets i. and ii. respectively for these the photon energies.
Note that, the off-centred outer ring structures in the electron VMI images, prominently
seen in case of Cs doping at 60 eV photon energy, originate from the focusing of scattered
electrons in the spectrometer. Hence, these outer structures, which are artefact in these
VMI images, are not considered for electron kinetic energy (eKE) spectrum calculations.
The smaller central region of the VMI image (|p| < 1.2) corresponds to electrons ejected
from doped droplets, and only that region is used for extracting eKE spectra.
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One can observe that the time of flights of the first two dopant cluster ions (Rb+ and

RbHe +
n , and, Cs+ and CsHe +

n ) are strongly anti-correlated, evident from negative slopes

for the coincidence islands. The slopes of these ToF coincidence islands vary with the

ratio of masses of the involved ions, consistent with the fact that the total momentum

of these ions is conserved. No higher order coincidences, e.g., time of flight correlation

between second and third detected ions for each detected ionization event, were observed

for these dopants. Therefore, one can argue that for these dopants, Rb and Cs, the

dopant clusters undergo only up to double ionization upon droplet photoexcitation and

ionization, wherein the created positive charges reside on separate atomic constituents

of the Ak2 leading to subsequent Coulomb explosion of the dication (Ak 2+
2 ). Note that,

direct double ionization of atomic Rb and Cs is unlikely since their double ionization

energies are 31.45 and 27.04 eV, respectively, which are beyond the energy available after

single photon excitation and ionization of the doped droplet. These observations are

contrary to the previous experiments with C2H2 dopants, where only single ionization of

the C2H2 cluster was observed in the droplet following photoexcitation and ionization of

the droplet.

4.2.5 Identifying single and double ionization processes

The correlated electron VMI images in coincidence with single and double Ak+ ion are

shown in the insets i. and ii., respectively, in Fig. 4.5 a), b), c) and d) for the corresponding

dopants and photon energies. Note that, the electron VMI images corresponding to

single Ak+ ions which are obtained by selecting different ion peaks in the corresponding

ToF spectra are insensitive to the degree of ionization as the ToF spectra contain all

the detected ions. Therefore, they include electrons from both the single and double

ionization events. To separate the single ionization processes from the double ionization

events, we obtained the electron VMI images correlated to double alkali ions in coincidence

by selecting the corresponding ToF coincidence islands on the ToF coincidence map and

compared the same with the electron VMI images corresponding to single ions. Since the

former only includes electrons from double ionization events, any structure that is unique

to the later will indicate single ionization of the dopants, and one can assign the common

structures purely to double ionization events.

Note that, the off-centred outer ring structures in the electron VMI images originate
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from the focusing of scattered electrons in the spectrometer onto the VMI detector. Hence,

these artefact are not considered further in the discussion. Only the relevant concentric

VMI structures correlated to the unperturbed electrons, which are ejected out of the doped

droplets and detected in the smaller central region of the VMI detector, are discussed here.

At 21.6 eV, from Fig. 4.5 a) and c), insets i. and ii., one can see that there are three ring

structures in the electron VMI images, in which the central and inner rings are common to

both the cases, whereas the outer ring is unique to the VMI image corresponding to single

Ak+ ions in coincidence. Therefore, this structure arises only due to single ionization of

the dopants, whereas the other two are from double ionization of the dopants. Likewise at

26.0 and 60.0 eV, in Fig. 4.5 b) and d), insets i. and ii., we can observe similar structures

in all the VMI images, which indicates double ionization of the dopants. These processes

are discussed in the following sections by presenting the corresponding eKE and ion-KER

spectra, first for 21.6 eV photon energy upon droplet excitation and later for photon

energy above EHe
i upon droplet direct ionization.

4.3 Dopant ionization upon droplet excitation

Fig. 4.6 a) and b) show the eKE spectra corresponding to single Ak+ ion (grey line),

double Ak+ ions (red line) in coincidence and total electrons (green line) for Rb and Cs

doped droplets at 21.6 eV photon energy, respectively. By looking at the eKE spectra,

the obtained spectra can be divided into three different regimes, as follows: 1) low energy

peaks (0−4.5eV), 2) mid energy peaks (4.5−12 eV), and 3) high energy peaks (13−20 eV).

From the previous discussion, we can directly assign the high energy peaks to the processes

that lead to the single ionization of the dopants and the rest of the peak structures to

the processes that lead to double ionization. Here, the single ionization processes are

presented first, and then the double ionization processes are discussed.

Single ionization processes

It is well known that upon photoexcitation at 21.6 eV, the droplet is excited to n = 2

droplet excitation band, and He atom inside the droplet is photoexcited to He∗ 1s2p 1P

state. Subsequently, ultrafast internal relaxation in He∗ 1s2p 1P state allows for some

of the initially excited He∗ to be populated in dipole forbidden 1s2s 3,1S states in the
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Figure 4.6: Electron kinetic energy (eKE) spectra corresponding to single Ak+ ion (grey
line), double Ak+ ions (red line) ions in coincidence, and total electrons (green line) for
a) Rb and b) Cs doped droplets at 21.6 eV photon energy. The orange, red and blue
vertical dashed lines represent the expected electron energies for single ionization of the
Ak dopant due to long-range ICD from He∗ 1s2s 3,1S and 1s2p 1P states, respectively,
whereas the orange and red peaks with hatched shading are the simulated eKE spectra
due to short-range ICD from He∗ 1s2s 3,1S states, respectively.

droplet [246]. Finally, all these He∗ 3,1S, 1P states relax to the ground He 1s2 1S state by

ionizing the neighbouring dopant via resonant interatomic Coulombic decay (ICD). Now,

if this ICD leads to ionization of the outer shell (ns) electron in the Ak dopants (n = 5

for Rb, and n = 6 for Cs), the expected ICD electron energy will be in the range from

14 to 18 eV as the ionization threshold for Rb and Cs are 4.17 and 3.89 eV, respectively.

Since the observed high energy peaks are in the same range, one can argue that the single

ionization of Ak proceeds via the ionization of outer valence electron through ICD from

He∗ states in the droplet.

However, the distance between the He∗ and Rb or Cs plays an important role in deter-

mining the ICD electron energy and subsequent emission of the ions from the droplet as

evidenced in our recent publication [181]. These ionization processes occur at two inter-

atomic distances, thus they are named as follows: 1) long-range ICD and 2) short-range

ICD.

4.3.1 Long-range interatomic Coulombic decay

In case of long-range ICD, ionization occurs at large interatomic distance such that the

internal energy of the He∗-Ak complex remains equal to the energy of He∗ states. There-

fore, the emitted ICD electron (e−ICD) kinetic energy in this process (shown below) will
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be equal to eKE(e−ICD) = E(He∗)−EAk
i , where E(He∗) and EAk

i are the energy He∗ and

ionization energy of Ak atom, respectively. The orange, red and blue dashed vertical lines

in Fig. 4.6 a) and b) show the calculated long-range ICD eKE for both the Rb and Cs

doping due to relaxation of He∗ 3,1S,1 P states, respectively.

He∗ − Ak→ He + Ak+ + e−ICD (4.1)

The estimated long-range ICD eKEs match with the total electron signal which also

includes electrons for which no ions are detected in coincidence. This signifies that the

this process produces Ak+ ions with very low kinetic energy release (KER) which are not

able to eject out of the host He nanodroplets.

4.3.2 Short-range interatomic Coulombic decay

In case of short-range ICD process, He∗Ak molecule is formed following the photoexcita-

tion of He droplet at the droplet surface. Subsequently, ICD occurs from the equilibrium

interatomic distance of potential energy curve of the same (see fig.2 of ref. [181]). Due

to this, the internal energy of the He∗Ak reduces from that of a long-distance He∗-Ak

complex, leading to a decrease in ICD eKE for this short-range process shown below:

He∗Ak→ He + Ak+ + e−ICD (4.2)

This process is equivalent to gas phase Penning ionization processes where ionization

occurs through charge-transfer between the outer shell electron of the ground state con-

stituent and the low energy hole created in the excited constituent, eventually leading to

the ionization of initially excited electron [16]. Since the efficiency of the charge-transfer

process highly depends on the interatomic distance, Penning ionization is known to occur

at lower interatomic separation. Therefore, we referred to the gas phase Penning ioniza-

tion electron spectra (PIES) of Rb and Cs by He∗ 3,1S states from earlier experiments

[271]. First, the PIES of Rb and Cs due to the relaxations of He∗ 3,1S states are extracted

from ref.[271]. Then, the extracted PIES are convoluted with our VMI resolution factor.

Finally, the corresponding convoluted PIES from He∗ 3,1S states are fitted to the high

energy part of the eKE spectra measured in coincidence with Rb+ and Cs+ ions, where to
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get best possible fitting the peak positions of the convoluted PIES from He∗ 3,1S states

are varied along with their relative intensities both for Rb and Cs doping. The orange

and red lines with hatched shading in Fig. 4.6 a) and b) show the fitted energy-shifted

convoluted PIES from He∗ 3,1S states, for Rb and Cs atoms, respectively. In case of doped

He nanodroplets, the shifts in energy in the fitted convoluted PIES compared to the same

from gas phase Penning ionization study are −0.65 and −0.33 eV for Rb, and −0.73 and

−0.87 eV for Cs, following ICD from He∗ 3S and 1S states, respectively. The high energy

peaks of the eKE spectra in coincidence with single alkali ions (grey line) fit quite well

with the simulated PIES, thereby evidencing the short-range ICD process in Ak doped

droplet at 21.6 eV. The further decrease in the short-range ICD electron kinetic energy

for doped droplets, compared to the same from gas phase Penning ionization, suggests

that the internal energy difference between the initial and final states for the former case

is lower than that from the latter case.

Moreover, the fact that the short range ICD process is only visible in the eKE spec-

tra for which dopant ions (Ak+) are detected in coincidence, indicates that the initial

He∗Ak complex is likely to be created on an attractive potential energy curve at a larger

interatomic distance than the same where short-range ICD takes place. Thus, before the

short-range ICD proceeds, the initially created He∗Ak complex gains kinetic energy at the

expense of potential energy while its interatomic distance reduces. Following the short-

range ICD, this kinetic energy acquired by the system, enables the Ak+ ion to bounce

back off the He atom and escape the droplet-surface. In contrast, the kinetic energy ac-

quired by the initial He∗Ak complex, before long-range ICD takes place, is minimal. Thus,

the product ion (HeAk+) is created with almost negligible kinetic energy at the droplet

surface. Subsequently, due to the attractive interaction of He droplet with positive ion,

HeAk+ ion created from long-range ICD is most-likely to sink into the droplet, inhibiting

the detection of the same out of the droplet [181].

Between the short-range and long-range ICD processes, the long-range ICD is more

dominant one as seen from the corresponding huge total electron peaks compared to the

same for coincident electron peaks. The long-range ICD process (high energy peaks in

total electron spectra) also dominates over the double ionization processes indicated by

the low and mid energy peaks. This observation is in contrast with the recent suggestion

that double ionization process dominates over the single ionization process for alkali doped
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Figure 4.7: Schematic representation of the dICD and cICD processes. In dICD, following
the photoexcitation of the droplets, He∗ migrates to the surface of the droplets and doubly
ionize the attached Ak2 in the vicinity by dICD process, wherein total two electrons
are ionized simultaneously from both the alkali constituents and the resulting Ak 2+

2 ion
undergoes Coulomb explosion. Whereas in cICD, following the relaxation of He∗ one of
the constituent Ak atoms of the attached Ak2 is ionized from the inner valence p-shell
in a ICD process (ICD1). The resultant excited Ak2∗ ions then decays via another ICD
(ICD2), leading to charge separated Ak 2+

2 ion which undergoes the Coulomb explosion.

droplets upon photoexcitation to the n = 2 droplet band [187].

Double ionization processes

Let us now look into the double ionization processes indicated by the low and mid energy

peaks in Fig. 4.6 a) and b). The double ionization of mixed-alkali dimer attached to

the surface of the He nanodroplets upon photoexcitation to the n = 2 droplet band

at 21.6 eV was recently reported by LaForge et al. [187]. They proposed a novel inter-

atomic/molecular decay mechanism known as double-ICD (dICD) underlying the observed

process, schematically shown in Fig. 4.7. In this dICD, upon relaxation He∗ following the

photoexcitation, the neighbouring alkali dimer undergoes double ionization, wherein both

the alkali atoms are ionized simultaneously and two electrons are emitted. Due to spatially

separated localization of two positive holes on both the nuclei, the product-Ak 2+
2 ion

undergo Coulomb explosion. We calculated the corresponding eKE and ion-KER spectra

resulting from the dICD processes in Rb2 and Cs2 upon relaxation of He∗ 3,1S,1 P states

to fit the observed eKE peaks between 0 and 12 eV (see Fig. 4.6).
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In case of single ionization of the Ak upon relaxation of He∗, we observed that the

ICD proceeds via ionization from the valence shell (ns) of the Ak atoms, resulting in the

high energy peaks between 14 and 18 eV in Fig. 4.6. However, it is energetically allowed

to ionize the inner valence (n − 1)p-shells of Rb and Cs through ICD from He∗ states,

creating an excited Ak+∗ ions which decay via another ICD with the neighbouring Ak

atom. Therefore we propose a new novel step-wise ionization scheme in Ak2 involving the

inner (n − 1)p-shell ionization of the alkali atoms. This new process involves two ICD

steps, thereby calling this a cascaded-ICD (cICD) process. As shown schematically in

Fig. 4.7, the first cICD step (cICD1) results in an excited Ak +
2
∗ ion in which one of the

Ak atoms of Ak2 is ionized from the (n− 1)p-shell following the relaxation of He∗ in the

droplet. Subsequently, the newly created Ak +
2
∗ undergoes the second cICD step (cICD2),

wherein the inner p-shell vacancy is filled by a valence s-shell electron and the other

alkali atom of Ak2 is ionized in an ICD process, resulting in Ak 2+
2 ion which eventually

undergoes Coulomb explosion. Detailed discussions on these processes are in the following

sections.

4.3.3 Double inter-atomic/molecular Coulombic decay

Since the energy levels of He∗ 3,1S,1 P states reside above the repulsive Coulombic dica-

tionic state of Ak2 both for Rb and Cs, the dICD processes are expected to occur for both

these cases. In the dICD process, upon relaxation He∗ states, the attached Ak2 in He

nanodroplets undergoes double ionization and simultaneously two electrons are ionized.

In the final state of the alkali dimer dication, two positive holes are created on each of the

dimer constituents, thereby it results in Coulomb explosion, releasing high kinetic energy

alkali ions from the droplets, see below.

He∗ + Ak2→ He + Ak 2+
2 + 2e−dICD → He + [Ak+ + Ak+] + 2 e−dICD (4.3)

The excess energy are released in terms of eKE and ion-KER in this process, in which

interestingly both the emitted electrons share asymmetric kinetic energy distributions,

where one electron carries almost all the energy leaving the other one with negligible

kinetic energy. This energy sharing is similar to the shake-off processes observed in the

double Auger decay and single photon double ionization processes [272, 273].
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Figure 4.8: Black and blue curves represent the potential energy of Rb2 X1Σ+
g and a3Σ+

u

states, respectively [274]. The red curve shows the Coulombic potential energy of Rb 2+
2 ,

which is calculated from V (R) = 14.4/R + 2ERb
i , where V is in eV, R is the interatomic

distance of Rb2 in Å and ERb
i is the ionization energy of Rb. The dICD process from

X1Σ+
g and a3Σ+

u states are presented by the orange and red vertical arrows, respectively.
On the right vertical axis, transition energy profiles from the X1Σ+

g and a3Σ+
u states to

the Coulombic Rb 2+
2 state are shown respectively by orange and red shaded peaks. The

schemes to calculate the eKE and KER for relaxation of He∗ are also shown.
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Figure 4.9: (a1,a2) The orange and red shaded peaks show the transition energy intensity
profiles calculated from (F [V − E(ΨX,v=0)]) for (Rb2 and Cs2) X1Σ+

g and a3Σ+
u states,

respectively. The vertical dashed orange, red and blue lines in (a1, a2) are the energy
levels of He∗ 3,1S,1 P states, respectively. (b1,b2) The orange, red and blue lines show
the calculated eKE from the (Rb2 and Cs2) X1Σ+

g due to relaxation from He∗ 3,1S,1 P
states, respectively. Similarly, (c1,c2) shows the corresponding calculated eKE from the
(Rb2 and Cs2) a3Σ+

u state. (d1,d2) The orange and red lines show the KER of single
Ak+ ion from (Rb2 and Cs2) X1Σ+

g and a3Σ+
u states, respectively. The peaks with the

solid shading in (b1,b2,c1,c2,d1,d2) show the corresponding spectra convoluted with the
VMI spectrometer resolution function. The peak heights of the unconvoluted spectra are
normalized to unity for better visualization, although for fitting the observed eKE and
KER spectra with these calculated convoluted spectra, their amplitudes are varied.

Since it is well known that both the Rb2 and Cs2 are populated in the ground X1Σ+
g

and first excited a3Σ+
u states on He nanodroplets [268], one can argue that the dICD

process occurs at the equilibrium interatomic distances of these states. Fig. 4.8 b) shows

the schematic of these dICD processes with the potential energy curves (PEC) of Rb2.

The black and blue lines represent the PEC of X1Σ+
g and a3Σ+

u states, respectively, while

the red curve shows the repulsive Coulombic states of Rb2 where the positive charges are

located on both the Rb constituents. The vertical bound-continuum transitions in the

dICD processes from X1Σ+
g and a3Σ+

u states are presented by the vertical orange and red

arrows, respectively.

Now, to calculate the eKE and ion KER from these processes, we first calculated the

Frank-Condon factors (F ) for the vertical transitions from the initial neutral states to the
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repulsive Coulombic state as follows:

F =
∣∣∣∣∫ ∞

0
ΨX,v=0(R) Ψ[Ak2]2+(R) dR

∣∣∣∣2 (4.4)

where, ΨX,v=0 and Ψ[Ak2]2+ are the initial ground vibrational wavefunction of the Ak2 and

the continuum wavefunction of the repulsive dissociative state of Ak 2+
2 at the potential

energy V , and R is the interatomic distance of the Ak2. Due to the sub-Kelvin (∼ 0.37 K)

temperature of the host-He nanodroplets [151], one can assume that the attached alkali

dimers are in their ground vibrational states. We used the numerical program, BCONT

2.2 [275], to calculate F . In Fig. 4.9 (a1,a2), the orange and red shaded peaks show the

transition energy intensity profiles calculated from (F [(E(ΨX,v=0) − V )]) for (Rb2 and

Cs2) X1Σ+
g and a3Σ+

u states, respectively.

The eKE of the dICD electrons are calculated from the following equation:

eKE(2 e−dICD) = F [E(He∗)− (V − E(ΨX,v=0))] (4.5)

where E(He∗) is the energy of the excited He∗. [E(ΨX,v=0) is the energy of the initial

ground state of Ak2. Since in the proposed dICD process the eKE is distributed asym-

metrically between the dICD electrons, we assume that entire electron kinetic energy is

carried away by one dICD electron with the other one having negligible kinetic energy.

In Fig. 4.9 (b1,b2), the orange, red and blue lines show the calculated eKE from the

(Rb2 and Cs2) X1Σ+
g due to relaxation from He∗ 3,1S,1 P states, respectively. Similarly,

Fig. 4.9 (c1,c2) shows the corresponding calculated eKE from the (Rb2 and Cs2) a3Σ+
u

state. The peaks with the solid shading in Fig. 4.9 (b1,b2,c1,c2), show the eKE spectra

convoluted with the VMI spectrometer resolution function, which are expected from the

measurements. These convoluted spectra are later used to fit the observed eKE spectra

presented in Fig. 4.6.

Now, the total KER of the Coloumb exploding product-Ak+ ions is calculated from the

following equation:

KER([Ak+ + Ak+]) = F [V − 2× (EAk
i ) + Eb(Ak2)] (4.6)

where EAk
i and Eb(Ak2) are the ionization energy of the Ak atom and the binding energy
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of the Ak2, respectively. Since, both the ions have equal masses, this total KER is divided

equally to both the fragmented ions. In Fig. 4.9 (d1,d2), the orange and red lines show the

KER of single Ak+ ion calculated from the above equation for (Rb2 and Cs2) X1Σ+
g and

a3Σ+
u states, respectively. Likewise, the peaks with the solid shading show the convoluted

KER spectra, expected from the VMI spectrometer in ion-imaging mode.

4.3.4 Cascaded inter-atomic/molecular Coulombic decay

As discussed earlier, in cascaded-ICD processes, first ionization occurs in the inner valence

((n − 1)p)-shell of one of the alkali atoms in the Ak2 following the relaxation of He∗

via an ICD process (cICD1), leaving the alkali dimer in excited cationic state (Ak +
2
∗).

Subsequently, the Ak +
2
∗ goes through another ICD (cICD2), wherein two charge separated

Ak+ ions are formed, which eventually undergoes Coulomb explosion, see below:

He∗ + Ak2→ He + Ak+∗((n− 1)p−1).Ak + e−cICD1

→ He + Ak+(ns−1).Ak+(ns−1) + e−cICD1 + e−cICD2

→ He + [Ak+ + Ak+] + e−cICD1 + e−cICD2

(4.7)

Since the ionization energies of the inner valence (n− 1)p-shell of Rb and Cs are lower

than the energy of He∗ states, the relaxations of the later allow for ionization from the

inner valence p-shell. Therefore, both the dopants are expected to show the cICD process.

The cICD process is schematically shown using the potential energy diagram of Rb2 in

Fig. 4.10. The first-step of cICD (cICD1) is shown by the cyan vertical arrows, wherein

the relaxation of He∗ leads to ionization of Rb 4p-shell from both the X1Σ+
g (black line)

and a3Σ+
u (blue line) states. As a result, excited Rb +

2
∗ ion is formed at a higher potential

energy, which is shown by the green-dashed line in Fig. 4.10. Due to unavailability of

theoretical PEC for Rb +
2
∗ in literature, the shown green PEC is an hypothetical one

whose asymptotic limit matches with the energy of Rb+∗(4p−1). Now in the next step of

the cICD process (cICD2), the Rb +
2
∗ undergoes another ICD to create a Rb 2+

2 ion on the

repulsive Coulombic state (red line). This cICD2 step is shown by the purple arrows and

involves considerable nuclear-dynamics where the interatomic distance of Rb +
2 reduces

to facilitate the ICD process. As a result of this, the second ICD takes place at a lower

interatomic separation than that of the dICD processes, thereby increasing the KER
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Figure 4.10: Schematic of the cICD process using the potential energy diagram of Rb2.
Black and blue curves represent the potential energy of Rb2 X1Σ+

g and a3Σ+
u states,

respectively [274]. The red curve shows the Coulombic potential energy of Rb 2+
2 , which

is calculated from V (R) = 14.4/R+2ERb
i , where V is in eV, R is the interatomic distance

of Rb2 in Å and ERb
i is the ionization energy of Rb. The cICD process consists of two

ICD steps: cICD1 and cICD2. The first cICD1 process from X1Σ+
g and a3Σ+

u states are
presented by the vertical cyan arrows, whereas the second cICD2 step from Rb +

2
∗ state

(dashed-green line) to the Rb 2+
2 Coulombic state is shown by the purple arrows. Note

that the dashed-green line is a hypothetical potential energy curve with asymptotic energy
of Rb+∗ 4p−1 level. The schemes to calculate the eKE and KER for relaxation of He∗ are
also shown.
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Figure 4.11: Ion kinetic energy release (KER) spectra correlated to Rb+ ions (grey line)
at 21.6 eV photon energy for Rb doped droplets. The orange and red shaded peaks show
the calculated KER corresponding to Rb+ ions for dICD in Rb2 from 1Σ+

g and 3Σ+
u states,

respectively. The black dashed line shows the Gaussian fit of the observed KER spectra.

gained by the ions. This assumption is validated in terms of the observed Rb+ KER

spectra in Fig. 4.11. As we can see that the measured peak of KER spectra of the

Rb+ ions at 21.6 eV photon energy is higher than the calculated KER peaks arising due

to the dICD processes from Rb2 X1Σ+
g and a3Σ+

u states, orange and red shaded peaks,

respectively.

From Fig. 4.10, the total KER of two product-ions in cICD process is the summation of

energies E1 and E2, where E1 is the energy gained in expense of potential energy due to the

reduction of interatomic distance of Rb2∗ and E2 is the difference between the potential

energy of Rb 2+
2 when the cICD2 takes place and its asymptotic limit. Since the exact

internuclear distance where the cICD2 proceeds is unknown, one can only experimentally

assign this KER for the cICD process, based on an approximate form for the upper

PE curve. We assigned observed KER peak of the Ak+ ions to the newly proposed cICD

process. Thus, we can calculate the eKE of e−cICD1 and e−cICD2 from the following equations:

eKE(e−cICD1) = E(He∗)− E(Ak+∗((n− 1)p−1)) (4.8)

eKE(e−cICD2) = E(Ak+∗((n− 1)p−1))− 2 EAk
i −KER([Ak+ + Ak+]) (4.9)

where, E(He∗) and E(Ak+∗((n− 1)p−1)) are energies of He∗ and Ak+∗((n− 1)p−1) states,

respectively. Whereas, EAk
i and KER([Ak++Ak+]) are the ionization energies of the alkali
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atoms and the total KER of the fragmented ions from the cICD processes, respectively.

Fitting of eKE spectra

Now, to explain the double ionization process at 21.6 eV photon energy which results into

low energy peak structures between 0 and 12 eV in the eKE spectra correlated to Rb+

and Cs+, we fitted the calculated eKE peaks from both the dICD and cICD processes in

Fig. 4.12. Note that, assuming the dICD efficiencies of He∗ 3,1S,1 P states are identical

both for X1Σ+
g and a3Σ+

u states, the ratios between peak amplitudes arising due to He∗

states were kept constant both for the X and a states. Whereas, the total intensity of

these peaks from X and a states were varied assuming the difference in population of Ak2
in the droplet environment. For fitting of eKE from cICD processes, multiple Gaussian

peaks centred at the calculated eKE energy from eq.4.8 and eq.4.9 were fitted, keeping

their amplitudes and widths variable.

One can see that for both the cases of Rb and Cs doping, the calculated eKE can

explain the existences of both these processes. The low energy peak structures between 0

and 4 eV broadly cover all the cICD1 peaks shown by purple and magenta shaded peaks,

where the purple and magenta peaks represent ionization to Ak+∗((n − 1)p−1 P1/2) and

Ak+∗((n − 1)p−1 P3/2) states, respectively. Note that, for Rb doping, only one magenta

shaded peak is shown, since the energy of Rb+∗(4p−1 P3/2) state (∼ 20.80 eV) is lower

than the same of He∗(1s2p 1P ) state (21.21 eV), making ionization to Rb+∗(4p−1 P3/2)

following relaxation of He∗(1s2p 1P ) state the only cICD1 channel. The energy of the

other inner valence ionized state, Rb+∗(4p−1 P1/2), (∼ 21.50 eV) is higher than that

of all He∗(1s2s 3,1S, 1s2p 1P ) states. For Cs doping, however, both the inner valence

ionized Cs+∗(5p−1 P3/2) (∼ 17.43 eV) and Cs+∗(5p−1 P1/2) (∼ 19.09 eV) states are en-

ergetically accessible following relaxation of He∗(3,1S,1 P ) states. Thus, both magenta

and purple peaks, denoted with the He∗ state, are presented in case of Cs doping. The

mid energy peak structures between 4 and 12 eV originate from both the cICD2 and

dICD processes. The purple and magenta lines show cICD2 following the relaxation of

Ak+∗((n−1)p−1 P1/2) and Ak+∗((n−1)p−1 P3/2) states, respectively. Here, for Rb doping,

the purple line is missing, since the precursor state (Rb+∗(4p−1 P1/2)) for the subsequent

cICD2 is energetically forbidden via cICD1. The orange, red and blue peaks correlate

to dICD in Ak2 from He∗ 3,1S and 1P states, respectively, wherein the peaks with and
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Figure 4.12: eKE spectra correlated to a) Rb+ and b) Cs+ (grey lines), and total electrons
(green lines) at 21.6 eV for Rb and Cs doping, respectively. The orange, red and blue
peaks correlate to eKE due to dICD in Ak2 from He∗ 3,1S and 1P states, respectively,
wherein the peaks with and without shading correspond to dICD from Ak2 a3Σ+

u and
X1Σ+

g states, respectively. The shaded purple and magenta peaks are the calculated eKE
from first cascaded-ICD step (cICD1) due to inner (n− 1)p-shell ionization (n being the
valence shell of the alkali atoms) upon relaxation of He∗ 3,1S and 1P , while purple and
magenta lines are the same from the second cascaded-ICD step (cICD2) in Ak +

2
∗ due to

decay of the p-shell vacancy. The downward arrows on the cICD1 peaks show the He∗ state
that relaxes, resulting in the cICD1, whereas the purple and magenta colours indicate one
of the Ak2 constituent being populated to Ak+ (n− 1)p−1ns P3/2 and (n− 1)p−1ns P1/2
states following cICD1, respectively. For Rb doping, the purple shaded peaks and purple
lines are missing, since ionization to Rb+∗(4p−1 P1/2) state is energetically inaccessible
via cICD1, thereby also inhibiting the cICD2 from the same precursor state. The orange,
red and blue vertical dashed lines are the expected eKE for single ionization of Ak due
to long-range ICD from He∗ 3,1S and 1P states, respectively, whereas the orange and
red peaks with hatched shading show the calculated eKE due to short-range ICD from
He∗ 3,1S states, respectively. The black dashed lines between 4 and 12 eV shows the total
fit of the measured spectra.
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without shading correspond to dICD from Ak2 a3Σ+
u and X1Σ+

g states, respectively.

As we can see, while the low energy peaks of the measured eKE spectra indicate the

cICD1 for Rb doping, the peaks due to subsequent cICD2 process overlaps with the peaks

due to dICD processes in the mid energy part. Therefore, for Rb doping, these two

competing processes are not completely discernable. Although for the case of Cs doping,

these processes can be unambiguously identified. We see that the cICD1 peak positions

are very close to the observed fine peak structures of the low energy part of total eKE

spectra (green line), and for the mid energy part the cICD2 peaks are well separated from

the dICD peaks, explaining the entire mid energy structure.

Thus, we have identified a new two-step cICD process competing with the single step

dICD process leading to double ionization in heavy alkali dimer attached to He nan-

odroplets following the photoexcitation of n = 2 droplet band at 21.6 eV.

4.4 Dopant ionization following droplet direct ioniza-

tion

Now lets look into the processes occurring in the attached alkali dopants upon direct

photoionization of the host-droplets. Fig. 4.13 a) and b) show the electron kinetic energy

(eKE) spectra corresponding to single Ak+ ion (grey line), double Ak+ ions (red line) ions

and total electrons (green line) for Rb and Cs doped droplets at 26 and 60 eV photon

energies, respectively. By comparing the eKE spectra in coincidence with double Ak+ ions

with the rest of the spectra, one can argue that at photon energy beyond the ionization

energy of atomic He, attached Ak2 undergoes double ionization. In Fig. 4.13 a) and b),

the peaks at hν − EHe
i and hν − EHe

i − E(He∗ 1s2p1P ) (shown by vertical grey dashed

lines) indicate indirect ionization of Rb and Cs dopants, respectively, as follows:

For Rb doped droplets, at 26 eV photon energy, the host-droplets are directly photoion-

ized and the attached Rb dopants are ionized through charge transfer (CT) processes, see

below.

Hem + Rbn + hν → He +
m + Rbn + e−He → Hem + Rb +

n + e−He + ∆E (4.10)

where, ∆E is the energy difference between the incoming (He +
m + Rbn) and outgoing
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Figure 4.13: Electron kinetic energy (eKE) spectra corresponding to single Ak+ ion (blue
line), double Ak+ ions (red line) ions and total electrons (green line) for a) Rb and b) Cs
doped droplets at 26 and 60 eV photon energies, respectively. The vertical grey dashed
line in panel a) at hν − EHe

i shows the He photoelectron energy originating from the
direct ionization of the droplet. Whereas, the grey dashed lines in panel b) at hν−EHe

i −
E(He∗ 1P ) shows the inelastically scattered He photoelectron energy leading to excitation
of an another He atom to 1s2p1P state. Both the corresponding peaks indicate the charge
transfer ionization of the dopants following direct photoionization of the droplet.

(Hem + Rb +
n ) channels, which can be released either radiatively via photoemission or

non-radiatively via potential energy curve crossing.

Therefore, the same He photoelectron (e−He) is observed in coincidence with the Rb +
n ions.

Although, in case of Cs doping at 60 eV photon energy, the eKE of the e−He is beyond

the detection limit of our VMI spectrometer, the inelastically scattered e−He which excites

another He atom to 1s2p1P states inside the droplets was captured in coincidence with

Cs+ ions, due to its reduction in kinetic energy. In this case the CT process is shown

below:

Hem + Csn + hν → He +
m + Csn + e−He → Hem–1.He∗ + Cs +

n + e−He + ∆E (4.11)

where, ∆E is the energy difference between the incoming (He +
m + Csn) and outgoing (Hem

+ Cs +
n ) channels.

Since at this energy regime the alkali dopants are doubly ionized following the direct

ionization of the droplets, to explain the mid-energy eKE peaks between 4 and 12 eV in

Fig. 4.13, we propose and discuss two different double ionization processes: a) electron
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transfer mediated decay (ETMD) and b) CT followed by ICD process (CT-ICD) in the

following sections.

4.4.1 Electron transfer mediated decay

Ltaief et al. [186] recently reported similar double ionization phenomena for mixed alkali

dimers attached to He nanodroplets through ETMD process at the same photon energy

range. They proposed that He+ ion following the direct ionization of the droplet inside the

droplet gets trapped with another He atom to produce He +
2 ion, which then participates

in ETMD with the attached alkali dimer as follows.

He+ + He + Ak2→ He +
2 + Ak2

→ He2 + Ak 2+
2 + e−ETMD

→ He2 + [Ak+ + Ak+] + e−ETMD

(4.12)

In this ETMD process, the He +
2 is neutralized by an electron transfer from the on of

the constituent Ak atoms of neighbouring Ak2 and the excess is utilized to ionize the othe

Ak atom, thus producing Ak 2+
2 ion. Eventually, this charge-separated Ak 2+

2 undergoes

Coulomb explosion. This process is schematically shown in Fig. 4.14 a). This ETMD

process is equivalent to the dICD prosess discussed earlier, as the Ak2 gets doubly ionized

in a single step, only here the ionization dynamics proceeds from the neutralization of

He +
2 instead of the relaxation of He∗. Fig. 4.14 b) shows these ETMD processes from

the initially populated Ak2 X1Σ+
g and a3Σ+

u states with the vertical orange and red ar-

rows, respectively with the help of the potential energy diagram of Cs2. The resultant

Cs 2+
2 dissociated in the final repulsive Coulombic state shown by the red lines.

Now the eKE and ion-KER spectra from these ETMD processes are calculated from

the following equation:

eKE(e−ETMD) = FHe +
2 →He2

FAk2→Ak 2+
2

[(E(He +
2 )−E(He2))− (E(Ak 2+

2 )−E(Ak2))] (4.13)

where, FHe +
2 →He2

and FAk2→Ak +
2

are the Frank-Condon factors calculated for vertical tran-

sitions from He +
2 to He2 states and from Ak2 (X1Σ+

g and a3Σ+
u ) to Ak 2+

2 states at their

respective equilibrium interatomic distances, using the BCONT 2.2 numerical program
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Figure 4.14: a) Schematic of the ETMD processes in Ak2 attached to the He nanodroplets.
Following the photoionization of the droplets, He +

2 ion is formed which is then neutralized
in an ETMD process via electron transfer from the Ak2, leaving a doubly ionized Ak2 and
an ETMD e−. As both the alkali constituents are ionized simultaneously, the Ak +

2 un-
dergoes Coulomb explosion. b) Black and blue curves represent the potential energy of
Cs2 X1Σ+

g and a3Σ+
u states, respectively [276]. The red curve shows the Coulombic po-

tential energy of Cs 2+
2 , which is calculated from V (R) = 14.4/R + 2ECs

i , where V is in
eV, R is the interatomic distance of Cs2 in Å and ECs

i is the ionization energy of Cs. The
ETMD process from X1Σ+

g and a3Σ+
u states are presented by the orange and red vertical

arrows, respectively. On the right vertical axis, transition energy profiles from the X1Σ+
g

and a3Σ+
u states to the Coulombic Cs 2+

2 state are shown respectively by orange and red
shaded peaks, while the same for He +

2 to He2 decay is shown by the blue curve. The
schemes to calculate the eKE and KER due to neutralization of He +

2 .
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[275], respectively. Whereas, E(He +
2 ), E(He2), (E(Ak 2+

2 ) and E(Ak2) are the energies

of He +
2 , He2, Ak 2+

2 and E(Ak2) states, respectively. The corresponding potential energy

diagrams and the transition energy profile for He +
2 to He2 decay is shown in Fig. 4.15.

In Fig. 4.16 a1) and a2), the orange and red shaded peaks show the transition energy

intensity profiles calculated from (F [(E(ΨX,v=0) − V )]) for (Rb2 and Cs2) X1Σ+
g and

a3Σ+
u states, respectively, while the blue shaded peak shows the transition energy profile

for He +
2 to He2 transition. In Fig. 4.16 b1) and b2), the calculated eKE spectra of the

ETMD electrons are shown by the orange and red lines for X and a states of Rb2 and

Cs2, respectively, while the solid-shaded peak shows the corresponding convoluted eKE

spectra expected from the VMI spectrometer.

Similar to the dICD processes (shown in Fig. 4.8), in case of ETMD the KER spectra

of the Coulomb exploded ions (Ak+) will be the same, as in both the cases of dICD

and ETMD, the dissociations occur from the same interatomic distances of Ak 2+
2 . The

calculated and convoluted KER spectra are shown by orange and red lines without and

with solid-shading from X and a states of Rb2 and Cs2, respectively.

4.4.2 Charge transfer followed by interatomic Coulombic decay

Since the neutralization of He +
2 allows for ionization of the alkali atom from the inner

p-shell, similar to the cICD1 process discussed earlier, here we propose a new charge

transfer followed by interatomic Coulombic decay (CT-ICD) process in Ak2 attached to

He nanodroplets following the direct ionization of the droplet, leading to doubly ionized

Ak2. In this two step CT-ICD process, first CT occurs from the inner valence (n − 1)p-

shell of one of the alkali dimer constituents, which produces the an excited Ak +
2
∗ ion, see

below:

He +
2 + Ak2→ He2 + Ak+∗((n− 1)p−1).Ak (4.14)

Following that, an ICD takes place in which the inner p-shell gets filled by a valence

s-shell electron and another valence electron from the other alkali atom is ionized and

Coulomb explosion occur in the resulting Ak 2+
2 ion as follows:

Ak+∗((n− 1)p−1).Ak→ Ak+(ns−1).Ak+(ns−1) + e−ICD → [Ak+ + Ak+] + e−ICD (4.15)
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Figure 4.15: Schematic of the neutralization process of He +
2 in terms of the molecular

potential energy diagram. The black and the red lines show the potential energies of He2
[277] and He +

2 [173], respectively. The He +
2 is formed inside the droplet due to trapping

of He+ with a neutral He at a large interatomic distance. Due the attractive potential of
He +

2 , the interatomic distance of the same is reduced, and He +
2 de-excite to the ground

vibrational state by releasing the excess energy into the environment. At the interatomic
distance of potential minimum of He +

2 , neutralization of He +
2 takes place, shown by the

downward vertical green arrow. The inset shows the normalized intensity profile of the
released neutralization energy (∆E).
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Figure 4.16: (a1,a2) The orange and red shaded peaks show the transition energy intensity
profiles calculated from (F [(V − E(ΨX,v=0))]) for (Rb2 and Cs2) X1Σ+

g and a3Σ+
u states,

respectively. The blue shaded peaks shows the intensity distribution of the transition
energy due to neutralization of He +

2 . (b1,b2) The orange and red lines show the calculated
eKE from the (Rb2 and Cs2) X1Σ+

g and a3Σ+
u stats due to ETMD, respectively. (d1,d2)

The orange and red lines show the KER of single Ak+ ion from (Rb2 and Cs2) X1Σ+
g

and a3Σ+
u states, respectively. The peaks with the solid shading in (b1,b2,c1,c2) show the

corresponding spectra convoluted with the VMI spectrometer resolution function. The
peak heights of the unconvoluted spectra are normalized to unity for better visualization,
although for fitting the observed eKE and KER spectra with these calculated convoluted
spectra, their amplitudes were varied.
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Figure 4.17: Schematic of the CT-ICD process using the potential energy diagram of
Cs2. Black and blue curves represent the potential energy of Cs2 X1Σ+

g and a3Σ+
u states,

respectively [276]. The red curve shows the Coulombic potential energy of Cs 2+
2 , which is

calculated from V (R) = 14.4/R + 2ECs
i , where V is in eV, R is the interatomic distance

of Cs2 in Å and ECs
i is the ionization energy of Cs. The CT-ICD process consists of two

steps: CT and ICD. The first CT processes from X1Σ+
g and a3Σ+

u states are presented
by the vertical cyan arrows, whereas the second ICD step from Cs +

2
∗ state (dashed-green

line) to the Cs 2+
2 Coulombic state is shown by the purple arrows. Note that the dashed-

green line is a hypothetical potential energy curve with asymptotic energy of Cs+∗ 5p−1

level. The schemes to calculate the eKE and KER for this CT-ICD are also shown.
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This second ICD process is exactly same as the cICD2 process, since the product

ions of the previous CT and the cICD1 process are the same. Therefore the same eKE

spectra are expected from both the CT-ICD and cICD2 processes. The CT-ICD process

is schematically shown in Fig. 4.17 a), while in Fig. 4.17 b), the cyan vertical arrows show

the CT process from the X and a states (black and red lines) of Cs2 to the potential

energy curve of Cs +
2
∗ (hypothetically shown by the green dashed line). Following this,

ICD (shown by the vertical purple arrow) takes place in the Cs2∗ state, where the reduction

in the interatomic distance aides the decay, similar to the cICD2 step.

The assumption of the reduction in the interatomic distance is justified by the observed

ion-KER spectra, shown in Fig. 4.18. Clearly the calculated KER peaks from the ETMD

processes, taking place at the equilibrium interatomic distances of the X and a states

(shown by orange and red shaded peaks), are lower in energy than the observed KER

peak (shown by the Gaussian fit, black dashed line). Therefore, one can argue that there

are contributions from other processes taking place at lower interatomic distances, in

our case these are the ICD processes discussed above. Again in this case due to lack

of knowledge about the exact interatomic distance where the ICD processes occur, we

attributed the KER of each product-Cs+ ions to the experimentally observed ion-KER

peak shown in Fig. 4.18.

Thus the eKE of the emitted electron in this ICD process, can be calculated from the

following equation:

eKE(e−ICD) = E(Ak+∗((n− 1)p−1))− 2 EAk
i −KER([Ak+ + Ak+]) (4.16)

where, EAk
i and KER([Ak++Ak+]) are the ionization energies of the alkali atoms and the

total KER of the fragmented ions from the ICD processes following the CT, respectively.

Fitting of eKE spectra

Now, to explain the double ionization process at 26 and 60 eV photon energies respectively

for Rb and Cs doping, the corresponding eKE spectra correlated to Rb+ and Cs+ are fitted

with the calculated eKE peaks from both the ETMD and CT-ICD processes in Fig. 4.19.

The orange and red shaded peaks show the calculated eKE peaks corresponding to Ak+

upon ETMD in Ak2 from X1Σ+
g and a3Σ+

u states, respectively. Whereas, the magenta
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Figure 4.18: Ion kinetic energy release (KER) spectra correlated to Cs+ ions (grey line) at
60 eV photon energy for Cs doped droplets. The orange and red shaded peaks show the
calculated KER corresponding to Cs+ ions for ETMD in Cs2 from 1Σ+

g and 3Σ+
u states,

respectively. The black dashed line shows the Gaussian fit of the observed KER spectra.

and purple lines show the calculated eKE from CT-ICD in Ak2 where ICD proceeds from

Ak+∗ ((n− 1)p−1) P3/2 and P1/2 states upon CT to He +
2 , respectively. Note that, for Rb

doping, the CT-ICD peak from the ionization of Rb+∗ (4p−1) P1/2 state is missing, since

the mentioned state in energetically inaccessible via CT from He +
2 . The existence of both

the processes is clearly visible in the fitted eKE spectra. Although in case of Rb doping,

the eKE peaks due to ETMD (orange and red shaded peaks) and CT-ICD (purple line)

overlapped, this is not the case for Cs doping as the calculated corresponding eKE peaks

(orange and red shaded peaks for ETMD, and magenta and purple lines for CT-ICD)

are well separated and especially the newly proposed CT-ICD process dominates over the

known ETMD processes.

4.5 Discussion on dopant double ionization

From the above analysis on the electron and ion kinetic energy spectra in coincidence with

single and double alkali ions, we observe that due to photoexcitation of He 1s electron

both to the n = 2 droplets excitation band at 21.6 eV and to the continuum above
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Figure 4.19: The eKE spectra correlated to a) Rb+ and b) Cs+ ions (grey lines) at 26
and 60 eV photon energies for Rb and Cs doping, respectively. The orange and red
shaded peaks show the calculated eKE peaks corresponding to Ak+ upon ETMD in Ak2
from X1Σ+

g and a3Σ+
u states, respectively. Whereas, the magenta and purple lines show

the calculated eKE from CT-ICD in Ak2 where ICD proceeds from Ak+∗ ((n − 1)p−1)
P3/2 and P1/2 states upon CT to He +

2 , respectively. For Rb doping, the magenta line is
missing, since ionization to Rb+∗ (4p−1) P1/2 state is energetically inaccessible via CT
from He +

2 . The shaded cyan Gaussian peak shows the inelastically scattered eKE leading
to He∗(1s2p1P ) excitation following direct photoionization of the droplet and subsequent
charge transfer ionization of Cs2 in panel b). The black dashed lines show the total fit of
the measured eKE spectra.
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the ionization energy of the atomic He (EHe
i ), the Ak2 attached to the He nanodroplets

undergoes double ionization. At 21.6 eV, two competing processes, dICD and cICD are

present, whereas above EHe
i the competing processes are ETMD and CT-ICD. In the

dICD and ETMD processes, both the alkali atoms are ionized simultaneously, while in

cases of cICD and CT-ICD, step-wise double ionization in the Ak2 proceeds via inner

p-shell ionization of one of the Ak through ICD and CT from excited and ionized He,

respectively, in the first step.

Usually ICD process leads to ionization from the valence orbital, therefore the proposed

double ionization pathway in cICD is not very obvious. However, due to the large number

(6) of electrons in the inner valence (n − 1)p-shell compared the single electron present

in the valence ns-shell of an alkali atom and due to the relatively large orbital size of

the p-shell for heavy alkali atoms, ICD efficiency of p-shall can be considerable. In fact

Woratschek et al. [278] experimentally reported ionization from the Cs 5p-shell due to

interaction of He∗ with monolayer of Cs, and Ruf et al. [271] reported the same in an

atomic beam Penning ionization experiments. These observations confirm our claim of

having an ICD from the inner p-shell. Furthermore, theoretical calculations1 were carried

out to estimate the decay widths (which are inversely proportion to the ICD timescales)

for ICD from the 5p-shell and from the 6s-shell of Cs due to relaxation of the He∗ 1s2s3S

and 1s2s1S states at varying interatomic distance for the following processes:

He∗(3,1S) + Cs→ He + Cs+(6s−1) + e−ICD (4.17)

He∗(3,1S) + Cs→ He + Cs+∗(5p−1) + e−ICD (4.18)

In Fig. 4.20 a), the decay widths as a function of interatomic distance for processes (4.17)

and (4.18) are shown by (red and green) and (orange and blue) points for He∗ (3,1S) states,

respectively. Clearly, at interatomic distance lower than ∼ 4 Å, ICD processes leading

to inner p-shell ionization dominate over the same from the outer valence s-shell. This

indicates that the first ICD step in cICD process occurs when the distance between the

He∗ and Ak is low, which allows for sufficient overlap between the He∗ 1s2s, p and Ak

1These calculations were performed by Dr. Nicolas Sisourat, Sorbonne Université, CNRS, Labora-
toire de Chimie Physique Matière et Rayonnement, 75005 Paris, France, and the results were privately
communicated.
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Figure 4.20: a) Decay width as function of interatomic distance between He∗ (3,1S) and
Cs both for 5p and 6s ionization channels. b) Einstein coefficients as function of the
interatomic distance between He+ and Cs both for charge transfer ionization from Cs 5p
and 6s orbitals. c) Decay width as a function of interatomic distance between Cs+∗ (5p−1)
and Cs leading to doubly ionized Cs 2+

2 ion.
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(n− 1)p, aiding the ICD process.

Now the proposed CT-ICD process also requires charge transfer (CT) from the (n−1)p-

shell of the Ak atom to the He +
2 ion to initiate the subsequent ICD step. The former

CT process is most likely an non-radiative CT process through curve crossing between

the initial He +
2 Ak and final He2Ak+∗((n − 1)p−) potential energy curves. Theoretical

validation of such curve crossing phenomena is computationally expensive, due to large

number of participating electrons in the p-shell of the Ak, therefore was not pursued in the

current work. However, the assumption of non-radiative CT is valid because the potential

energy of curve of He +
2 (shown by the red line in Fig. 4.15) lies very close to the energy

of the Ak+∗ ((n − 1)p−1). Note that, the energies of Ak+∗ ((n − 1)p−1) P3/2 and P1/2

states are 20.803 and 21.497 eV for Rb and 17.430 and 19.097 eV for Cs, respectively.

Whereas the asymptotic limit and the minimum of He +
2 potential energy are 24.587 and

22.220 eV, respectively. Moreover, recently Ruchti et al. [279] showed that Xe atoms

doped in He nanodroplets are more efficiently ionized upon electron impact ionization

of the droplet than other rare gas dopants (Ne and Ar). The underlying mechanism

responsible for this highly efficient indirect ionization process derives from non-radiative

charge transfer process through potential energy curve crossing between the initial and

final states (see fig.6 in [279]). This non-radiative CT process produces Xe+ ion in excited
2S1/2 state, whose energy is 20.95 eV, very close to the ionization energy of He (24.587

eV). They also reported an radiative CT process, producing Xe+ ion in its ground state

(EXe
i = 13.436 eV), wherein the excess energy is released by a vacuum ultraviolet (VUV)

photoemission. Although the later process is comparatively very slow that the former non-

radiative process. These observations also validates our efficient CT ionization process

from the inner p-shell of the Ak atoms to the He +
2 ion, producing excited Ak+∗ ions which

then participate in another ICD process.

Furthermore, the CT efficiencies were theoretically estimated 2 in terms of the Einstein

coefficients, which indicate the rate of transition between two quantum levels, for the CT

processes producing Cs+(6s−1) and Cs+∗(5p−1) ions as a function of interatomic distance

2These calculations were also carried out by Dr. Nicolas Sisourat, Sorbonne Université, CNRS, Labo-
ratoire de Chimie Physique Matière et Rayonnement, 75005 Paris, France, and the results were privately
communicated.
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between He+ and Cs, see below:

He+ + Cs→ He + Cs+(6s−1) + e−ICD (4.19)

He+ + Cs→ He + Cs+∗(5p−1) + e−ICD (4.20)

In Fig. 4.20 b) the blue and orange points show the Einstein coefficients from processes

(4.19) and (4.20) as a function of the interatomic distance, respectively. It is clearly seen

that the CT rate for ionization to from the inner valence 5p-shell dominates over the same

from the valence 6s-shell at a lower interatomic distance below 4 Å.

Now, we also calculated the decay widths for the second ICD steps (see process (4.21)

below) in both cICD and CT-ICD processes in case of Cs2 as a function of interatomic

distance.

Cs+∗(5p−1).Cs→ Cs+(6s−1) + Cs+(6s−1) + e−ICD (4.21)

In Fig. 4.20 c) the blue points show the decay width as a function of the interatomic

distance, wherein we observe that there is a certain increase in the decay width below 5

Å. This confirms our assumption that this ICD process occurs at a reduced interatomic

distance of Cs2, and also explains the observed high KER of the product ions.

4.6 Summary

In these experiments with heavy alkali doped He nanodroplets, the inter-atomic/molecular

ionization of Rb and Cs, following both the photoexcitation at 21.6 eV and ionization of

the droplets above EHe
i are first observed by monitoring the Rb+ and Cs+ ion yields orig-

inating from the droplet as a function of photon energy, wherein the surface localizations

of these dopant atoms are indicated from the difference in these ion-yield intensities at the

droplet excitation and ionization regimes. We see double ionization of the dopant cluster

and their subsequent Coulombic fragmentations from the multi-ion ToF coincidence mea-

surements following both the excitation and ionization of the droplets. By analysing the

eKE spectra in coincidence with both single and double alkali ions, both the single and

double ionization processes are identified.

Upon photoexcitation to the n = 2 droplet band at 21.6 eV, the observed single ion-
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ization processes in the alkali dopants occur at different interatomic distances between

the He∗ and Ak in long-range and short-range ICD processes. Due to the difference in

the KER of the product-Ak+ ions from these processes and their ability to emerge out

of the droplet overcoming the strong attractive droplet-potential, these two processes are

differentiated by measuring the electron kinetic energy spectra in coincidence with the

alkali ions and the total electron kinetic energy spectra. To explain eKE spectral features

and ion-KER arising due to the double ionization, we proposed a novel two-step double

ionization process called cascaded-ICD (cICD) which competes with the known one-step

double-ICD (dICD) process. In the cICD process, first ICD step ionizes the inner-valence

p-shell of the alkali atoms due to relaxation of He∗. Then the resulting Ak+∗ ions de-excite

via another ICD which ionizes the neighbouring Ak atom.

Above E He
i following droplet photoionization, CT ionization of the dopants which leads

to double ionization in alkali dimer is observed. For our heavy alkali dopants, we proposed

ETMD and CT-ICD processes underlying the double ionization. While the ETMD is a

one-step process, the CT-ICD involves two ionizing steps, in which similar to the cascaded-

ICD, inner-valence p-shell of the Ak atom first gets ionized due to CT to the ionized

droplet, leaving an excited Ak+∗ ion for another ICD with the neighbouring Ak atom.



Summary and Future Prospects

4.7 Summary

Inter-atomic/molecular decays in acetylene (C2H2) and heavy alkali (Rb and Cs) doped He

nanodroplets are studied by implementing electron - multi ion coincidence spectroscopy,

where EUV radiations are used to resonantly excite or ionize the droplets. Upon pho-

toexcitation of the host He droplet to the n = 2 droplet band by 21.6 eV photon, inter-

atomic/molecular Coulombic decay (ICD) processes are observed in C2H2 dopants leading

to only single ionization, and in Rb and Cs dopants leading to both single and double ion-

ization. Here, electronic relaxations in He∗ (1s2s/p) induce ionization in the dopants, and

the kinetic energies of emitted electrons and ions carry the information about ionization

dynamics, i.e., insights into the participating electronic states of the host and dopants

as well as the corresponding nuclear dynamics. For C2H2 doped He nanodroplets, we

conclude that the C2H2 clusters in the droplet are singly ionized via Penning-like resonant

ICD process to all the available cationic states below the droplet de-excitation energy

from He∗ 1s2s 3,1S, and 1s2p 1P states, whereas for alkali dopants, both single and dou-

ble ionization of dopant cluster occur as a result of the same relaxations in excited host.

Model calculations are carried out to get insights into the surprisingly efficient double

ionization processes in alkali dimer attached to the droplet surface. Two mechanisms are

proposed: double-ICD (dICD) and cascaded-ICD (cICD). In the dICD process, two elec-

trons are ionized simultaneously from the alkali dimer upon de-excitation of He∗, while in

the cICD process two electrons are emitted from two cascaded ICD steps. First ICD oc-

curs in the inner valence p-shell in one of the alkali dimer constituents upon de-excitation

of He∗ leaving the alkali dimer in an excited ionized state. In the second ICD, the p-shell

vacancy is filled by an outer s-shell electron which leads to ionization in the other alkali

129
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atom. Thereby, this cICD creates spatially separated two positive holes in two neigh-

bouring alkali atoms which eventually undergo Coulomb explosion. Single ionization of

alkali dopant occurs when outer s-shell electron is ejected from the alkali atom upon de-

excitation of He∗, resulting in emission of electron with high kinetic energy and leaving

inadequate internal energy in the dopant ion for further ionization.

Decays initiated by single ionization in the host droplet are studied by irradiating pho-

tons with energy higher than the autoionization threshold (∼ 23 eV) of He nanodroplets.

The doped C2H2 cluster in the droplet is efficiently singly ionized upon autoionization be-

low ionization threshold of atomic He (EHe
i = 24.6 eV), and upon direct ionization of the

droplet above EHe
i , via electron transfer from the C2H2 cluster to the initially created hole

in the droplet. This process is known as charge transfer (CT) ionization and confirmed by

detecting the ionized host electron in coincidence with C2H2 cluster ions. However, upon

photoexcitation to n = 4 droplet excitation band below EHe
i , competing resonant ICD or

Penning ionization channels that lead to excited C2H +
2 C2Σ+

g and D2Σ+
g states due to

relaxation of higher lying He∗ 1s4p 1P state are discovered, along with the dominant CT

ionization channel following the autoionization.

Following direct photoionization of the host above EHe
i , for alkali doping, both single

and double ionization of the dopant clusters are detected. Charge transfer from the

outer valence s-orbital of alkali atom to He +
2 is responsible for single ionization in the

dopant, while the double ionization in the attached alkali dimer occurs due to two distinct

ionization mechanisms; electron transfer mediated decay (ETMD) and CT followed by

ICD. The ETMD process is equivalent to the dICD process, previously seen upon n = 2

droplet band excitation, wherein an outer valence electron from the alkali dimer gets

transferred to the vacancy of He +
2 in the droplet and simultaneously another outer valence

electron from the neighbouring dimer constituent is ejected, creating doubly ionized alkali

dimer. Likewise, the CT followed by ICD process is similar to the cICD process. Charge

transfer occurs between the inner valence p-shell of one of the alkali dimer constituents

and He +
2 . This initial CT creates neutral He2 and an excited inner valence ionized alkali

dimer cation where a subsequent ICD takes place. In the later step, the p-shell vacancy of

the excited alkali dimer cation is filled by an outer valence s-shell electron, and another

outer s-electron is ionized from the other alkali dimer constituent. Finally, both these

ETMD and CT followed by ICD processes lead to doubly ionized alkali dimers which
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Coulomb explode to produce same product ions. Theoretical calculations are performed

to simulate and compare the electron and ion kinetic energy spectra which confirm the

proposed mechanisms.

We are able to unambiguously identify various correlated inter-atomic/molecular decay

processes upon excitation and ionization of host He environment for two different types of

dopant with distinct electronic structure, by coincident measurements of electron and ion

kinetic energy spectra using co-axial time of flight and velocity map imaging spectrometer

working in tandem. We find that the decay processes indeed depend on the dopant

electronic configurations. We propose that a correlated electronic decay involving an

excited intermediate state with p-shell vacancy which subsequently decays through anther

ICD process is responsible for higher degree of ionisation. We show that C2H2 and alkali

dopants behave differently in response to decay processes, owing to their locations in the

droplet. Furthermore, from experiments with C2H2 doping, we demonstrate that Penning

ionization electron spectroscopy (PIES) can be used to uncover the structure of molecular

cluster formed inside He nanodroplets by exciting the host matrix. One can even gain

knowledge about the dynamics of the dopants post Penning ionization from the PIES

correlated to different dopant oligomer ions.

4.8 Future Prospects

The newly-proposed cICD and CT followed ICD processes provide the first experimental

evidence for higher order ionization mechanisms through intermediate excited cations

created by the ICD and CT processes in case of heavy alkali doping. Earlier theoretical

studies on aqueous lithium (Li+) and magnesium (Mg2+) ionic clusters predicted cascades

of ETMD and ICD processes producing multiple water ions (H2O+) through transient

excited H2O+∗ and Mg +
4
∗ ions, respectively, upon initial 1s ionization of these metal ions

[68, 59]. Previous attempts to experimentally observe such phenomena in LiCl doped

water cluster upon Li (1s) ionization were not successful, possibly due to the competition

between the subsequent ICD within H2O+∗ and H2O and Coulombic fragmentation within

Li+ and H2O+∗ [81, 82]. We are able to overcome such challenges arising from Coulombic

fragmentation which can inhibit the subsequent inter-atomic/molecular decays in our

current study by exploring these higher-order ionization processes where only a single
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transient excited ion is created in the intermediate step. Thus, this work motivates

further time-resolved studies on such higher order processes using ultrafast pump-probe

techniques to map the dynamics of the participating transient states.

Furthermore, upon resonant photoexcitation of the droplet to specific droplet bands

derived from He∗ 1s2p 1P and 1s4p 1P states, we have seen that the droplet first undergoes

ultrafast internal relaxations into lower lying excited states, He∗ 1s2s 3,1S [190, 191, 192],

then from these internally relaxed states inter-atomic/molecular decay proceeds in the

dopants. Thus, it will be intriguing to find out the time scales of these multi-step processes

by implementing pump-probe photoelectron spectroscopy. Ultrafast EUV-pump and IR-

probe available at free electron lasers or high harmonic generation lasers can be used for

these time-resolved investigations as recently done in case of Na doped He nanodroplets

[280].

In these experiments, the main focus was on studying inter-atomic/molecular decays

that lead to dopant ionization following single-electronic excitation or ionization of the

droplets. However, many radiative decay processes can be active following the external

perturbation and even from the final states that are discussed in this work. But, we

were not sensitive to these radiative decays because of the electron - multi ion coincident

technique used. Thus, one can also integrate coincident detection of photons into these

experiment to gain a more complete picture about the relaxation dynamics. Another di-

rection regarding the study of inter-atomic/molecular decays in doped He nanodroplets is

to investigate these processes upon double electronic-excitation of He where more complex

interplay with intra-atomic relaxations, such as, autoionization in doubly excited He∗∗,

are expected [281].
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