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Abstract

In this work we have performed Laser Photodetachment Threshold Spectroscopy
(LPTS) to determine the electron affinities of the atomic species *3*Cs and 190
with high precision. The negative ion of Cesium has been produced and in-
vestigated at the Gothenburg University Negative Ion and Laser LAboratory
(GUNILLA) while the Oxygen anion have been studied in the Double Electro-
Static Ion Ring ExpEriment (DESIREE) at Stockholm University. Pilot studies
have also been carried out to measure the electron affinity of complex molecu-
lar systems in DESIREE. Specifically, we have studied the beautifully symmetric
fullerene Cg, negative ion and its spontaneous and laser induced decays. A pre-
liminary analysis suggests that DESIREE’s internal temperature of 13 K may
allow an efficient cooling of these initially created hot molecules on time scales
of a few seconds. This is a key aspect in measuring detachment thresholds as
cooling suppresses hot band contributions associated with vibrationally excited
states. Therefore, photodetachment techniques of the types successfully used for
atomic species can be implemented for molecules. The preliminary results appear
to settle a matter of disagreement in the literature concerning the most precise
method to measure the EA of Cgg, that is, LPTS or Photodetachment Electron
Spectroscopy (PES).



Sammanfattning

I det hér arbetet har vi anvant LPTS (Laser Photodetachment Threshold Spec-
troscopy) for att bestimma elektronaffiniteterna for atomért cesium (Cs) och
syre (O) med hog precision. Den negativa jonen av cesium har producerats och
undersokts vid Goteborgs universitets negativa jon- och laserlaboratorium (GU-
NILLA) medan syreanjonen har studerats i Double ElectroStatic Ion Ring Ex-
periment (DESIREE) vid Stockholms universitet. Vi har dven utfort pilotstudier
for att mata elektronaffiniteten hos komplexa molekylara system i DESIREE.
Specifikt har vi studerat den hég symmetriska fullerenan jonen (Cg,) negativa
jonen och dess spontana och laserinducerade sonderfall. En preliminar analys
tyder pa att DESIREEs inre temperatur pa 13 K mojliggor en effektiv kylning
av dessa initialt skapade heta molekyler pa tidsskalor av nagra sekunder. Detta
ar en nyckelaspekt vid méatning av elektronaffiniteten eftersom kylning under-
trycker bidrag fran varma molekyler (vibrationellt exciterade tillstand). Déarfor
kan LPTS-tekniker av de typer som framgangsrikt anvands for atomer imple-
menteras for studier av molekyler. De preliminara resultaten verkar avgora en
fraga om motstridiga resultat som tidigare rapporteras i litteraturen angaende
den mest exakta metoden for att méta elektronaffiniteten for Cgg, det vill sdga
LPTS eller PES (Photodetachment Electron Spectroscopy).
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Chapter 1

Introduction

Charlie Brown... I can’t get that stupid kite in the air...

it can’t... 1 cannot...’

Lucy... "Oh come now Charlie Brown... that’s no way to talk...

the trouble with you is you don’t believe in yourself...

you don’t believe in your own abilities... you’ve got to say to yourself...
i believe i can fly this kite.’... go ahead say it...’

Charlie Brown...’I believe that i can fly this stupid kite...

1 believe that i can fly this kite...

I actually believe that i can!

Lucy...’I'll bet you ten-to-one you’re wrong!’

Charles M. Schulz

1.1 Studies of negative ions

Negative ions are physical systems of great interest in both fundamental and
applied research [1, 2]. In these systems, the long-ranged ~ 1/r Coulomb po-
tential experienced by the excess electron is screened by the remaining negative
electron cloud. The fundamental force that binds the excess electron is then a
short-ranged ~ 1/r? polarization potential. Electron correlation energy then be-
comes more important as the binding energy of the negative ions are typically
much smaller than the corresponding one in neutral systems. This makes negative
ions excellent tools to benchmark theories beyond the independent particle model
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where electron-electron interactions are replaced by an effective average electron
interaction. In the independent particle picture, Hartree-Fock methods account
for 99% of the energy. The remaining 1%, however, which is most important for
describing chemical phenomena, is generally overestimated since electrons are on
average further apart from each other due to electron repulsion. Hence, theories
like Multi-configurational self-consistent Hartree-Fock or density functional meth-
ods (DFT) have been developed in order to better describe electron correlation [3].

On the empirical side, astrochemistry and atmospherical sciences, for instance,
greatly rely on the precise knowledge of negative ion binding energies which are
then used to model the formation and destruction of ions in space [1]. Carbon
chains of negative ions, such as CgH™ and C4H™, have been identified in outer
space through their rotational fingerprints [4]. In another example, R. Wildt
predicted that the opacity of our sun was in fact a consequence of the produc-
tion of H™ in the sun’s atomsphere [5]. This was later experimentally proved
by Branscomb through measurements of the photodetachment cross section of
electrons from H™ and D~ [6].

The underlying force which binds the extra electron to the neutral atom can
be understood from a semi-classical perspective. The short-ranged ~ 1/r poten-
tial arises from an induced dipole potential produced from the polarization of the
atom in the presence of the external electron’s field. Thus, any attached electron
is weakly bounded to the nuclei by this short-ranged potential. Consequentially,
these systems have very few, if any, electronic excited states. Particularly, the
majority of atomic systems lack excited states with opposite parity with respect
to the ground state. Hence, usual spectroscopic studies probing dipole allowed
transitions are not possible. Electron affinity is then one physical quantity which
can be measured in these systems instead. It describes the minimum energy re-
quired to detach the extra electron from the ground state of the neutral atom
and is a measurement of electron correlation.

In order to measure electron affinities, Laser Photodetachment Threshold
Spectroscopy (LPTS) is often utilized. In this experimental technique, the anion
system absorbs a photon whose energy is equal to or very close to the energy
required to detach an electron. What is often measured is the neutral product
after the detachment process as a function of photon energy. If photodetach-
ment following photon absorption takes place, the electron departs from the atom



1.1. STUDIES OF NEGATIVE IONS 9

DR - I = 0
4 - N === 1=1
: B | =

3 —-—- Coulomb

Verr [a.u.]

0.5 1.0 1.5 2.0 2.5
Distance to nucleus [a.u.]

Figure 1.1: The potential V.s; using equation 1.1. The potential barrier sup-
presses electron waves for higher angular momenta [ > 1. In this graph, the
polarization of the system is @ = 1laj and V,, = 0. The Coulomb potential is
shown with a red dashed line.

and, in the vicinity of the energy threshold and a reduced mass reference frame
(me = h =1 in atomic units), it will experience a potential given by:

Vepp = —a/2r* + 1(L + 1) /2ur? + Vi, (r) (1.1)

where [ is the angular momentum of the outgoing electron. The first term corre-
spond to the induced polarization potential, where « is the polarizability of the
neutral system. The second term is the centrifugal barrier and V,,(r) is the po-
tential from the interaction of higher multipole moments with the outer electron’s
field. If the interaction between the departing electron and the neutral atom falls
faster than ~ 1/r? at long distances, the dominating term will be the centrifugal
term and the cross section for photodetachment will follow

o(E,) < (E, — Ery,) /2 (1.2)

where E, is the photon’s energy and Ery, is the energy threshold for photode-
tachment. This law was derived by Wigner in 1948 [7] and it is valid in the near-
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threshold energy region of the cross section. Photodetachment near-threshold
cross sections are modelled with this law. Here it is clear why LPTS experiments
gives highly accurate measurements. From the rules of angular momentum con-
servation, the detached electron only acquire angular momentum such that the
total change in the reaction is zero. From dipole transition selection rules, if the
change of the states between the neutral atom product and the negative ion is
AL = 0, then, the electron’s angular momentum changes as [ — [ £+ 1 as the
departing electron takes away the angular momentum of the photon. On the
other hand, if AL > 0 then, [ = AL + 1. As an example, if the the electron
is detached from a 'S state and leaves the atom in 2P, then AL = 1 and the
electron acquires an angular momentum of 0 or 2. As shown in figure 1.1, waves
with [ = 2 are normally suppressed as they need to tunnel through the potential
barrier, so most of the departing electrons will have [ = 0 (s-wave) giving a sharp
onset in the energy threshold. As I will show in the following sections, an s-wave
Wigner law is suitable for high-precision electron affinity measurements of atomic
systems (As presented in papers I and IT). The absolute cross sections can be cal-
culated from the dipole matrix elements between the electronic wave functions of
the negative ion bound state and the neutral atom plus a free electron (see for
example [8] for a complete derivation). Throughout this work, however, only the
relative photodetachment cross sections will be measured. This is sufficient to
determine the threshold with high precision.

Another type of studies involving the determination of electron affinities are
laser photoelectron spectroscopy (LPES) [9]. There the kinetic energy of the de-
tached electron is measured after photodetachment. The electron affinity can be
determined from the relation Ey = hv — Erpy, where hv is the photon’s energy
and FErpy, is the photodetachment energy threshold.

1.2 Beyond the Wigner threshold law

Several theoretical studies have been developed in order to assess the Wigner’s
law validity and accuracy for long range multipole-forces. The introduction of an
extended law might be essential to improve the accuracy of EA measurements in
more complex systems as in the case of molecules. Therefore, in this section I will
give a brief introduction to some of the extended theories that consider corrections
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to equation 1.2. In 1961 O’Malley developed a modified effective range theory
(MERT) which described how the polarization potential V,, ~ o /r* affected the
threshold in a spherically symmetric atom [10]. Through a proper normalization
of the wave function in the final state, he derived correction terms proportional
to ak?ln(k) and O(k?) [11], with k being the linear momentum of the detached
electron. The coefficient « in the first correction term corresponds to the polar-
izability of the neutral atom. The second correction term is also dependent on
polarization, which limits the range of applicability of the model [12, 13]. Despite
these limitations, this model has been successfully used by Hotop and Lineberger
to determine the absolute cross sections and the electron affinities of Au~, Pt™,
and PtN~ negative ions [14]. In their experiments, they observed a deviation
from the Wigner law for photon energies exceeding 50 meV above the threshold
for electron detachment. In contrast, Lindahl et.al. [15] could not describe their
LPTS data with O’Malley’s model (MERT) due to the huge static polarizability
of the highly excited states of the neutral potassium (K) atom, 3 936 137 a3 and
-3 097 696 a3 in the final state channels of 5?F and 52G respectively.

In 1979, Stehman and Woo presented a zero core contribution model (the
ZCC approximation) in order to predict absolute photodetachment cross sections
of atomic negative ions [8]. This model considers the finite size of the system and
assumes a frozen inner electron core of radius ry so that a single outer-electron
function can be factored out from the many-electron wave function. This semi-
empirical approach only requires the inputs of the energy threshold Er; for the
detachment channel of interest, the core radius ry, and the angular momentum
of the outermost orbital L of the neutral atom. The core radius is often taken
from Hartree-Fock calculations, and the energy threshold from the experiment.
In 1989, Farley [16] assessed the range of validity of Wigner’s model by evaluating
the leading terms near the photodetachment threshold and found that, in the limit
of @« — 0, the ZCC model led to O’Malley’s result [11]. For photodetachment
processes, where L = 1 and for k — 0, a ZCC photodetachment total cross section
expression is written as,

= 9hz (Bl<k/’7> + B3(k/7>3) (1.3)
In this expression,

By = 2x(2* + 3z + 3)*/(x + 2) (1.4)
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Figure 1.2: Photodetachment cross section as a function of the detached elec-
tron’s linear momentum £ for Wigner and ZCC models. The black solid line is
the combination of the contributions of s and d electron waves in the Wigner law.
The individual s and d wave contributions are shown with a dashed and dotted
black lines respectively. Farley’s ZCC model is represented with a red dashed
line where the angular momentum of the final state of the neutral atom, after
photodetachment, is taken as L. =1.

and
By = —2x(3x +6) ' (2? + 3z + 3)(2* + 52° + 15 + 302 +30)  (1.5)

with © = yry and v = (2mE;;)"/?/h. E;; is the energy difference between the
state ¢ of the negative ion from where the excess electron was removed and the
state f into which the neutral atom is left. The Bk term being the Wigner term
and Bsk?® the leading correction. The ZCC model has been applied to atomic
anions and extended to molecular anions such as O;, S; and NO; using an ex-
tended version of the ZCC model [17, 18]. In this extended model, they relied
on the Born-Oppenheimer approximation in order to separate the electronic and
vibrational wave functions of the molecular system. From this approximation
they arrived at a cross section which is independent of the molecule’s orientation.
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Figure 1.2 shows a comparison between the Wigner and ZCC models. The com-
bination of s and d Wigner terms is represented with the black solid line. In this
combination, the sum of two Wigner terms (equation 1.2) with [ = 0 and [ = 2
is used. The individual s and d wave contributions are shown with a dashed and
dotted black lines respectively. In the ZCC model, the cross section was normal-
ized by only considering the leading term. When the correction term is turned
on, a deviation from the Wigner model is seen after an energy of ~ 20 meV above
threshold, as shown with the red solid line.

In another example, Sandstrom et al. [12] used instead a MERT developed
by Watanabe and Greene [19] (WGMERT) in order to correctly describe the
near-threshold photodetachment cross section of Lithium(Li) and Potassium(K).
In their work, they determined the electron affinity of these two atomic systems.
Moreover, they observed the energy upon which the Wigner law was not valid
anymore and the energy at which the d wave contribution started dominating
over the s wave contribution. Their results are summarized in table 1. The first
column shows the final state in which the system (with Li or K atoms) is left after
photodetachment. The second column corresponds to the electric static polariz-
ability for each of the neutral systems at a given final state. Column 3 shows the
energies after which the Wigner law does not correctly describe the data anymore
and the last column shows the energies where the d wave starts dominating over
the s wave. The values of the last two columns are based on the results from
[12]. The last three rows show the polarizability of the case studies for this work
(Oxygen, Cesium and fullerene Cgp).

Finally, it is worthwhile to mention the deviations from the Wigner law in
molecular species with permanent dipole moments. Engelking derived a modifi-
cation to the Wigner threshold behavior near rotational energy thresholds, where
electron-dipole interaction is particularly important [20]. The electron-dipole in-
teraction mixes the different partial waves upon which the outgoing electronic
wave function and angular momentum are represented. An effective quantum
number, denoted as A, then replaces [ in the Wigner threshold law (equation
1.2), where \ is usually non-integer. For molecules with a large dipole moment
(> 1.5D), the exponent which describes the angular momentum of the outgoing
electron is then P = X\ 4 1/2. For example, Schmidt et.al. [21] studied how
the different populations of the rotational levels in OH™ thermalize when stored
in DESIREE and used P = 0.28 in their analysis, an empirically determined
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exponent, from [20]. Wester et.al [22] measured this exponent for the photode-
tachment energy threshold of the CN™ anion in their multipole ion trap. The
value of P in this case was 0.46(9).

Final state a [ag]  Wigner validity [meV] s wave range [meV].
e (ks)—K(dpsn) 600 0.2 > 1

e (ks)—Li(2p) 126.8 0.4 5

e (ks)—Li(3p) 28235 0.1 0.1

e (ks)—0O(2p) 5 > 0.04 > 0.04

e~ (ks)—Cs(6ps/2) 1631 > 0.04 > 0.04

e (k’Tf) C(;()( ) 533 - -

Tabla 1.1: Summary of the results of Sandstrom et al. [12] for Potassium (K)
and Lithium (Li). The last three rows show the difference in polarizability for
the case studies of this work (1°0[23], 33Cs and Cgq [24]). In the case of Cs, the
polarizability was calculated with the ARC Rydberg calculator python package
[25]. Column 1 .- the final state of the system after photodetachment. Column
2.- static Polarizability values. Column 3.- the energy after which the Wigner
law fails to describe the experiment. These values were taken from observations.
Column 4.- the energy after which the d—wave starts dominating over the s—wave.
As in column 3, the values are observational. The values of the two last columns
for the case studies of O and Cs were taken from the experimental results of paper
I and II.

1.3 Studies of atomic systems: ?*Cs and 90

As a first case study, in this work I will present the most precise experimental
determination of the electron affinity of Cesium (Cs) by means of LPTS. The
measurement was performed in Gothenburg University Negative lon and Laser
LAboratory (GUNILLA). More of this laboratory will be described in the exper-
imental method section 2.4 (And more details are also found in paper I of this
work). Cesium is an alkali element with atomic number 55 and with a single
stable isotope with an atomic mass of 132.9 amu. Its electronic ground state con-
figuration term is 625} o, whereas the respective ground state term of the anion is
6'Sy. The precise knowledge of the electron affinity of Cs is important in order to
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understand, for instance, charge exchange processes for the production of nega-
tive ions inside sputtering sources [26] or in mutual neutralization processes where
an electron is transferred from the negative ion to the positive ion upon collision
27, 28, 29]. The first theoretical value of the electron affinity was calculated by
D. W. Norcross [30]. In his work, he employed semi-empirical effective potentials
to calculate the binding energy of the ground states of several alkali negative ions.
The value calculated for Cs was of 0.467 eV Later on, two LPTS measurements
verified this results [31, 32]. Several years after, Hotop and Lineberger reported
a value of 0.471630(25) eV (This value is tabulated in [2]). However, the experi-
mental paper remains unpublished. Therefore, the most accurate published value
(before our paper I was published) is 0.47164(6) eV performed by Scheer et al [33].

As a second case study on atomic systems, I will present the most precise mea-
surement of EA performed for any atomic species, namely for Oxygen 0. The
LPTS experiments were carried out in one of the two rings of the Double Elec-
troStatic Ion Ring ExpEriment (DESIREE) at Stockholm University (described
in more detail in section 2.5). This unprecedented high-precision measurement
was the result of an experiment developed and performed by M. Kristiansson
et. al. [34] (paper II) and thoroughly described in the thesis [35]. Here I will
only highlight the most important parts of this work in order to introduce the
reader to the novel methodology. To put the reader into context, DESIREE’s
extraordinary features stem from the cryogenic operation (13 K) and hence long
time storage capability of ions under excellent vacuum conditions. This opens the
path for determining EA for molecules that are able to relax to their vibrational
ground states, which is key to improve LPTS precision in molecules.

1.4 The fullerene Cy, negative ion

As the third case study, I will present some preliminary studies of the fullerene
Cgo molecular negative ion. In molecular anions, the measurement of EA by
LPTS is far more complicated than in atomic systems due to the high number of
low-lying thermally accessible states of the system. Nuclear motions of molecules
give rise to a rich structure of ro-vibrational levels that are thermally populated
upon their creation in hot physical conditions. This means that their internal en-
ergy excitation distribution is broad and the population is distributed among the
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Figure 1.3: The structure of Cg, together with an energy diagram showing its
five bound states according to calculations (left) and the two states that have
been observed in experiments (right) [36]. The energy levels are not to scale.

energetically accessible internal degrees of freedom of the molecule. The ability
to resolve the photodetachment energy threshold is hampered by all the molec-
ular neutral products whose electron was detached from one of these low-lying
ro-vibrational states. Therefore, molecules have to be either cooled down or pro-
duced in cold environments to minimize the amount of population in the excited
levels. In DESIREE, we have investigated how different types of molecules cool
down in order to understand to what extent is it possible to reduce their internal
excitation energy when they are produced in hot conditions [37]. In fact, one of
the key aspects into the case of study for Cg, is first to assess if DESIREE is able
to thermalize an ensemble of hot fullerenes down to the surrounding temperature
(13 K) on a time-scale that is less than the lifetime of the anion beam inside the
ring. Secondly, to estimate the amount of time over which these molecules have
reached this thermalization.
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1.4.1 The importance of the fullerene Cg

The history of the discovery of the fullerenes is as important as it is interesting.
It has its roots in unexpected results from studies of carbon-soot experiments
in an effort to understand the origin of the so-called diffuse interstellar bands
(DIBs) [38]. The experiment performed by Kritschmer and Huffman revealed
several artifacts in the spectra which were initially not understood [39]. Later on,
Richard Smalley and Harry Kroto, upon laser vaporization of graphite, discovered
that these artifacts stemmed from clusters of 60 carbon atoms whose geometrical
configuration favored its production. After these discoveries, a lot of research was
devoted to understand the actual geometry of these molecules. Their chemical
inertness and stability lead them to believe that this was a closed caged that
resembled the architectural structure of Richard Buckminster Fuller. Initially,
there was a lot of skepticism in the science community regarding the existence
of such exceptional form of a carbon structure. However, the indisputable proof
of its existence came with the measurement of the NMR single line (The one
line proof) [40]. From that moment, they adopted the name of fullerenes and
extensive efforts were done to produce them in large quantities. Also, since then,
studies have been carried out on fullerene Cgy and its positive and negative ions to
understand their electronic and vibrational energy levels [41, 42, 43], distortions
[44], electron affinities [45, 41], isomerization barriers [46, 45] and endohedral sys-
tem effects with alkali atoms inside the molecule [36], to mention a few.

The symmetry of the neutral species of fullerene Cg is Ij, the highest point
group symmetry and corrresponds to an icosahedral symmetry. It is a highly
thermodynamical stable molecule of the fullerene family with 60 carbon atoms
arranged as 12 pentagons and 20 hexagons distributed in a closed cage. It is also
the smallest member of the fullerene family that obeys the isolated pentagon rule
[47] where each pentagon is surrounded by 5 hexagons. The highest occupied
molecular orbital (HOMO) of the neutral Cgg is h, which is a representation of
the I, symmetry group with a 5-fold degeneracy. In Cg, the extra electron occu-
pies the next molecular orbital and the HOMO is now ¢1,, which has a degeneracy
of 3 (the lowest unoccupied molecular orbital, LUMO, being t;,). The question of
how many bound states Cg, have was addressed by Cederbaum et.al. [36]. Using
high level ab initio calculations of coupled cluster EA-EOM-CCSD [48] with a
large basis set of augmented triple zeta aug-cc-PVTZ [49] they were able to find
a total of 5 bound states in the negative ion. These levels are reported in [36] and



1.4. THE FULLERENE Cy, NEGATIVE ION 18

are shown in this work in figure 1.3 together with their I, point group represen-
tations. The geometrical structure is shown on the left side and the experimental
and theoretical values are shown on the right side. It is also mentioned in [36]
that the experimental values are adiabatic, i.e. they are the difference between
the neutral’s and anion’s energies at their corresponding conformal geometries
while theoretical results are the vertical attachment energies.

Perhaps one of the most astonishing facts about the discovery of these com-
plex molecules is that they have been observed in space in the proximity of stars
(in neutral and cationic forms) [50]. How they are formed and survive in outer
space are still unanswered outstanding questions. One of the steps to address
these questions is given by the investigation of their cooling dynamics. A great
amount of work have been done in order to shed light into energy loss rates and
cooling rate coefficients of the neutral fullerene Cg [51], as well as their positive
and negative ions [52, 53]. In one of their earliest publications, Klavs Hansen
et.al. showed how the internal energy distribution of a hot ion beam of Cg, shifts
to lower energies by means of thermal electron emission [54]. The range of probed
internal energies was from 14.1 eV to 9.7 eV. By using laser induced delayed cool-
ing techniques, they also determined that the radiative cooling was in the order
of tenths of eV/s at t = 20 ms from their creation (at ¢t = 0, with a temperature
of ~ 1400K). The emission of high energy photons for heat dissipation in the
molecule (with a lower bound of 0.66 €V) is understood to come from the radia-
tion of a giant plasmon resonance in Cg,. This is a broad excitation created from
collective electron excitations [55].

On the other hand, radiative cooling of molecules, for instance in Polycyclic
Aromatic Hydrocarbons (PAH’s) [56] could also be attributed to the process
of recurrent fluorescence or the competing much slower process of infrared (IR)
cooling. In the former process there is an inverse internal conversion from vibra-
tional to electronic excited states with the subsequent photon emission from the
electronic state. This relaxes the molecule to its electronic ground state while
dissipating a large amount of internal energy from the anion. In the latter pro-
cess, the molecule dissipates energy by emission of IR photons corresponding to
infrarred active vibrational modes. In this work, I will present pilot studies on
how the hot fullerene Cg, negative ions cool down when it is injected and stored
in one of our rings at DESIREE. This gives information on the time upon which
they thermalize inside the ring and hence acquire well-defined conditions over
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which LPTS could be performed in order to measure the EA.
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Chapter 2

Experimental methods

In this chapter I will describe the experimental methodology and techniques im-
plemented in the present studies of atomic and molecular negative ions. I will
address two high-precision experiments where the EA in Cesium (**3Cs) and Oxy-
gen (1°0) were determined by implementing LPTS. Furthermore, I will discuss
the on-going developments to measure the EA of molecules at DESIREE, specif-
ically for the fullerene Cgg. The first of the experiments with atomic species
(133Cs) was performed at the Gothenburg University Negative Ion and Laser
LAboratory (GUNILLA), an electrostatic accelerator developed for the study
of atomic negative ions. The second one (**0) was carried out at the Double
ElectroStatic Ion Ring ExpEriment (DESIREE) in Stockholm, an electrostatic
storage device (ESD) developed and built for experiments of mutual neutraliza-
tion between atomic and molecular ions in an essentially black body radiation
free environment [37]. This chapter will be presented in the following way. First,
I will briefly introduce the reader into the laser systems, the negative ion sources
and the detectors that were utilized at both experimental facilities. Afterwards,
I will summarize how the anion beams are selected and guided into the main
section of the chambers where they are overlapped with the laser beams. I will
then explain the main key ideas behind the methods followed by a more detailed
explanation of the experimental features at both facilities.

2.1 Laser systems

Lasers are outstanding light sources that are widely used in atomic physics. Their
narrow spectral bandwidths and large time and space coherence make them a per-
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fect tool for experiments where precise control of quantum states is required. More
specifically, spectral coherence is an important key to measure electron affinities
given that the resolution of the experiment is ultimately limited by the convolu-
tion between the spectral bandwidth of the laser [57] and the energy spread of
the ions.

In this thesis, two types of laser sources were used, namely, Q-switched nanosec-
ond pulsed lasers and a continuous wavelength solid state laser. At GUNILLA,
pulsed lasers with a 10 Hz repetition rate were utilized. As I will present later
in the result section 3.1, by using pulsed lasers, the background signal stemming
from laser noise and residual gas collisions can be substantially decreased (x10%)
by synchronizing the time gate of the detector with the signal coming from ion
photodetachment products. Furthermore, as photodetachment is typically a non-
resonant process, the photon density of each pulse greatly enhances the number of
absorption events. The laser used for photodetachment in GUNILLA is a Sirah
PrecisionScan pulsed dye laser which uses a solution of DCM dye in dimethyl
sulfoxide (DMSO) as the gain medium of the laser [58]. The spectral gain for
this dye entails a wavelength range of 636 — 680 nm. The bandwidth specified
in the datasheet is 0.075 cm™ (9 pueV). A second pulsed laser utilizes an OPO
(optical parametric oscillator) which consists of an optical resonator and a non-
linear crystal element where parametric amplification occurs. Inside this crystal,
an Nd:YAG laser photon (532 nm) is converted into two photons from a second
order non-linear interaction which satisfies energy and momentum conservation.
This allows the wavelength to be varied as the angular orientation (or tempera-
ture) of the crystal is changed (a change in the phase-matching condition [59]).

At DESIREE, a continuous wavelength solid-state laser from M Squared
Lasers is used for the photodetachment experiments. The main part of the
laser consists of a ring-type cavity containing several optical components, the
most important ones being the etalon and the gain medium crystal. Essentially,
the gain medium is a titanium doped sapphire crystal which is pumped with
an Nd:YAG 532 nm laser. This produces photons in the wavelength range of
700 — 1000 nm. The wavelength variation is coarsely done by tilting the etalon
inside the cavity. A finer variation and scanning of the laser is performed with a
piezo electric transducer (PZT) which changes the cavity length according to the
voltage delivered to the PZT. The maximum length of the wavelength scan varies
according to the state of the optical components and by the element that is tuned
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to produce the scan. For an etalon tilt variation, a continuous wavelength scan
of ~ 100 GHz can be performed. Control of the jittering of the etalon together
with an active stabilization of the cavity resonator delivers a spectral bandwidth
of <1 MHz(< 5neV) at a wavelength of 780 nm. This width is ten times lower
than the resolution of the hitherto most precise electron affinity measurement
that has been performed at DESIREE [34] (see paper II).

2.2 Detectors

The detector that was used for the GUNILLA experiments consists of a micro
channel plate (MCP) stacked in a z-configuration followed by two delay line an-
odes. These anodes are used as position sensitive detectors. Briefly, a shower of
secondary electrons impinge into the anodes as a charge pulse whenever a parti-
cle hit the channel plates. This pulse of charge divides into two equal parts and
propagate in opposite directions. Both of the pulses are time-tagged in the end
sides of the anode lines. The position where the detector is hit by the particle is
retraced back from the time difference information from both X-Y anode lines.
The reader is referred to [60] to find more information about this novel detector.

In DESIREE, two different types of detectors are used in this work in a com-
plementary manner. An MCP with resistive anode (RAES, located in the end
part of the lower straight section of the S-ring, see section 2.5) and an imaging
detector (ID, located at the middle straight section of the rings). If one of the
two detectors is used to detect a prompt signal, the other one is utilized to detect
any delayed signal. The ID consists of an MCP in z-stack configuration com-
bined with a phosphorous screen anode. The emitted electrons from the MCP
are accelerated and hit the screen resulting in emission of light. The light propa-
gates through a beam splitter where the transmitted photons end up in a CMOS
camera. The rest of the light is reflected towards a 16-channel PMT. The main
purpose of this detector is to discriminate between arrival times of different neu-
tral products for MN experiments (more information about this detector can be
found in [29]).
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2.3 Creation and acceleration of negative ions

The negative atomic ions in this work were produced with an ion source called
SNICS (source of negative ions by cesium sputtering) [61]. There are other types
of sources for anion creation like electron attachment-type sources [62, 63]. These
latter sources work particularly well for molecular systems of high electron affini-
ties and electron attachment cross sections, such as fullerenes [64] or polycyclic
aromatic hydrocarbons (PAH’s) [56]. Laser desorption sources entails less vio-
lent processes, where an ablation target with a specific powder is irradiated with
powerful laser pulses [65]. On the other hand, more fragile anions such as bio-
molecules have to be produced cold to prevent their thermal destruction. For
these cases, Electrospray ion sources [66] and helium nanodroplet sources may be
used instead [67, 68].

extractor
. ﬁ slits Sector Magnet

F.Cup 2 u

Figure 2.1: A schematic of a SNICS source for producing atomic and molecular
anions coupled to a sector magnet used for mass-to-charge selection. O: oven with
cesium reservoir. C: cathode with powder inside a crater, A: spherical surface
anode. After creation the ion beam is accelerated through the extractor and an
Einzel lens which focus the beam into the first slits. A Faraday cup is placed
after the slits to measure the amount of anion beam current. A sector magnet
bends, mass-to-charge selects and focuses the species of interest into the second
slits. A second Faraday cup is placed just afterwards to measure once again the
anion beam current.
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The SNICS has been tested for different atomic and molecular systems which
can be readily reproduced [69]. A schematic is shown in figure 2.1. Essentially,
negative ions are created in events following ion bombardment by Cesium pos-
itive ions (CsT). They are accelerated from a spherical anode surface, that is
called ionizer (a) onto an aluminum cathode crater (¢). The crater is filled with
a powder containing the desired atomic or molecular species. Positive ions (Cs™)
are formed by thermal ionization of Cs vapor atoms which are condensed and de-
posited on the zonizer. Moreover, the temperature gradient between the cathode’s
surface and the surroundings allows condensation of the vapor, thus creating a
thin layer of Cs in such surface. The key factor here is the low work function of
the Cs layer which allows electrons to be released at ease. Once released, these
electrons are attached to the sputtered products with a certain probability and
consequently accelerated through the extractor region shown in 2.1.

filament

T n
° ®
extraction
electrodes

Figure 2.2: A schematic of the electron-attachment type of source to produce
negative ions of Cyg fullerenes. The oven is heated up typically to approximately
500 K to produce gas phase molecules. These molecules enter a chamber into
a region where a pin electrode is placed in the middle section of the chamber.
A tungsten filament surrounding the pin is utilized to produce electrons from
thermal ionization which are further accelerated with the aid of a bias voltage
between the filament and the middle pin electrode. The electron affinity of the
fullerenes and the cross section of electron attachment is such that the negative
ions are produced efficiently and accelerated through the extraction electrodes.

The negative ions are accelerated with a potential between the cathode and
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the ionizer (anode) (see figure 2.1), and extracted with a kinetic energy defined
by the extractor voltage. At GUNILLA, a SNICS source is used and the anions
are accelerated with 6 keV. Electrostatic components (usually called optical el-
ements) such as Einzel lenses [70] (multipoles with & > 4 are used as well [71])
are used to focus the ion beams into the nominal trajectory of the accelerator.
The ion beam passes through a first pair of slits and into a dipole sector magnet
which is used to mass-to-charge (m/q) select the system of interest. The mass res-
olution M /AM is determined by the size of the open area defined by the slits [71].

For the experiment with Cg, anions, an electron-attachment type of source
(developed by Yamada et.al. [63]) is used to produce the ion beam. A schematic
of the source is depicted in figure 2.2. In this source a Cgy fullerene powder
is placed inside an oven where it is heated up to 500 K K. Gas-phase neutral
fullerene molecules enter a chamber with a pin located in the center of a tungsten
filament. Thermal electrons are accelerated from this filament to the grounded
pin electrode by using a voltage bias of ~ 15V and a current of 20 A. Cg
negative ions are produced inside the tungsten filament and their production is
dependent on the bias voltage and the current of the filament, as well as on the
oven’s temperature.

Even though ion beam acceleration seems straightforward it creates two main
problems in the methodology which ultimately limits the resolution of the ex-
periment. The first of them regards the energy spread of the ion beam. On
one hand, the thermal and spatial distribution conditions over which ions are
created and accelerated inside the sources will define their initial kinetic energy
distribution. The fastest ions will come out from the source’s extraction region
first, so they will be subjected to acceleration a shorter time than the slower ions.
On the other hand, particles with different momentum will have slightly differ-
ent trajectories inside the magnet. Thus, their kinetic energy distribution will
broaden since particles will experience a different amount of Lorentzian force. For
kinetic energies of ~ 10 keV the energy spread inside the magnet is on the order
of ~ 1 peV (as measured in the experiments). The second problem is related
to the transversal movement of the ions along the beam trajectory of a storage
ring accelerator. According to the equations of motion of an ion in an external
field, the particle will experience oscillations relative to the nominal accelerator
trajectory, the so-called betatron oscillations. The overlap of the ion beam with
the laser is generally difficult to quantify because of this.
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2.4 RADAR in GUNILLA

The idea behind this method is to select a specific atomic state which gives a
high sensitivity for measuring the photodetachment energy threshold F,, while
getting rid of other states contributing to the background. This is done in a three-
step process (see fig 2.3). Firstly, an electron is photodetached from the ground
state 6s 257/, of Cs™. This is done by scanning a Q-switched nanosecond pulsed
dye laser with A\; photons (A; = 643 nm with a corresponding photon energy of
E, =1.92¢V) over the Doppler shifted photodetachment energy threshold. Af-
ter photodetachment, the Cs atom is left in either the ground state or an excited
state. The two remaining steps are done in order to select the atoms left in the
excited state and tag the particles that correspond to the signal from the ones
coming from background processes. This is done by exciting the neutral atom
into a Rydberg state using an OPO laser with Ay photons, (Ay = 514 nm with a
corresponding photon energy of E,, = 2.41 eV) tuned to the Rybderg transition
6p 2Psjo — 25d 2D; (for j = 3/2,5/2). Finally, the excited atom is exposed to a
strong electric field FI which ionizes the atom. Positive ions created this way are
then accelerated in a curve trajectory and registered as hits by a detector which
counts the number of photodetachment products as a function of photon energy.
The detection of these products gives a measurement of the Doppler shifted par-
tial photodetachment cross section as a function of photon energy.

The experimental apparatus is shown in figure 2.4. This setup has been
termed Rydberg Atom Detector for Anion Research (RADAR) and it was mainly
designed for measuring single photodetachment channels (as in this thesis), Ry-
dberg branching ratios and cross sections of double photodetachment processes.
Further details can be found in paper I [58]. Here I will briefly describe the im-
portant parts of the setup for single photodetachment cross section measurements.

In GUNILLA, after the beam of negative ions is mass-to-charge selected in
the sector magnet, it is bent into RADAR by means of a quadrupole electrostatic
deflector. In this region it is overlapped with both lasers in a co-linear (co- and
counter-) propagating configuration as seen in figure 2.4 (only the co-propagating
configuration is shown. Also, notice that an imperfect overlap of the lasers is
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Figure 2.3:  Partial energy level diagram (not to scale) for Cs~ and Cs. The
electronic ground state of the anion is 6'S;. The Cs™ anion absorbs a photon
(A1) of varying energy to induce photodetachment (red arrows), where the lowest
required energy (the EA) is from the ground state 615y of Cs™ to the ground
state of the lowest hyperfine state 6s;/2, F' = 3 of neutral Cs. By opening The
anion can decay into three different neutral states via electron emission (dashed
arrows). The residual Cs atom in the 6p *Ps/, excited state then absorbs a
photon (\y) at a fixed wavelength for resonant excitation to the Rydberg state,
25d ?Dj5), (green arrow). Finally, the Rydberg atom undergoes field ionization
(F.I.) (curved green arrow). In order to extract the EA, the energy difference
between 6'S, and 6s; 2, F' = 3 is subtracted from the energy threshold in this
scheme.

shown in the figure for clarity). Co- and counter- propagation is alternated in
each measurement to cancel Doppler shifts and to minimize the systematic error
coming from ion kinetic energy drifts. Lasers are synchronized in order for v, to
arrive first and 7 to arrive just a few ns later. This ensures that most of the
excited population in 6p 2Pys after absorption of 4, will interact with 7, before
spontaneously decay into the ground state 6s 25 2. Rydberg excitation can take
place in the region denoted as interaction region. After this region, there are
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Figure 2.4: General overview of RADAR at GUNILLA. Each of the 12 plates
in the field ionizer can be individually biased allowing a customized electric field
across the ionizer region. In this work, the profile was chosen to field ionize
Rydberg atoms with n= 25, which meant that a voltage of 1400 V had to be placed
between the 1st and 10th plate. The 11th plate is then set to ground, creating
an electric field strength of 1 V/ecm. The laser powers used in this experiment
are ~ 2.2 mJ and 0.9 mJ for the dye and OPO laser systems respectively. The
different sections of RADAR presented here are not-to-scale.

12 parallel coaxial circular plates with 1 mm thickness and 4 mm of radius of
circular aperture which constitutes the field ionizer section. Each of these plates
can be individually biased in order to create a customized electric field profile that
can give enough freedom to study each of the three different experimental cases
explained in paper I [58]. Neutral atoms, together with the rest of the negative
ion beam as well as positive ions, all fly through the field ionizer plates. Excited
Rydberg atoms will feel a strong electric field as they fly through the plates
and will be ionized between the 10th and 11th plates as shown in figure 2.4.
Positive ions created this way will experience a potential hill that they will have
to climb up, thus, arriving at the energy analyzer section (the pair of electrodes
with curvature in figure 2.4) with less kinetic energy than they had initially.
The positive ions coming from other processes, such as collisional detachment
or double photon-ionization (before entering the field ionizer), will get to the
energy analyzer with the same kinetic energy as before entering the field ionizer
section since they will climb up the same amount of energy that they acquired
from the potential energy hill. Inside the energy analyzer electrodes, positive ion
products coming from the photodetachment process will be accelerated with a
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larger curvature because of their lower kinetic energy and will impinge into the
right side of the detector from the reference frame of the ions (shown as red dots
in figure 2.4), whereas the rest of the ions contributing to the background will hit
the left side of the MCP detector (shown as blue dots). From here, in order to
determine the electron affinity, the Doppler shift can be canceled by calculating
the geometrical mean of the Doppler shifted photodetachment energy thresholds
Eip,, and Ey,,, for the co- and counter- propagating configurations, respectively.

Namely,
ETh = \/ EthTiEthTT (2]—)

By subtracting the energetic difference between the excited (6p 2Ps /2, F' = 2)
and ground (6s 2512, F = 3) hyperfine energy levels (which was measured as
1.454 640 671 7(5) eV [72]), it is possible to determine the electron affinity of
Cs. Notice that in paper I, the EA was determined by measuring a single partial
photodetachment cross section in co-propagation. The precision in that work is
of ~ 10 peV. However, In the next chapter I will present the thorough analysis of
the signal that was acquired with the method explained in this section in order to
determine the electron affinity of Cs with a precision of ~ 1 nueV. This determined
EA value is going to be published in a forthcoming paper.

2.5 Electron affinity measurements at DESIREE

The double electrostatic ion storage ring (DESIREE) has been designed and
assembled for measuring cross sections of mutual neutralization and electron ex-
change rates between positive and negative ions at well-controlled center-of-mass
sub-eV energies [29]. The cryogenic cooling system implemented in DESIREE
gives an extremely low background pressure which can be translated to a Hy par-
ticle density of a few times 10® /ecm®. In 2013, the pressure was estimated to be
10~ mbar with a temperature environment of 13 K [37] (more information about
cryogenic systems can be found in [73]). The excellent vacuum conditions in DE-
SIREE has distinct advantages compared to room temperature storage rings, for
instance, the mini ring in Lyon [74], ELISA in Aarhus [75] and the TMU E-ring
in Tokyo [76], since the ions can be stored for extended times (exceeding min-
utes) in an essentially black body radiation free environment. The conditions
mimics those of the interstellar media where different molecular species, such
as carbon chains, polycyclic aromatic hydrocarbons (PAHs) and fullerenes have
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Figure 2.5: DESIREE laboratory overview. The platforms pl and p2 are de-
signed to be operated up to 100 kV and 25 kV respectively. ml, m2 - sector
magnets. ql, q2 - quadrupole deflectors. I - lower straight section where a cw
laser overlaps with the ion beams. S- first ring from DESIREE. A - second ring
from DESIREE. The difference between both rings is a pair of extra electrostatic
components in A-ring. II - middle straight section where positive and negative
ions overlap for mutual neutralization experiments. A laser beam can also overlap
the ion beam from above in a cross configuration. III - Upper straight section
that can also be used for ion-laser overlap. ID - imaging detector, RAES - resis-
tive anode encoder in S-ring.

been observed [77]. DESIREE allows internally hot molecules to cool down and
reach their electronic ground states and lowest vibrational levels while avoiding
collisions with residual background gas. This permits the study of the cooling
dynamics of hot molecules in new time domains where slow and ultra-slow cool-
ing processes occur, such as photon emission due to electronic and ro-vibrational
de-excitations [78]. In astrochemistry, modelling can be refined by extracting
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relevant pieces of information out of storage ring experiments, such as cooling
rate coefficients or internal energy loss rates [78, 79]. From these investigations
open key questions can be addressed, for instance, regarding the unexpected high
abundance of cyano-naphthalene molecules observed in interstellar media [56].
Moreover, DESIREE’s outstanding vacuum conditions allows measurements of
long-lived metastable states of positive and negative atomic species [80, 81].

An overview of the DESIREE facility is shown in figure 2.5. It comprises
two platforms where different maximum electrostatic potentials can be used in
order to accelerate positive and/or negative ions. All types of the previously
discussed ion sources can be assembled on these platforms. The 25 kV platform
is usually used for anions and light ions, although it is possible to exchange the
ion sources between the platforms whenever needed. In the two injection lines of
DESIREE (transportation lines from both platforms), sector magnets are used to
mass-select the species of interest. The pressure of the injection lines is kept in a
higher vacuum pressure than inside the rings (Typically 10~7 mbar - 107! mbar).
Conventional ion optical elements for accelerators are employed for collimating
and steering the beam into one of the two rings of DESIREE. Sets of deflection
plates in either injection line are used to make bunches of the ion beam after
the magnet. The final electrostatic components before injecting the beam into
one of the rings of DESIREE are two 90 degree steering quadrupoles (see figure
2.5). Each ring has two straight sections. One at the injection side and one
common straight section in the middle where positive and negative ions can be
overlapped. The difference between each of these two rings is a pair of extra elec-
trostatic components that are placed before and after the straight middle section
of DESIREE in the A-ring. These extra components are needed to store two ion
beams with different energy-to-charge ratios in MN experiments. Furthermore,
the position of the 10-degree deflectors is also different in the A-ring. The main
chamber, where the rings are located, has dimensions of 4.7 m x 2.5 m. The
chamber consists of three metallic layers of isolation: The outer stainless steel
chamber, an inner copper chamber whose thermal conductivity is high enough
to dissipate heat efficiently and finally the inner aluminum chamber. The OPO
laser systems are placed on the left side of the main chamber while the cw laser is
placed in an adjacent room. The laser beams are guided into one of the windows
of the chamber which are located at the end of each of the straight sections and
above the chamber as seen in figure 2.7.
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Figure 2.6: Energy diagram for Oxygen anion. The electronic ground state
is 2Py /2. The blue arrow indicate the photon energy used for pumping out the
population in the excited state 2Py 5. The energy difference between the ground
state and the excited state is 21.95544 meV [35].

DESIREE’s features also allows the measurement of electron affinities in single
ring experiments. The key idea behind the high-precision method implemented
by M. Kristiansson et. al. [34] (paper II), is to pump out the population of anions
in long-lived excited levels exceeding the ion beam storage lifetime in DESIREE.
Contributions from excited state photodetachment products prevent the ability
to resolve the threshold with high precision. In the case of the Oxygen anion, the
excited level is a ? P} 5 state with an energy difference from the ground state 2P
of 21.95544 meV as seen in figure 2.6. The long storage time of DESIREE allows
the removal, by state-selective photodetachment, of the 2P /2 population and the
subsequent scanning across the photodetachment energy threshold of Py, with
the same laser and for the same beam of negative ions. Neutral atoms produced
by photodetachment will not be deflected and will hit one of the detectors of
DESIREE (see figure 2.7). The Doppler shifted photodetachment cross section is
then a measurement of the total amount of detected neutral products that were
created from the photodetachment process.
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Figure 2.7 shows the overall setup of the EA experiment in DESIREE (Only
the S-ring is shown for simplicity). The negative ion bunch coming from one of
the injection lines of DESIREE is stored in the S-ring with the aid of an electrode
switch (D switch in figure 2.7). The ion bunch is stored with a maximum bunch
length given by the revolution time of the ions in the ring minus a tiny amount of
time dedicated to closing the electrode switch (~ us). After the set storage time
has passed the switch redirects the ion beam onto a Faraday cup to measure the
amount of ions left in the ring.

The cw laser is shone in the straight section of the S-ring where the pho-
tons travels through a window at a Brewster angle and then through a graphene
coated window ( see figure 2.7). This coated window is part of a resistive anode
encoder detector (RAES) placed inside the chamber. It minimizes absorption of
light in an extended wavelength range that goes down to the UV [82]. Neutral
atoms that are produced in the straight section of the S-ring, either by photode-
tachment or by collisions with residual gas, are not influenced by the electrostatic
fields anymore, thus they fly through and onto the detector located in the lower
straight section of the S-ring of DESIREE. Once they hit the coated window of
RAES, a cascade emission of secondary electrons is created. These secondary
electrons are accelerated towards the MCP and recorded as a hit by the detector.
The photodetachment energy threshold can then be measured from the number
of detected hits as a function of storage time and photon energy as the laser fre-
quency is scanned over the threshold. In the experimental case of Oxygen, a total
of 4 scans could be performed in one complete cycle. A total experimental cycle
comprises the time from the moment a trigger is sent to initiate data acquisition,
which is usually a few ws before the bunched anions are stored, to the moment
where they are dumped and a new trigger is sent. The trigger is sent from a
function generator synchronized with the beam ion buncher, the electrode switch
and sometimes the OPO systems.

The data acquisition is performed with a FPGA setup that registers an electric
pulse from the detector. The FPGA has a 40 MHz clock which translates to a time
resolution of ~ 2.5 ns. Each time the FPGA counts a hit (an electric pulse), it
writes a new line in an output file. It is a Technical Data Management Streaming
(TDMS) file which is mainly written and read in LabView. These files can also
be read or processed in MatLab, Python or Excel. Every line of a TDMS file
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consists of the following information from the acquired data:
e Cycle no. - The cycle where the pulse was detected.

e time (s) - The time at which the pulse was detected relative to the initial
trigger of the cycle.

e Laser Frequency (THz) - The laser frequency as read by the wavemeter at
the time of the detected pulse.

e Power (mW) - The laser power read on the power meter at the time of the
detected pulse.

The acquisition system supports up to 9 channels which can be recorded si-
multaneously. In this work, up to 4 channels are used. One dedicated to RAES,
3 more dedicated to the ID detector.
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Figure 2.7: DESIREE storage ring schematics. OA : Optical access for laser
beams, QD: Quadrupole doublets, D: deflectors, RAES: Resistive anode encoder -
S rings, ID: Imaging detector, FC: faraday cup. Adj. Att.: adjustable attenuator.
MF mirror: Motorized flipping mirror. The flipping mirror changes the direction
of laser propagation from co- to counter- propagation every cycle. The adjustable
attenuator changes the power of the cw laser from 2.5 W to < 200 mW.

An experimental cycle is shown in figure 2.8. In this case, the total length
of the cycle is 165 s and starts with a trigger that initiates the data acquisition,
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followed by the injection of the anions into the S-ring. At time zero, the cw laser
wavelength is set to a corresponding energy of E,,. .. between the 2P, 5 and the
2p, /2. At this stage, the laser is shone with the maximum available power (2.5 W
measured at the end of the chamber) to pump out the major part of the popula-
tion in the excited state (close to 90%) [34]. The detector’s voltages are ramped
down to prevent saturation and damaging of the MCP. After a few seconds the
laser intensity is reduced while the detector voltages start to ramp up. When
the detector has reached an operational value, 30 seconds later, the frequency of
the laser is changed to a energy close to the photodetachment threshold, about
0.005 meV below threshold, and the laser frequency scan starts. The center of
the scan is set to this photon energy. The scan length is set to 20 GHz (80 peV)
and it takes 30 s to complete a full tooth saw-shaped scan. After the fourth scan
the ions are dumped and measured by the Faraday cup. The cycle starts over
with a new trigger from the function generator.

As seen in figure 2.7, a movable mirror (MF mirror) allows the alternation be-
tween cycles of the beam overlap from co- to counter- propagation in the straight
section. A fresnel rhomb, acting as a broad-wavelength phase retarder, together
with a polarizer beam splitter (Adj. Att.) modulates the laser intensity in the
pumping stage as well as in the wavelength scanning stage. It is essential on the
scanning stage that the laser intensity is decreased, since a powerful laser light
can influence the lifetime of the beam.

The calibration of the wavemeter is actively done by using light whose fre-
quency is locked to a strontium *¥Sr™ atomic dipole forbidden transition (°S;» —*
Ds5) which is used as a frequency reference [83]. However, there is a systematic
error of 10 MHz stemming from this calibration as this is not a wavelength that
is close to the wavelength used in the photodetachment process. In the future,
a saturated absorption spectroscopy using a Rubidium or a Cesium cell will be
implemented for calibration.

In the next chapter, I will present the summary of results from these measure-
ments. In principle, both of these methods could be implemented to measure with
high precision all types of atomic systems whose detached electron has an s-wave
behavior. As already stated, one of the common important key factors to achieve
this high precision is the ability to select a particular state of the system. This is
fairly straightforward as there are typically not so many closely lying electronic
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levels in the atomic systems in contrast to the molecular anions.
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Figure 2.8: Time schemes involved in one complete experimental cycle in DE-
SIREE. The ions are injected on the first ws, when the strong laser field is shone
through. The laser starts pumping out the excited state negative ions by pho-
todetachment. After approximately 30 s, the pump laser field is attenuated with
the Adj. Att., the RAES detector is ramped up and the laser photon energy is
changed to a region below and close to the EA value. The frequency scan start
at this point in time. The photon energy crosses the photodetachment energy
threshold at Ej, close to the center of the total frequency scanning range. The
velocity of the scan is set such that 4 complete cycles are performed within the
total time of an entire cycle (165 s).

2.6 Pilot measurements of the EA of Cg

As discussed above, hot bands corresponding to excited vibrational states in
molecular anions smear out the photodetachement threshold, preventing its ac-
curate determination. To minimize this effect, molecules either have to be pro-
duced under cold environmental conditions or they have to be cooled down after
creation. On this basis, DESIREE may prove to be an excellent tool for these
photodetachment experiments due to its outstanding capability of storing the
anions on long time-scales. As I will show in section 3.3, even when the Cg,
negative ions inside DESIREE are still not internally cold when probing them



2.6. PILOT MEASUREMENTS OF THE EA OF Cg 37

with the laser, one can still determine the electron affinity with great accuracy
by identifying the dominating hot bands.

For the LPTS experiment of Cg, a 1 kHz OPO nanosecond pulsed laser was
used (see figure 2.5). Anions were produced in an electron attachment source (see
section 2.3) and accelerated through the extractor where they follow the same DE-
SIREE beam line path into the S-ring as the aforementioned atomic species. The
OPO laser was shone into the optical aperture of the lower section of DESIREE
in a crossed beam configuration with the ion beam (see figure 2.7). Neutral prod-
ucts created from laser photodetachment following absorption of a single photon
were detected by the RAES detector as a function of storage time. The total
cycle time was 200 s. The wavelength of the OPO laser was varied every cycle
from 454 nm to 482 nm with a step of 1 nm. Each wavelength step was repeated
a total of 46 times. The advantages of having one detector in each of the straight
sections of the S-ring is exploited in this experiment. A fullerene anion absorb-
ing a single photon (in the middle straight section of the S-ring) whose energy
is above photodetachment threshold will undergo a prompt electron detachment
(photodetachment). However, the anions could also undergo photodetachment
in a multiphoton absorption process. From this process the anion can experi-
ence a laser induced delayed electron detachment. In the latter case, the energy
absorbed by the anion is transformed into vibrational energy by internal con-
version where it can be redistributed among different vibrational modes of the
molecule. If enough vibrational energy is converted back into electronic energy,
then the electron will be detached from the anion in a process called vibrational
autodetachment. If this is the case, the laser induced delayed detachment will
be observed in one of the detectors only after a time corresponding to the time
of flight of the anions from a middle straight section to the next straight section
and in both detectors for the following revolutions of the anions in the ring. In
order to minimize the laser induced delayed signal as well as the background sig-
nal from collisional detachment, a gated acquisition was implemented. The gated
acquisition was set to a small window of time (~ 5 us) after each laser shot and
was delayed an amount of time that takes into account the time of flight of the
photodetached product neutral particles from the middle straight section to the
RAES detector. Likewise, another acquisition gate window was set in order to
account for the background signal. This will be used as normalization to the data
since the background signal is proportional to the anion current.

To prevent the detector from being saturated by the high number of neutral
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molecules produced at initial times (when the excitation internal energy is of
about ~ 10 eV), the detector is switched off during the first 10 seconds of the
start of the cycle, and the OPO laser blocked, when the anion beam bunch is
injected into DESIREE.

In order to investigate the cooling dynamics, the spontaneous decay of the
fullerene Cg, anions was also measured separately with a less intense ion beam
to avoid saturation of the detectors at early times. By counting the total number
of neutral products that hit the detector as a function of storage time one can
measure the decay rate or destruction rate of the hot molecules as a function of
time after their creation. This was monitored with both the RAES detector (the
lower straight section of s-ring) and with the ID detector.



Chapter 3

Results

In this chapter I will go through the analysis of the recorded photodetachment
data from the LPTS experiments of 1*3Cs™ performed at GUNILLA and of O~
performed at DESIREE. I will present preliminary results from the LPTS mea-
surement of the fullerene Cg, negative ion together with a discussion about the
measured neutral rate from the spontaneous decay of these anions when they are
internally hot. The values for EA in the atomic cases of study are 0.4715972(8) eV
and 1.461112972(87) eV for ¥3Cs and 'O respectively. In the case of fullerene
Ceo, the preliminary results give an EA of 2.680(1) eV in agreement with the
results reported in [84] from PES experiments.

3.1 Determination of the electron affinity of Cs
at GUNILLA

Figure 3.1 shows a typical 2D map of registered hits on the MCP’s delay line
anodes. The orientation of the MCP is such that positive ions created from
anions undergoing laser photodetachment, followed by Rydberg excitation and
field ionization, hit the X-anode to the right. This signal is indicated by the
solid rectangle in figure 3.1. The background coming from other processes such
as collision-induced and double photodetachment will hit the left side of the X-
anode. The number of detected particles per bin in this 2D histogram is indicated
with the color bar. This 2D histogram was obtained by fixing +; with an energy
above photodetachment threshold while ~y, was fixed to the 252D Rydberg state
energy. The number of photodetachment reactions per laser pulse N4 is given

39
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Figure 3.1: 2D map of the events measured with the MCP. The signal surrounded
by the solid rectangle corresponds to events associated with positive ions created
by field ionization. The small signal to the left, surrounded by a dashed square,
corresponds to the background due to positive ions produced by double photo-
ionization and collisions with residual gas.

by,

NionN
di = Upd A 1

where 0,4 is the absolute photodetachment cross section, N;,, and N, are the
number of ions and photons in the interaction region, respectively, and A is the
transversal area of this interaction region. In principle, as long as Njq,s and N,
does not have large fluctuations (~ 1%), then, 0,4 will be proportional to the
number of photodetachment events N,q. Hence, the number of registered hits in-
side the solid square is proportional to the partial photodetachment cross section
which leaves the neutral atom in the 6p 2P /2 state.

(3.1)

For a single measurement, the events registered in the MCP were acquired over
100 s for a given photon energy. An example of a partial photodetachment cross
section measurement is shown in figure 3.2. The number of counts is normalized
to the laser power of \; and to the negative ion current, both of which had
fluctuations lower than 1%. The x-axes is presented as the relative photon energy
with respect to the threshold energy. The energy of Ay was fixed to the Rydberg
transition 6 2 Ps /2= 25 2D, /2 while the energy of A\; was scanned across threshold.
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Figure 3.2: Normalized counts as a function of relative photon energy. A con-
volution between the s-Wigner law and a normalized Gaussian distribution fit
the data by using equation 3.2. The optimized parameters were used in Eq. 3.4
to obtain the deconvoluted s-wave Wigner function shown with the dashed line.
The absolute threshold energy for this measurement is 1.925 642 (2) eV. The
inset shows an expansion around the threshold where the hyperfine structure of
the excited state are resolved.

The negative ions were overlapping in counter-propagation with the laser beam A
in this particular example. The inset of this plot shows all the photodetachment
energy thresholds corresponding to the hyperfine energy splitting of the 6p *Ps s
neutral excited state. The mathematical model fitted to this data was,

(c®g)(E,) = ZU(Em)g(En — En), (3.2)

which is a discrete convolution between the Gaussian normalized function

]_ 2 2
E,—-E,) = e~ (En=Em)"/(20;) 3.3
A ) (am) (33)

and the Wigner function

5
o(En) =A+BY _ (2F +1)x
F'=2
(Em — Ernp)™/?0(E,, — Ernr).
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Where E,, represents the photon’s energy and Epnr = Ep, + Epr is the sum of
the photodetachment energy threshold Er;, and the energy Ep of all hyperfine
6p 2Py)5 levels (with F' = 5,4, 3,2) relative to the 6p 2P, F' = 2 state, where
Eri—_5 = 0. This means that Ery, is the energy over which the Cs atom is left in
the 6p ?Ps)o, [ = 2 hyperfine level from the 6'Sy ground state of its anion (see
figure 2.3). The energy differences of the hyperfine splitting is taken from [85]
and the multiplicity was added by multiplying each term of the sum by (2F+1).
Here the Gaussian distribution accounts for the effect of both the bandwidth of
the laser o, and the energy spread of the ions o;,,. The width of this distribu-

2
on”

tion is then 0, = (/02 + 0o As neither of these widths are precisely known,
o, is taken as a free parameter in the fit, together with A, B and Epj,p. Lastly,
[ = 0 is the angular momentum of the outgoing electron and O(E,, — E,r) is the
Heaviside function which accounts for the base line in energies below the energy
threshold. A total of 19 000 terms in the sum of equation 3.2 was used in order to
get rid of numerical bias in the discrete convolution. The s-wave Wigner model
is also presented in figure 3.2.The optimized parameters of the fit were used in
equation 3.4 in order to obtained the deconvoluted s-wave Wigner expression.
After 15 measurements, an average of the o, = 5.7(11) ueV was obtained. This
translates into a full width at half maximum value of 13.4(25) pueV. This value

sets an upper limit to our experimental resolution.

The ion beam-laser beam configuration was interchanged from a co- to a
counter-propagation for each complete set of measurements where the energy
photodetachment threshold was obtained. This had the purpose of canceling the
Doppler shifts while minimizing the systematic error stemming from the kinetic
energy drifts of the ion beam. After 15 complete set of measurements, the geomet-
rical mean for both Doppler shifted partial photodetachment energy thresholds
Ef" was obtained.

Work Electron affinity [eV]
This work 0.471 597 2(8)
Lineberger et.al. [2] 0.471 630(25)
Scheer et.al. [33] 0.471 64(6)

Tabla 3.1: Experimental values of the electron affinity of Cs
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Figure 3.3: The final experimental value of the electron affinity of Cs is shown at
the top. A vertical dashed line has been drawn to clearly identify the energetic
distance from the other works. The EA values from Lineberger et.al. [2], Hotop
and Scheer et al. [33] are shown for comparison

To finally extract the electron affinity, the energy difference between the
ground state 62S)/2, F = 3 and the excited state 6P, [ = 2 of the neutral
cesium atom was subtracted from the corrected ES™" mean value. This energy
difference 1.454 640 671 7(5) eV was taken from the values reported in [72]. After
the subtraction, the electron affinity of Cesium, EA = 0.471 597 2(8) eV, was
determined. Figure 3.3 shows a comparison of our result with two earlier results
reported in [33] and [2]. Calibration of the wavelength meter by saturated ab-
sorption spectroscopy shows no further systematical error contributions for our
measurement. Furthermore, we estimated a negligible ponderomotive shift on the
order of 20 neV.

3.2 High-precision measurement of the EA of
Oxygen in DESIREE

An example of the measurement of the neutral product count rate as a function
of storage time is shown in figure 3.4. The difference between the neutral count
rate with depletion and without depletion is illustrated here. In this particular
plot, 9 wavelength scans were done in a single 200 s storage time cycle. The
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injection of the anion beam in the storage ring can be seen in the MCP detection
from the little peak near the beginning of the measurement cycle. During the
first 30 s the MCP’s voltage is turned off. The voltage is then switched on and
a considerable amount of neutrals are detected in the RAES. This is observed
from the increase in signal around 30 s. After 50 s the detector is ramped up and
the laser starts scanning around the energy threshold. When no depletion was
performed, the laser was blocked by a mechanical shutter in the first 50 s. This is
the case for the green curve in figure 3.4. The neutral count rate shows a decay on
top of the photodetachment cross section behavior since the laser has an energy
that is sufficient to photodetach the population in the excited state. If depletion
is performed, the laser is first set to a frequency whose corresponding energy is
enough to photodetach the population of the excited state but not of the ground
state, as explained in the previous section. After 50 s the power is attenuated
and the frequency is changed close to the photodetachment threshold energy. A
flat background below photodetachment is now seen from the blue curve in figure
3.4. The offset in the flat background is mainly due to the neutrals produced in
collision induced photdetachment with the background gas.

A Doppler shifted near-threshold photodetachment cross section measurement
is presented in figure 3.5. In this case the laser was shone in co-propagation with
the anion beam. A step of 300 MHz in photon frequency is taken as the bin
width. This corresponds to a change in photon energy of ~ 1 ueV. The error
bars of each bin are statistical uncertainties following a Poissonian distribution.
A discrete convolution between a Gaussian distribution and a s-wigner law is used
as in the case of Cs. However, now o, = 0., since o, is negligible. Once again,
the electron affinity is determined from a geometric mean between the Doppler
shifted threshold energies of both co- and counter- propagation schemes. The
measured electron affinity is listed in table 3.2 along with experimental values
from previous works. The improvement in the precision of the EA measurement
from our work is clearly observed in figure 3.6. For clarity, only the most precise
measurements of Chaibi at. al. [86] and of Neumark et.al. [87] are shown in the
figure.

The results explained so far from measurements of the photodetachment
threshold with different experimental setups are excellent examples of how precise
the electron affinity can be determined by implementing quantum state selection.
In GUNILLA, the selection is done by making the transition to a specific Ryd-
berg state in the neutral product. In DESIREE, it is done by depleting a specific
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Figure 3.4: Difference of the neutral product count rate. Signal in green is without
depletion. Signal in blue is with depletion, which means that the laser was used
to pump away the population of the excited energy level 2P, 5 of Oxygen. This
figure was taken from [35] with permission from the author.

long-lived excited state in the anion. It is also insightful to think about the differ-
ences in precision from these two experimental methods. The results obtained for
the EA of the two different methods reveal a difference in precision of 1 order of
magnitude, where the LPTS measurements in DESIREE is the most precise one.
The main reason for this stems from the large time and volume interaction of the
anion beam with the laser beam at DESIREE. In GUNILLA, a large amount of
background from residual gas collisions is suppressed by synchronization of the
OPO lasers with the acquisition time window. Moreover, the absorption events

Work Electron affinity [eV]
This work 1.461 112 972(87)
Pendergrast et.al. [88] 1.461 1(29)
Chaibi et.al. [S6] 1.461 113 4(9)
Neumark et.al. [87] 1.461 122(3)

Tabla 3.2: Experimetal values of the electron affinity of 1°O
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Figure 3.5: An example of a typical photodetachment cross section measurement.
Laser is overlapped in a co-propagating scheme with the negative ion beam. The
x-axis is shown as relative photon energy relative to the absolute threshold value
1.46404245(99) eV. The solid line is a fit using equation 3.2. This figure was
taken from [35] with permission from the author.

from the non-resonant process of photodetachment were enhanced by the high
photon density pertaining to the pulsed operation of the lasers. However, the
lack of photon density in cw laser systems is compensated with the large amount
of time (~ 1s) that the ions spend inside the large interaction volume (~ 1 m)
in the lower straight section of DESIREE. The change from pulsed to continuous
mode of operation in a laser entails a drastic narrowing in the laser linewidth.
This means that the main limitation of the resolution is now the energy spread
of the ions instead. This difference of resolution is already clearly seen from
both experimental data of the photodetachment cross section plots. Moreover,
the high amount of statistics recorded in DESIREE experiments set an unprece-
dented lower limit in the resolution of the EA experiments.
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Figure 3.6: The EA experimental value of 10 with the experiment performed at
DESIREE is shown at the top. Two of the most precise experimental values of
other works are also shown for comparison.

3.3 The electron affinity of Cg,

As it has been mentioned in 1.4, photodetachment signals coming from hot bands
of excited fullerenes can hinder the ability to resolve photodetachment thresh-
olds in LPTS experiments with high-precision. However, one can still determine
thresholds with sufficiently good precision as is the case of the following pilot
measurements of Cg,. In any case, the cooling rate of Cy, may provide informa-
tion of the relevant hot bands that are still present when probing the fullerenes
with laser photons.

3.3.1 Cooling dynamics

A typical measurement monitoring the cooling dynamics of internally hot Cg, is
shown in figure 3.7. Here, the spontaneous electron emission, Cg, — Cgo + €7, is
measured by counting the number of neutral molecules hitting the RAES detector
as a function of the time after anion creation. The time of flight of the anions from
the source to the middle lower section of the S-ring in DESIREE is ¢y = 212 pus.
This time is indicated by the first point in the experimental data of the figure.
The 1-D time histogram shows the neutral rate for the first 11 revolutions of the
anions around the S-ring. FEach column has a width of 168 us (the revolution
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time) and normalized to the first point of the experimental data. A binning from
the 1-D time histogram is done in order to obtain the experimental data which is
then normalized to each bin step (the time step). An additional time is taken to
acquire a background signal after the beam dump which is then subtracted from
the rest of the data. As it can be seen from figure 3.7, the behavior of the decay
of the anions over the first 10 ms of storage time follows a power law. This is a
behavior that has been seen for a wide range of molecular and cluster ions and can
be attributed to hot ensembles with an initially broad internal energy distribution
[89] [54] [78] [56]. Thus, the mathematical expression of R(t) = At™? has been
used to fit the decay at initial times with values of p that are approximately 1.
In times ranging from ~ 10 ms and up to ~ 100 ms, however, a quenching of the
neutral decay rate is observed. This quenching is attributed to photon emission
following inverse internal conversion [90]. The mathematical expression that we
used to fit our data is modified as,

R(t) oc tPe U7 (3.5)

where 7 is the characteristic time for which radiative cooling starts to compete
with spontaneous electron emission. In figure 3.7, a fit of the data is done with
equation 3.5. The first data point is not taken into account in the fit as the
detector is saturated from the high number of neutral hits. From this fit, a slope
of p = 0.929(4) was obtained. Dissipation of internal energy is then dominated
by radiative cooling with a characteristic time of 7 = 12.4(2) ms determined from
the fit.

These results agree with experiments performed by Sundén et.al. [53] where
the anions were shown to cool down from 14 eV to 10 eV in less than 20 ms by
means of laser photodetachment probing. Interestingly, due to DESIREE’s en-
hanced vacuum conditions, we are able to observe a second power law that starts
to dominate the neutral decay rate at times greater than 100 ms (orange dotted
line in figure 3.7). This results suggest the presence of a small component of
another Cg, isomer in the beam [45] that is not cooling efficiently. Follow-up
studies are needed in order to shed light on this intriguing issue. The main con-
clusion from the spontaneous decay measurement shows that the anions stabilize
from radiative dissipation of the internal energy after ~ 100 ms. The molecular
negative ions are cold enough that their destruction can only occur by collisions
with the residual gas particles. The signal will be dominated by the rate of these
collisions. One way of continue monitoring the subsequent cooling of the anions
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Figure 3.7: The neutral decay rate of fullerene Cg, as a function of storage time. A
fit was done with the data for storage times up to ~ 100 ms by using equation 3.5.
The quenching of the neutral decay rate has a characteristic time of 12.4(2) ms.
A second power law is observed at longer time-scales. The red line is the sum of
the blue and orange fits.

is by following the time evolution of hot band contributions (vibrational exci-
tations) when measuring energy thresholds in LPTS. A conservative amount of
time of 10 s was given to the remaining anions before probing them with the laser
beam. The anion beam storage lifetime in the S-ring was ~ 600 s and the LPTS
measurements were performed for the time range from 10 to 200 s.

3.3.2 LPTS measurements

Figure 3.8 shows the neutral yield as a function of photon energy for two 20 s
slices of time. The black dots correspond to the normalized integrated counts
from 10 s to 30 s. Similarly, the red dots correspond to the normalized integrated
counts from 180 s to 200 s. The counts were normalized to the number of photons,
the current and the anion beam lifetime inside the ring. Thresholds of the work
from Stgchkel et.al. with LPTS [75] and from Dao-Ling Huang with PES et.al.
[84] are shown in the plot as dashed vertical blue and red lines respectively. Three
thresholds were found by fitting three s-Wigner expressions to the experimental
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Figure 3.8: Normalized neutral yield as a function of photon energy. The data
recorded in DESIREE is compared with the thresholds from [75] and [84] of
LPTS and PES experiments, respectively. The values AE; and AFE, are the
energies with respect to the energy threshold of 2.686(5) eV, and correspond to
32.2 meV (260 cm™!) and 63.5 meV (512 cm™!) respectively. A;,A; and Az are the
amplitudes of each of the s-Wigner fits.

data. The first threshold from right to left (shown as a black dashed line) was
found at 2.686(5) eV. This is in agreement with the threshold found in the
PES experiment. A second threshold (shown as a black dash dotted line) was
found to fit well with the data at an energy difference from the first threshold
of AE; = 32.2 meV. The last threshold was found at an energy difference from
the first threshold of AF; = 63.5 meV. The amplitude of each Wigner fit is
represented as A;, As and Aj in figure 3.8. The ratio of Ay/A; is a factor of
2 smaller in the red data. Analogously, the ratio of A3/A; is 4 times smaller
while the small change in A; is consistent with the ion beam storage time (i.e.
essentially constant). This strongly suggest that the first threshold (A;) is in fact
the one corresponding to the electron affinity of Cgg, while the other two are hot
band contributions. A list including the present EA value and those of previous
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works are presented in table 3.3. Moreover, a visualization of these values are
shown in figure 3.9. The present result is in agreement wth those from earlier
PES experiments but not the LPTS results. In the following I will discuss this
disagreement in some more details in view of the present result.

3.3.3 The discrepancy of the EA of fullerene Cjy

The first experiments to determine an experimental value of the EA of Cg, were
performed by Smalley et.al. [91] and later on by C. Brink et.al. in the magnetic
storage ring ASTRID [92]. In this latter experiment, they injected gas-phase
fullerene Cj, anions with a high internal energy into their storage ring. The mea-
surements showed two photodetachment energy thresholds. They concluded that
one threshold, observed by using a wavelength corresponding to a higher energy
(at about 2.67 eV), should pertain to the EA of the molecule as it didn’t change
over the storage time up to 5s. They termed it to be the cold component of the
molecule. Instead, the second threshold (located 110 meV below in energy after
the first 5 seconds) was associated with a hot component of the molecule. The par-
ticular difference of this component was that it shifted towards the first threshold
as the storage time increased. They attributed the difference between the thresh-
olds to be a measurement of the internal energy of the molecule. The determined
EA value of their work was 2.666 + 0.001 eV by fitting a Wigner threshold law
for an s-wave outgoing electron. These findings were supported with an exper-
iment performed by Stgchkel et.al.. They reported a value of 2.664 4 0.005 eV
using a similar technique [75] in the room-temperature electrostatic storage ring
ELISA. This time the negative ions were first cooled down by using an ion trap
submerged into liquid nitrogen, which set an anion beam temperature of ~ 77 K.

In contrast to these results, high-resolution photoelectron imaging experi-
ments yield a different electron affinity. For instance, Dao-Ling Huang et.al.
reported an EA for Cg of 2.6835 4 0.0006 eV [84]. This value is close to 20 stan-
dard deviations from the value reported by Brink et.al. [92] using LPTS. Huang
et.al. argued that the value measured in the storage ring experiments was under-
estimated due to the fact that the fullerene negative ion beam was still hot by
the time the ions interacted with the photon [84]. This implies that the energy
threshold for the electron affinity appeared shifted towards lower energies. On
the other side, Stgchkel et.al. argued that photoelectron experiments may have
systematic uncertainties as they rely on precise spectrometer calibrations [75].
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The present results support the former interpretation. A possible explanation
for this is that absorption of black body radiation can be neglected in the DE-
SIREE experiments, but not in the earlier room temperature storage ring (LPTS)
experiments. Such hot band contributions were used to explain a feature seen in
the single photon IR absorption spectrum in [75]. However, hot bands where not
considered when they determined the EA.

Work experiment Electron affinity [eV]
This work LPTS, 3K 2.636(5)
Stochkel et.al. [75] LPTS, (77 K) RT 2.664(5)
Brink et.al. [92] LPTS, RT 2.666(1)
Huang et.al. [84] PES, 7.7 K 2.6835(6)
Wang et.al. [93] PES, 70 K 2.683(8)
Wang et.al. [9] PES, RT 2.689(8)

Tabla 3.3: Experimetal values of the electron affinity of Cgg

This work - —e——
RT [92]- agl PES
e LPTS
77 Kto RT [75]- F——e—

4.4 K [84]- Y

RT [9]-

70 K[93]- I o

Energy [eV]

Figure 3.9: Comparison of electron affinity experimental values of Cgy. The
present result is in agreement with the PES experiments, but not earlier LPTS
experiments. The temperature in parenthesis is the temperature at which the
ions are cooled down before being stored in the storage ring



Chapter 4

Summary and Outlook

In this thesis, high-precision measurements of electron affinities were presented
using two different photodetachment techniques . In the first method, state selec-
tivity from Rydberg transitions together with LPTS were implemented in order to
measure the EA of 133Cs. In the second method, population depletion of excited
states of 150~ allowed the most precise determination of EA in atomic species
up-to-date. These high-resolution methods pave the way for studies of atomic
and molecular systems in unprecedented detail. However, as shown in the exper-
iments at DESIREE, a precise control of the initial molecular quantum states is
required before applying LPTS.

Furthermore, I have presented pilot studies of fullerene Cg, anions. By taking
advantage of the unique features of DESIREE, anions that are initially hot are
allowed to cool down on timescales exceeding seconds. Our preliminary result is
in agreement with those from earlier PES experiments but not with the previ-
ous LPTS experiments. We conclude this from the monitoring of the decreasing
hot band contributions as a function of storage time. This successful experiment
in DESIREE highlights the importance to monitor the cooling dynamics on ex-
tended timescales when performing LPTS experiments to determine the EA’s of
molecular species. From this results, we may be able to determine vibrational
lifetimes and follow the cooling dynamics in longer time domains than can be
currently monitored in spontaneous decay measurements.

Follow up experiments at DESIREE would involve e.g. using of the cw laser
to deplete the anion beam from any long-lived excited state in a similar way
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as the technique used in the measurement of the EA of Oxygen. However, one
of the drawbacks of using the cw laser with photon energies corresponding to a
wavelength around ~ 462 nm(~ 2.68 eV) is that the glass plate in front of the
MCP detector scatters more light and produces noise in the detector. This pre-
vents using the same methodology that was used in the measurements of Oxygen.
However, one could circumvent the problem by using the OPO laser in a crossed
configuration in the middle section of DESIREE and acquiring the photodetach-
ment signal with the ID detector. In this way, the depletion laser could be shone
through in the lower straight section of DESIREE (s-ring) while having the glass
plate removed. A successful experiment could allow the determination of the EA
of Cgp with higher precision.
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