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Abstract
This thesis covers experimental studies of atomic negative ions with the main goal of

increasing our fundamental understanding of these fragile quantum systems. Compar-

isons of measurements and calculations have been used to increase our understanding

of these highly correlated, yet simple, systems. All the described studies in this thesis

have investigated the photodetachment process, i.e. when a photon removes an elec-

tron from a negative ion. The measurements were mainly performed using a collinear

laser-ion beam setup at the Gothenburg University Negative Ion Laser LAboratory

(GUNILLA).

Novel threshold behavior was observed in studies of photodetachment of K−, Cs−

and Na− to highly excited states of the residual atom that has a large and negative

polarizability. The cross section of this process was seen to be greatly suppressed just

above threshold. In contrast, if the residual atom is left in a state with a large and

positive polarizability a rapidly rising onset in the cross section was observed. The

two behaviours are attributed to the fact that the detached electron either travels in

a strongly repulsive or strongly attractive potential. These potentials are similar to

those found in β-decay and are an excellent example of the generality of physics. A

semi-classical model was developed in order to explain the novel threshold behavior.

In the studies on K− and Cs−, resonances due to doubly excited states were ob-

served to modulate the cross sections in several photodetachment channels. In the

case of K− three known and two unknown resonances were observed below the 7 2P

threshold. For Cs−, a rich spectrum of overlapping resonances was observed below the

10 2P threshold. A new resonance parametrization was developed in order to handle

the overlapping resonances.

A new field ionization setup has been developed in order to investigate the pho-

todetachment process in greater detail. This apparatus will enable three new types

of measurements: partial cross sections to very highly excited states approaching the

double detachment limit; branching ratios to Rydberg states in the same energy range;

and near threshold cross sections for the fundamentally interesting double photodetach-

ment process. Initial experiments on the photodetachment of Cs− leading to highly

excited states of Cs are presented in this thesis.

In addition to the work at GUNILLA, an experiment has been performed on La−

at the Department of Physics at Denison University using a crossed laser-ion beams

setup. Twelve optically allowed transitions between bound states of opposite parity in

La− were observed. One such transition has properties that could make it a candidate

for the first laser cooling of a negative ion. If successful, laser cooled negative ions

could be used in a proposed process of sympathetic cooling of anti-protons in an effort

to enhance the production of anti-hydrogen.
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Introduction

The development of quantum mechanics in the beginning of the 20th century was

certainly one of the most important scientific breakthroughs in the last century.

It has helped scientists in a broad range of fields to understand macroscopic

phenomena on a microscopic level. Without it, much of the technology that

surrounds us would not exist today. A few examples are lasers, light emitting

diodes, computers, nuclear power and GPS navigation.

Quantum mechanics was first and foremost developed in order to understand

the observed properties of atomic systems. Bohr, for example, developed his the-

ory in 1913 in order to explain the discrete electron transitions observed in hydro-

gen. Even though it is still used as an example in high school physics, the Bohr

model fails to predict anything more advanced than hydrogen-like systems. A

more complete framework is contained in the Schrödinger and Dirac equations for

non-relativistic and relativistic systems. In principle, many quantum-mechanical

system can be understood by defining a correct non-relativistic Hamiltonian for

the system and solving the Schrödinger equation. However, for all but the sim-

plest systems an analytical solution cannot be found. Thus, a large part of

forming quantum mechanical models involve applying approximations without

removing information relevant to the system of interest. Even so, most systems

cannot be solved analytically. Instead, numerical methods have to be used to

find the solutions. As a result, experimental observations of atomic systems are

of great importance since they serve as benchmarks for the assumptions made

in atomic theory. By exploring many different systems and conditions, scientists
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have been able to gain a deep understanding of the quantum mechanical world

of atoms.

Negative ions are the subset of quantum systems that have a net negative

electric charge. They are formed by neutral atoms or molecules capturing one or

more electrons. In a typical atomic system, each electron experiences a Coulomb

attraction to the positively charged nucleus and a Coulomb repulsion from the

other electrons in the system. A common approximation in theories for atoms is

to assume that each individual electron only moves through the repulsive mean

field created by the other bound electrons. Thus, the total energy of the system is

not dependent on the position of each individual electron. This approximation

is called the independent particle model and it can be applied successfully to

many atomic systems. On the other hand, valence electrons in negative ions

experience less Coulomb attraction than those in neutral atoms. Thus, the

Coulomb repulsion between the valence electrons will be of higher importance in

negative ions than in neutral atoms. Therefore, significant electron correlation is

required to bind all the electrons needed to form a stable negative ion. This can

easiest be visualized with the prototype negative ion H−, consisting of one proton

surrounded by two electrons. Here, it is obvious that the lowest energy state of

the system is when the electrons are located on opposite sides of the nucleus.

Clearly, the electrons are highly correlated. Therefore, the independent particle

model cannot be used for negative ions since it does not include any correlation

effects. Negative ions thus present perfect test systems for the more advanced

assumptions that are used in atomic theory of highly correlated systems.

Negative ions was first observed in gas-discharges in the early 20th century

by J. J. Thompson [1]. Even so, research on negative ions did not attract much

attention experimentally until Wildt, in 1939, proposed that photodetachment

of H− might be responsible for the opacity of the sun’s atmosphere [2]. This

prediction motivated Branscomb et al. to measure cross sections for H− pho-

todetachment [3]. Their results finally proved Wildts predictions to be correct.

While Branscomb pioneered experimental studies on negative ions [4–6], Massey

did the same for theoretical calculations. In the book “Negative Ions”, first pub-

lished in 1938, Massey gives a comprehensive review of the theoretical framework

of negative ions. The third edition was published in 1976 and is still a relevant

source of information [7]. Two modern reviews of both experimental and the-

oretical nature were published separately by T. Andersen [8] and D. J. Pegg in
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2004 [9]. Today, the binding energies of negative ions of most elements in the

periodic table have been measured [10]. In addition, many molecular negative

ions and clusters have been studied [11].

Doubly excited states, i.e. quasi-bound states that involve the simultaneous

excitation of two electrons, are quantum systems where electron correlation is

extremely important [12]. Therefore, they serve as an even finer probe for atomic

theory than ground states of negative ions. Doubly excited states are most easily

investigated in two-electron systems. He and H− are the only pure two-electron

systems available for neutral atoms and negative ions. Doubly excited states

in He was first studied by Madden and Codling [13] in the 1960s. Domke et

al. [14] later improved the resolution of the experiments significantly. H− was

not investigated in detail until 1990 when the group of Bryant [15, 16] published

experimental data and Sadeghpour and Greene [17] published a theoretical study.

Experiments on both He and H− require large excitation energies that can

only be supplied by synchrotrons and relativistic beam facilities. An alterna-

tive approach that require less excitation energy is to investigate doubly excited

states in the alkaline earths for neutral atoms and the alkali metals for nega-

tive ions. Since these systems consists of two valence electron outside closed

shells, they can be considered to be effective two-electron systems. The alka-

line earths have been studied using multi-photon laser excitations [18]. Doubly

excited states in the alkali negative ions present favourable experimental condi-

tions since their small binding energies allow experimental invesitagions using

standard lasers. Therefore, doubly excited states in the negative ions of the

alkali metals have recently been studied in great detail [19–23].

Negative ions are not only investigated to increase our understanding of

atomic systems. They are also commonly found to be important in many areas

of the natural sciences. For chemists working with solutions, the notion of neg-

atively charged atoms and molecules is nothing new. Here, the polar molecules

of the solution can stabilize the otherwise fragile negative ions and they are

thus involved in almost all chemical reactions. Furthermore, positive ions have

been shown to be abundant in the interstellar media [24]. Since charge is con-

served, the missing negative charge either exists as free electrons or negative

ions. Therefore, negative ions have long been proposed to exist in the inter-

stellar media [25]. Both positive and negative ions are now considered to be

important for the formation of large molecules in space. Interestingly, it is just
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recently that negative ions was first detected in the interstellar media [26] and

the interest in both laboratory and observatory studies of suitable negative ions

are gaining interest [27, 28].

The creation and manipulation of negative ion beams have been used in sev-

eral applications. One such application is accelerator mass spectrometry which

is an analytical technique used for radiological dating. Carbon-14 dating is

the first and perhaps the most famous application of this method [29, 30]. A

technique based on positive ion beams would have problems due to contamina-

tion of nitrogen-14. Fortunately, nitrogen does not form atomic negative ions.

Thus, by using negative ion beams in the first stage of the measurement appa-

ratus, all background sources due to nitrogen are removed. Today, many more

radio-isotopes are used for dating of a broad range of processes [31]. Another

application of negative ion beams is the planned final heating mechanism in the

ITER fusion reactor [32]. The magnetically confined plasma cannot be heated

to the temperatures needed by electromagnetic fields alone. A neutralized 40

ampere(!) beam of H− will be used in order to reach the temperatures needed

for fusion through collisions between the neutralized H− and the particles in the

plasma.

This thesis is focused on experimental studies of negative ions in an effort

to increase our understanding of highly correlated systems. Papers I and II

focus on studies of doubly excited states while Papers III and IV investigate

the break up process itself. All these phenomena have been investigated using

an apparatus capable of final state selective measurements of partial cross sec-

tions. Careful analysis of these cross sections have resulted in new insights into

negative ion physics as well as in general atomic physics. Paper V describes the

design of a new experimental apparatus which should enable future studies of

these phenomena all the way up to the double electron detachment limit. Fi-

nally, paper VI describes investigations of a rare combination of bound states in

negative ions of lanthanum that can lead to the first laser cooling of a negative

ion.
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Negative Ions

In atoms, the positive charge of the nucleus is balanced by the negative charge of

the bound electrons, creating an electrically neutral system. Electrons residing

in filled shells screen some of the nuclear charge from the outer valence electrons.

Nevertheless, the valence electrons are strongly bound by Coulomb attraction to

the net positive charge of the combined nucleus and core electrons. In order to

form a negative ion, an extra electron has to bind to the neutral atom. As the

extra electron is approaching the atom, there is no first-order Coulomb attraction

between this electron and the atom. Instead, higher order Coulomb interactions

are responsible for the binding. Firstly, the Coulomb action of the extra electron

on the atomic valence electrons polarizes the atom, creating an induced dipole.

This effect in turn creates an attraction between the extra electron and the dipole

which provides a binding force. Secondly, when the extra electron penetrates the

charge cloud of the other electrons in the atom the screening of the nucleus will

be reduced. Therefore, the attraction between the nucleus and the extra electron

will increase. Even tough these two effects are weaker when compared to the

direct Coulomb interaction, they still allow the binding of an extra electron for

almost all elements in the periodic table [10].
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2.1 Basic Properties of Negative Ions

The binding energy of a negative ion is referred to as the Electron Affinity

(EA) of the corresponding neutral atom. Negative ions usually have binding

energies that are an order of magnitude smaller than neutral atomic systems.

For example, the EA of carbon is 1.26 eV [10] while its ionization potential is

11.26 eV [33]. This reduction in binding energy is due to the lack of long range

interactions that reduces the depth of the potentials experienced by the extra

electron in a negative ion.

In neutral atoms and positive ions, there exists an infinite number of bound

excited states due to the long range Coulomb interaction. In negative ions, on

the other hand, the short range interactions cannot support an infinite series of

excited states. In general, only the fine and hyperfine splittings of the negative

ion ground state term are bound. In phosphorus [34] for example, there exists

three bound fine structure components of the ground state. In some cases, e.g.

C− [35], more than one term of the ground state can be bound. Almost no

negative ions have excited bound state of opposite parity with respect to the

ground state. Thus, no dipole optical transitions are generally allowed between

any bound states of a negative ion. The only known exceptions are a few el-

ements of the lanthanide series. These many-electron systems exhibit electron

correlation strong enough to bind many excited states, some which have opposite

parity with respect to the ground state. Prior to this work, the elements known

to have bound states of opposite parity are the negative ions of osmium [36–38]

and cerium [39, 40]. Apart from these, theoretical studies indicate that several

more negative ions of lanthanides should have excited states with opposite parity

with respect to the ground state [41]. In Paper VI we show that this indeed is

the case for the negative ion of lanthanum. In this negative ion, we observed

a large number of bound states of opposite parity with respect to the ground

state.

2.2 Photodetachment Thresholds

From the discussion in the previous section it is clear that the lack of bound states

with opposite parity hinders the investigation of negative ions utilizing optical

dipole transitions. The only possible optical process left is photodetachment. In

the photodetachment process an electron is ejected from a negative ion following
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the absorption of a photon. This process is equivalent to photo-ionization, but

since the residual system is neutral, the term ionization is not used. From energy

conservation it is obvious that the photodetachment process only can occur if

the photon has more energy than the EA of the negative ion. Fortunately, for

most photodetachment experiments the small binding energies involved permits

the use of light which easily can be produced with commercially available lasers.

Photodetachment can occur from any combination of an initial states in the

negative ion to a final state in the residual neutral atom. For example, Paper II

describes a measurement of the photodetachment cross section of Cs− when the

residual Cs atom is left in the 10 2S state. Obviously, a larger excitation energy

than the EA of Cs needs to be supplied in order to induce this process. However,

the principles for the process are the same as in the previously discussed ground

to ground state process. Each possible final state combination is usually called

a photodetachment cross section channel. In this thesis, a photodetachment

channel originating from the negative ion ground state is referred to by the

element name followed by the final state in the residual atom in parenthesis, e.g.

Cs(10 2S).

In photodetachment, the electron is moving far away from the neutral atom.

Thus, the penetration effect discussed previously does not significantly con-

tribute in the process. The interactions felt by the outgoing electron can thus be

approximated by the centrifugal and polarization term. The resulting effective

potential (in atomic units) is

V (r) =
`(`+ 1)

2 r2
− α

2 r4
. (2.1)

Here, r is the radial coordinate, ` is the angular momentum of the outgoing

electron and α is the dipole polarizability of the residual atom. In 1948, Wigner

[42] realized that for large r, i.e. at small energies above threshold, the centrifugal

term dominates the effective potential . Using this assumption, he derived an

analytical expression for the shape of the cross section near threshold energy:

σ ∝ (Eγ − Eth)(`+1/2), (2.2)

where Eγ represents the photon energy, Eth is the threshold energy (usually,

but not always, the EA), and ` is again the angular momentum of the outgoing

electron. Interestingly, by comparing this so called Wigner law to experimental

data, one can both infer the EA of the negative ion and the angular momentum
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of the initial state. It is an excellent example where the asymptotic behavior

of a complex system can yield surprisingly simple results. The Wigner law has

been experimentally tested in many experiments and is found to agree extremely

well with measured photodetachment cross sections close to the threshold energy

[34, 43].

The Wigner law is only valid close to the threshold energy. As the excitation

energy is increased, the assumption used in the derivation of the law starts to

break down. Usually, the range of validity of the Wigner law is assumed to be

the point where the observed cross section deviates from the measured cross

section by a fixed amount, typically 5–10%. Several efforts have been made

to extend the range of validity for the Wigner law [44, 45]. Papers III and

IV describe investigations of photodetachment to partial cross section channels

with extreme values of the final state polarizability. Here, the Wigner law breaks

down completely and a new threshold behavior is observed.

2.3 Doubly Excited States

Even tough negative ions usually only have a few bound excited states, a large

spectrum of short lived doubly excited states can be found in the photodetach-

ment continuum. They are called doubly excited states because they involve

the simultaneous excitations of two electrons. These states are analogous to

the auto-ionizing states found in neutral atoms and positive ions. The amount

of electron correlation needed to form these states is much larger than what is

needed for the ground state of the negative ion. It is thus another important

test case for atomic theory involving electron correlation.

Doubly excited states are observed as modulations in photodetachment cross

sections. These so called resonances are quantum interference phenomena where

a process can take more than one path from the same initial to final state. For

photodetachment, the initial state is the negative ion while the final state is a

free electron and a neutral atom in one of its bound states. Here, the process

can follow two distinct paths: either one electron is emitted and one is excited

instantly or two electrons are excited into a doubly excited state that then de-

cay. These processes are illustrated in Fig. 2.1. A doubly excited state can

be characterized by its energy, Er, and width, Γ. The energy is a measure of

the excitation energy needed to form the doubly excited state and the width is
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Doubly Excited States

Double Detachment Limit Ionization Limit

Excited states

Ground State

Ground state

Single Detachment Limit

Negative ion Atom

⎧
⎪
⎪
⎨
⎪
⎪
⎩

⎧
⎪
⎪
⎨
⎪
⎪
⎩

Figure 2.1: Schematic overview of a typical energy level scheme pertinent to

studies of doubly excited states. Solid and dotted horizontal lines

represent bound and quasi-bound states, respectively. Solid arrows

represent the direct photodetachment path, ejecting one electron

and exiting the other. Dotted lines represents the resonant path

via a doubly excited state. The existence of two paths from the

same initial to final state creates modulations in the observed cross

section.

determined by its life time. Both the energy and width have units of energy. A

doubly excited state can in principal cause a resonance in all energetically avail-

able photodetachment channels. However, the width and energy are properties

of the state and not the resonance. Therefore, the same width and energy should

be observed in all channels for each doubly excited state.

Photodetachment is in principle a scattering problem of a neutral atom and

a free electron. Thus, much of the frame-work on scattering phenomena can be

applied to photodetachment as well. In both areas, two types of resonances are

generally observed, called Feshbach and Shape resonances. Feshbach resonances

involve doubly excited states that are bound with respect to a state in the neutral

atom that is not energetically accessible. Shape resonances, on the other hand,
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involve doubly excited states that are bound just above its parent state.

The shape of the modulation of the non-resonant cross section for a resonance

caused by a doubly excited state can be described by a Fano profile[46]. Shore

later derived an equivalent parametrization,

σmod =
aε+ b

ε2 + 1
, (2.3)

that is more commonly used [47]. Here, a and b are the so called Shore pa-

rameters and ε = (Eγ − Er)/(Γ/2) is a dimensionless energy parameter. By

multiplying the Shore expression with a non-resonant background cross section

one obtains the total cross section. The width and energy of observed resonances

can be extracted by applying numerical fits. It should be noted that the res-

onance profiles of Shore and Fano only are valid for single isolated resonances.

An alternative parametrization treating overlapping resonances are described in

paper II.

Doubly excited states are per definition two electron systems. Thus, it is

beneficial to study them in atomic two-electron systems in order to reduce the

complexity of the observed cross sections. H− is the only true two electron neg-

ative ion and it has thus been studied extensively [16, 23, 48–50]. Unfortunately,

these systems requires large excitation energies that can only be achievable at

larger experimental facilities (synchrotrons or relativistic ion beams). Instead,

atoms and ions with two electrons outside filled shells, so called quasi-two elec-

tron systems can be investigated. Negative ions of the alkali metals have turned

out to be good experimental systems for studies of doubly excited states [19–

21, 51–54]. Papers I and II present investigations of doubly excited states of

negative ions of potassium and cesium, respectively.
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Resonant Ionization

Spectroscopy

All experimental work presented in this thesis is based on Resonance Ionization

Spectroscopy (RIS). A short introduction to the history and concept of the

method is therefore given in this section.

RIS is a light-based technique that was developed in the mid 70s as a means

to efficiently and selectively measure properties of neutral atoms. The method

was first developed by Hurst et al. in order to measure the lifetime of the 2 1S

state in Helium [55].

In its simplest form, RIS is a two step process involving two photons with

the same energy. Firstly, a photon resonantly excites an atom from a lower to

an upper state. Secondly, the now excited atom is ionized by a second photon

from the same light source. Most absorption lines in atoms are element specific,

and this method hence gives a very high elemental selectivity. The key aspect

for the success of RIS is the fact that the process only occurs if the photons have

an energy that matches an absorption line in the atom. This fact can be utilized

for analytical as well as spectroscopic investigations.

A limitation of the simple RIS-scheme is the efficiency of the ionizing step.

In this basic scheme, the ionization is caused by photo-ionization which unfor-

tunately is a non-resonant process with a very small cross section. Therefore, it

is usually required to use high power lasers in order to achieve adequate signal
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levels. This laser power requirement can pose a problem for atomic spectroscopy

where narrow bandwidth continuous-wave lasers are needed in order to perform

high-precision measurements. The power of the laser can be increased by using

pulsed lasers, but this is only an option in experiments where the requirement

of the energy resolution is lower. Furthermore, using pulsed lasers reduces the

duty cycle in the experiment. This might be problematic in cases where the

production of the atoms or ions under study is low.

If photo-ionization has to be used, there are two tricks that can be employed

in order to increase the efficiency of the process. Firstly, the cross section for

photo-ionization is at its maximum just above threshold and gradually decreases

as the excitation energy is increased. Therefore, the ionizing laser should always

be tuned to just above the ionization potential. Secondly, if there are known

auto-ionizing resonances available for the system, the efficiency can be increased

by several orders of magnitude by tuning the laser into resonance with one of

the auto-ionizing states [56].

If photo-ionization is not a requirement for the implementation of the RIS

scheme, the ionization efficiency can be increased significantly by using other

ionization processes. By using e.g. collisional ionization or electric field ioniza-

tion, discussed in the next section, only the resonant steps in the scheme need

to be saturated. These processes completely eliminates the need for high power

lasers for the ionizing step [57].

Modern RIS-schemes use several tunable lasers in order to further increase

the selectivity and efficiency of the method. I will here describe in some detail

one such example. Recently, Roethe et al. [58] used RIS to measure the ionization

potential of astatine at the radioactive beams facility ISOLDE at CERN [59, 60].

Astatine is highly radioactive with the most long lived isotope having a half-life

of 8.1 hours. This short half-life makes it extremely hard to study in the lab.

Therefore, Roethe et al. used a RIS scheme involving several tunable lasers to

resonantly ionize astatine atoms inside an ion source. Astatine was produced

by bombarding an uranium-carbide target with a high energy proton beam.

Production of astatine was measured by detecting its radioactive decay when

implanted in a metal foil. The ionization potential of astatine was determined

by scanning one of the resonant steps over a series of Rydberg states close to the

ionization threshold. By extrapolation, the ionization potential was determined

with high precision.
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Figure 3.1: Potential for an electron bound in a coulomb field influenced by an

external electric field.

3.1 Field Ionization

The experimental apparatus used in all the papers presented in this thesis uti-

lized field ionization as the final ionizing step in the RIS scheme. Field ionization

is the process whereby an electric field, if strong enough, can ionize loosely bound

atomic systems.

The field ionization mechanism is schematically shown in Fig. 3.1. A linear

electric potential VE = zEẑ is applied to an electron bound in a coulomb poten-

tial VC ∝ 1/r2. Unperturbed, the coulomb potential can bind an infinite number

of states. As the applied external field increases the potential is bent and any

states that lie above the barrier of the effective potential will be ionized. With

increasing electric field strengths, more and more states will be ionized. Ioniza-

tion of bound states can occur due to tunneling through the barrier. However,

tunneling is negligible in most practical cases.

The electric field strength needed for field ionization is given by the empirical

formula [57, 61]

E ≈ 3× 108/(n∗)4 V/cm, (3.1)
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where n∗ is the effective quantum number of the field ionized Rydberg atom.

Both the pre-factor and the exponent on n∗ have been seen to vary slightly

between experimental setups, but Eq. (3.1) gives a good indication of the fields

necessary for field ionization. From Eq. (3.1) it is clear that only relatively

loosely bound atoms can be field ionized as the required field strength grows

rapidly with decreasing n∗.

3.2 RIS Scheme Used in the Papers

The same type of RIS-scheme is used in all the experiments described in Papers

I–V. The scheme of paper IV is described below as an example. The experiment

described in Paper VI also used the RIS method. However, in that experiment

the simple RIS-scheme described in the beginning of this chapter was used. Full

details can be found in the experimental section of the corresponding paper.

In paper IV the three step RIS scheme shown in Fig. 3.2 was used in order

to measure the photodetachment cross section of the process

Na− + Eγ → Na(5 2G) + e−.

In the experiment, a 6 keV beam of Na− ions is exposed to a single UV laser

pulse, marked by γUV in Fig. 3.2. This laser pulse initiates the photodetachment

process and all energetically available states in Na will be populated in this step.

The cross section of the process can be measured by scanning the photon energy

of this first step. The photodetachment process is much faster (∼fs–ps) than

the pulse length of the laser (∼ns). Therefore, the ions in the ion beam can be

considered to be stationary for the duration of the laser pulse. Most atomic states

involved have lifetimes on the order of 10 ns – 1 µs. Thus, as soon as possible

after the UV pulse an IR laser pulse, marked by γIR in Fig. 3.2, resonantly

excites Na atoms in the 5 2G state to the 23 2F Rydberg state. In practice,

the width and jitter of the laser pulses sets a limit of the temporal separations

between the two pulses. The delay can be set to approximately 20 ns without

pulse overlap. This short delay permits only a small fraction of the excited atoms

to decay before they are exposed by the second laser pulse. The absorption line

used in Na is unique and no other populated states will be resonantly excited by

the IR pulse. Therefore, they will not contribute to the signal. After the second

laser pulse, the atoms in the 23 2F state travel downstream to a field ionizer.
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Figure 3.2: Schematic overview of the RIS scheme used in paper IV.

The time of flight is usually a few µs. Highly excited Rydberg states have life

times on the order of 10 µs [62]. Therefore, only a small fraction of the Rydberg

atoms will decay before being detected. In the field ionizer, the final, ionizing,

step in the RIS scheme is performed.

The field ionizing step is not only used to increase the ionization efficiency

of the scheme, but also to improve signal to noise conditions in the experiment.

Since negative ions are loosely bound, they have a large collisional cross section

compared to positive ions. This leads to a substantial background of positive

ions that are created by collisions with rest gas in the interaction region. In

addition, sequential absorption of two UV-photons also produces positive ions.

These positive ions will interfere with the small signal of positive ions from the

RIS-scheme. Therefore, the signal and background is separated by using the

properties of field ionization. The field ionizer can be designed to field ionize

the Rydberg atoms at a non-zero electric potential. Consequently, they will

acquire a different kinetic energy than positive ions from background processes

which are created at ground potential in the interaction region. A kinetic energy

analyzing element can therefore be used to create a spatial separation of the

signal and background sources created in the experiment. Finally, a position
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sensitive detector is used to measure ion events stemming from the field ionized

ions only.



4

Experimental Apparatus

A highly specialized experimental apparatus is needed to investigate the phenom-

ena described in chapter 2. The work presented in Papers I-V was performed at

the Gothenburg University Negative Ion Laser LAboratory (GUNILLA), while

the experiment presented in Paper VI was performed at the Department of

Physics at Denison University. A detailed description of the experimental appa-

ratus used at GUNILLA and Denison University can be found in Refs. [63] and

[40], respectively. The two setups are similar and large parts of the description

of GUNILLA also applies to the apparatus at Denison University. The main

difference between the two facilities is that it is only possible to perform crossed

beams measurements at Denison University.

GUNILLA consists of an ion beam apparatus that both produces and trans-

ports a beam of negative ions of interest to one of two interaction regions. In

the selected interaction region, the ion beam is overlapped with one or more

laser beams and the resulting photodetachment products are detected and ana-

lyzed. All experiments are performed in vacuum. In the interaction regions, the

pressures are typically a few 10−9 mbar. A schematic overview of the complete

setup can be seen in Fig. 4.1.

The two interaction regions can be used to perform either collinear or crossed

beams experiments. The collinear setup has a large sensitivity due to a large

interaction volume. Therefore, processes with small cross sections can be effi-

ciently studied using this setup. Unfortunately, the overlap between the laser

and ion beams can only be estimated from the geometry of the system. Thus,
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Figure 4.1: Schematic overview of the components that make up GUNILLA.

absolute cross sections cannot be measured with good precision. Consequently,

most experiments performed with the collinear setup is only used to measure

relative cross sections.

If precise absolute cross section measurements is of interest, the crossed

beams setup can be used instead. Here, the laser beam is scanned through

the ion beam using the animated beams method developed by Defrance et al.

[64]. Using this method, the overlap is indirectly measured and precise absolute

cross section measurements can be performed. However, due to the reduction in

interaction volume the sensitivity of the apparatus is greatly reduced compared

to the collinear setup. The crossed beams setup is not used in any of the papers

presented in this thesis. Details on the design of the crossed beams setup is

therefore referred to the work of Leopold et al. [65].

4.1 The Ion Beam Apparatus

At GUNILLA, negative ions are produced by a commercial cesium sputter source

based on the design of Middleton [66]. This type of ion source was designed

to create intense beams of primarily atomic negative ions for applications in
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accelerator mass spectrometry. It is the most efficient negative ion source for

almost all negative ions of the periodic system. However, loosely bound or

metastable negative ions such as Ca−, Be−, B− and He− are more efficiently

produced from positive ions undergoing charge exchange with alkali or alkaline

earth metals [67, 68].

In the cesium sputter source, Cs+ ions are accelerated to high energy onto

a sample that is continuously coated with a layer of neutral Cs. The Cs+ ions

sputters atoms out of the sample material. The low work function of Cs provides

the perfect environment for the sputtered atoms to capture an extra electron.

The energetic sputtering process produces ions with a large internal energy which

makes it especially useful for spectroscopy of excited states in negative ions.

Unfortunately, the spread in the initial kinetic energy of the ions is quite large.

This energy spread will reduce the resolution of the experiment through Doppler

broadening. Therefore, it is necessary to accelerate the negative ions to keV

kinetic energies in order to compress the energy spread [69].

Ions created in the source are extracted and accelerated to a final kinetic

energy of 6 keV. Several ion optical elements guide and shape the ion beam on

the path to the interaction region [63]. All elements are electrostatic except

for a 90◦ sector magnet. Finally, the ion beam reaches the interaction region

consisting of two 3 mm diameter apertures placed 610 mm apart. A grounded

steel tube encloses the interaction region in order to shield it from stray electric

fields.

The 90◦ sector magnet is used as a mass dispersive element in order to isolate

only one mass to charge ratio. The whole system has a mass resolution of ap-

proximately 500 u and 800 u for atomic and molecular species, respectively. The

discrepancy in the mass resolution actually gives insight into some interesting

physics. The mass resolution depends on the energy spread of the ions. The

larger mass resolution for molecular ions indicate that they are created with a

more narrow energy distribution when compared to atomic ions. This difference

can be attributed to the process by which the ions are created. For atomic ions,

a more direct process is assumed whereby a Cs+ ion transfers some of its energy

directly to an atom resulting in a rather large spread of initial kinetic energies.

Molecules, on the other hand are most likely created at the surface of the sam-

ple through more complex reactions and are thus formed at thermal energies.

Experimentally, this can be observed in recorded mass spectra where atomic
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negative ions are seen to have a tail towards higher masses while molecules have

symmetric mass peaks.

An important parameter that defines the ion beam system is its transmission,

i.e. the fraction of the ions produced in the ion source that reach the end of the

interaction region. According to Liouville’s theorem, the area of the phase-space

of an ion beam is conserved. If the divergence of the ion beam is reduced,

the geometrical size has to increase. A sputter ion source creates a strongly

diverging ion beam. Since the collinear interaction region only transmit a 3 mm

wide and parallel ion beam, the transmission of the apparatus is expected to

be low. Theoretically, the transmittance is limited by the emittance of the ion

source and the acceptance of the interaction region which are 50π mm mrad and

3.7π mm mrad, respectively. This results in a theoretical upper bound of 0.5%

transmission for the complete apparatus.

4.2 Laser Systems

Photodetachment is a non-resonant process with a very small cross section.

Therefore, high power lasers are needed in order to increase the probability to

induce the process. Nano second pulsed lasers provide the photon flux needed

while retaining a bandwidth useful for spectroscopic investigations. The duty

cycle is also reduced, which for these experiments actually are beneficial. By

using time-gating of the data collection, collisional detachment with rest gas in

the vacuum chamber can be reduced significantly.

There are two pulsed tunable laser systems available at GUNILLA. Both

lasers consists of Optic Parametric Oscillators/Amplifiers (OPO/OPA) systems

pumped by Nd:YAG lasers. One covers the wavelength range 220–1800 nm and

the other covers 1350–5000 nm. The performance of each laser is similar: they

both have a repetition rate of 10 Hz, a pulse length of approximately 5 ns, a

bandwidth of 0.2 cm−1 and a pulse energy of 1 mJ. The lasers can be controlled

externally and synchronized to each other with an accuracy of approximately 10

ns. The laser producing light in the 220-1850 nm range is pumped by the third

harmonic of the Nd:YAG laser. The laser producing light in the 1380-5000 nm

range is pumped by the fundamental of the Nd:YAG laser. However, the laser

is seeded by an oscillator pumped by the second harmonic of the Nd:YAG laser.

The combination of near infrared OPO seeding of a mid infrared OPA gives



Experimental Apparatus - 21

Field Ionizer

Position Sensitive
Detector

Faraday Cup
X+ + X- +   X*(n,ℓ)Σ

Figure 4.2: Schematic overview of the detection system used in the experiments

described in Papers I-IV.

the laser its unique properties of a narrow bandwidth and a tunable wavelength

extending far into the infrared.

4.3 Detection System

The experiments presented in Papers I-V all utilize a RIS scheme of the type

discussed in Sec. 3.2. In order to efficiently measure a photodetachment chan-

nel of interest, a specialized detection system is needed. The measurements in

Papers I-IV were performed with a setup that is described in great detail in

Paper I. Paper V describes the design and first results of a new detector setup

that was developed in order to remedy some of the drawbacks of the old design.

An overview of the detection system used for the experiments presented in

Papers I-IV can be seen in Fig. 4.2. Both this and the new version consists of

three parts: a field ionizer, an energy analyzer, a Faraday cup, and a position

sensitive detector (PSD). The field ionizer is used to ionize and velocity tag

highly excited Rydberg atoms. The energy analyzer will then create a spatial

separation of the field ionized ions as compared to ions created by background

processes in the region before the field ionizer. The analyzer is simultaneously

used to deflect the residual negative ion beam into a Faraday cup. Finally, the

PSD is used to detect the positive ions. The position information can later be

used to extract the signal stemming from field ionized ions.

In papers I-IV, a combined field ionizer and energy analyzer consisting of
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two electrostatic bending rods was used. The rods created an electric field that

increased along the central axis. Depending on their binding energy, Rydberg

atoms were field ionized at different positions in the field. The subsequent de-

flection by the same field induced a spatial separation between positive ions from

background sources and the Rydberg atoms of interest that could be detected by

the PSD. This setup had several drawbacks which reduced the functionality of

the detection system. Firstly, the PSD had to be placed close to the ion beam.

This introduced both ion and laser induced noise on the detector. Some of this

noise could be removed with the help of a pulsed detection scheme. However, for

light ions, especially Li−, this method was not applicable since the time between

the laser pulse and the arrival of the positive ions was very short. Secondly,

there was no control over the field ionization conditions and the energy separa-

tion. This did not limit the experiments presented in papers I-IV but for future

experiments, it would have been an issue.

The old and new setup differs in the design of the field ionizer and the energy

analyzer. The main design goal was to develop a field ionizer that did not affect

the direction of the ion and atom beam. In the literature, a common approach

to this problem is to use a coaxial electric potential created either by coaxial

plates or a resistive tube [70]. This setup yields a linearly decreasing electric

potential inside the device that is abruptly terminated by a large step in the

electric potential. This potential profile results in an electric field profile that is

constant in the first part of the field ionizer and then increases rapidly over a

short distance. Therefore, the field ionization will either occur in the beginning

or end of the device, depending on the principal quantum number of the Rydberg

atoms and the total bias over the device. Rydberg atoms ionized at the end of

the tube will acquire a shift in their kinetic energies equal to the bias between

the entrance and exit of the device.

The new design builds upon the idea discussed above and can be seen in Fig.

4.3. The field ionizer consists of 12 coaxial circular plates of 1 mm thickness

with 4 mm apertures in the center. The first 11 plates are placed to form 5 mm

gaps between plates while the final 12th plate is placed to form a 15 mm gap.

In total, the field ionizer is thus 77 mm long. Plates 2–12 can be individually

biased while the first plate is grounded to ensure a field free interaction region.

In this way, a high degree of control over the electric potential, and hence the

electric field, between each plate-pair can be achieved.
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Figure 4.3: Schematic overview of the new detection system used in the exper-

iments described in Paper V.

The new field ionizer is not energy dispersive. An energy analyzing element

thus had to be inserted in the beam path. The energy analyzer consists of two

concentric plates that bends and separates the positive ions. Residual negative

ions will be deflected in the opposite direction through a hole in the plate which

allows measurements of the current of the negative ion beam.

The new field ionizer setup is designed for three types of experiments: pho-

todetachment cross section measurements with final state selectivity; Rydberg

state branching ratios close to the double detachment limit; and an investiga-

tion of the threshold law for double detachment. In the next three subsections,

SIMION simulations for the three prototype experiments will be presented and

discussed. For all simulations, ions and neutral atoms of Cs with a kinetic en-

ergy of 6 keV were used. Since the acceptance angle of the collinear interaction

region is small, the beam diameter was set to be 3 mm with no divergence.

4.3.1 Photodetachment Cross Section Measurements With

Final State Selectivity

Experiments performed in papers I-V benefit from a large separation between

positive ions created either by background processes or by the signal stemming

from field ionized Rydberg atoms selected in the RIS-scheme. A large spatial

separation can be achieved by creating a large kinetic energy separation between

the background and signal that can be dispersed by the energy analyzer. A

suitable potential and field profile for this case can be seen in Fig. 4.4a. Here,

the fields have been tuned in order to detect a Rydberg state with n = 25, which

require a field strength of approximately 750 V/cm in order to be field ionized
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Figure 4.4: Simulated field ionizer scheme for final state selective measurements

of photodetachment cross sections. The electric field and potential

curves in (a) represents the field along the central axis of the field

ionizer. The numbered vertical dashed lines correspond to each plate

in the field ionizer. The left and right spots in (b) are positive ions

detected by the PSD stemming from background and signal sources,

respectively.

(see Eq. (3.1)).

The first ten plates of the field ionizer are biased in order to create a linear

decrease in the electric potential. The slope of this potential should be such that

the corresponding electric field is smaller than that required for field ionization

of the Rydberg state of interest. Finally, the potential is brought back to ground

over a single plate-pair. This creates an electric field that is much larger than

that required for field ionization. In Fig. 4.4a it is shown that the Rydberg

state will be ionized at a potential of approximately -1250 V. Consequently, the

field ionized atoms will be decelerated as they fly out of the ionizer, acquiring a

final kinetic energy of 4.75 keV. In contrast, ions created outside the field ionizer

will maintain their kinetic energy. The field configuration shown in Fig. 4.4a

creates an energy difference of 20% between signal and background ions. This

is sufficient to separate the two sources of positive ions.

The resulting separation on the PSD is shown in Fig. 4.4b. The left spot is

produced by positive ions created outside the field ionizer whereas hits on the

right side are positive ions stemming from field ionized Rydberg atoms. The left

spot is somewhat elongated horizontally due to the different paths of the two
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Figure 4.5: Simulated field ionizer scheme for detection of Rydberg state branch-

ing close to the double detachment limit. The electric field and po-

tential curves in (a) represents the field along the central axis of the

field ionizer. The numbered vertical dashed lines correspond to each

plate in the field ionizer. The spots inside the rectangle in (b) shows

the positions on the PSD for ions stemming from Rydberg atoms

with n = 31–35. Hits to the left and right of the region of interest

correspond to Rydberg states with n > 35 and n < 31, respectively.

beams in the energy analyzer. It is obvious that the new field ionization setup

is adequate for measurements of partial photodetachment cross sections.

4.3.2 Rydberg State Branching Close to the Double De-

tachment Limit

Photodetachment with photon energies approaching the double detachment limit

represents an interesting aspect of photodetachment. In this case, the residual

atom can be left in any of the energetically available Rydberg states close to the

ionization limit. With the new detector setup it should be possible to measure

branching ratios of a large range of Rydberg states, leading to further insight

into the photodetachment process.

An example of a electric potential and field profile tailored for a Rydberg

branching measurement is shown in Fig. 4.5a. Here, the goal is to detect Ry-

dberg atoms with n = 31–35. The field ionizer is configured to contain three

different regions. Plates 1, 2 and 3 are used to field ionize Rydberg states with
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n > 35 at a potential of approximately -50V. The subsequent plate-pairs 3–4,

4–5, 5–6, 6–7 and 7–8 are tuned to sequentially field ionize each of the five Ry-

dberg states of interest. Each Rydberg state is field ionized at lower and lower

potentials. Finally, plates 9 through 11 are used to field ionize Rydberg states

with n < 31 at a potential of approximately -1250V. This electric potential and

field profile will give each of the seven groups of Rydberg states different final

kinetic energies. The resulting spatial separation, created by dispersion in the

energy analyzer, is shown in Fig. 4.5b. All the seven groups are well separated

and the Rydberg states of interest can easily fit on the PSD. Approximately

five Rydberg states can be detected at the same time. This limit is set by the

size of both the PSD and the ion beam. Field ionizing Rydberg states with

n outside the range of interest inside the field ionizer ensures that background

contamination of the signal spots on the PSD is minimized.

The range of n-values that can be detected is tuned by shifting the voltages

in the field ionizer. The lowest n Rydberg state that can be field ionized by

the system is the n = 13 Rydberg state. This state requires an electric field of

approximately 10 kV/cm. At lower n, a significant distortion of the trajectories

of the positive and negative ion beams in the field ionizer is observed. It is more

difficult to estimate the maximum n Rydberg state that can be detected. Using

Eq. (3.1), one finds that the electric field needed for field ionization between

subsequent n Rydberg states differs only a few V/cm at n = 50. At such low

field differences, it becomes difficult to create a separation in kinetic energy

between the Rydberg states. Mainly, offsets in power supplies and stray electric

fields will begin to significantly hinder the precision of the applied electric fields

in the field ionizer.

4.3.3 Threshold Law for Double Photodetachment

Double photodetachment can occur when the photon carries enough energy to

eject two electrons from a negative ion. This is a very interesting phenomena,

where two separate theoretical predictions of the shape of the threshold cross

section have been presented [71, 72]. There is still no conclusive experiments

that prove, or disprove, these theoretical models [73, 74].

For this experiment, the signal from double detachment will be produced

as positive ions in the interaction region. Therefore, a RIS-scheme cannot be

used to separate the signal from background sources of positive ions that also
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Figure 4.6: Simulated field ionizer scheme for detection of doubly detached neg-

ative ions. The electric field and potential curves in (a) represents

the field along the central axis of the field ionizer. The left spot

in (b) corresponds to positive ions created in the interaction region

while hits to the right correspond to field ionized Rydberg states.

are created in the interaction region. The two main background sources of

positive ions are collisional ionization with background gas and photo-ionization

of residual atoms occupying excited states by the photodetachment laser. The

first source can be reduced by lowering the pressure in the interaction region

and the second can be reduced by choosing an element with a low ionization

cross section. However, there is a third significant background source that can

be removed by the field ionizer. In the photodetachment process, highly excited

Rydberg states will be populated close to the ionization limit. Such states will

be field ionized by the bending plates in the detection setup. If there is no

previous energy difference between the Rydberg atoms and positive ions, they

will end up on the same position on the detector. This background can be

reduced significantly by using the electric field configuration shown in Fig. 4.6a.

Here, the lowest permissible increase in the potential bring as many Rydberg

states as possible to a lowered potential. A large step in the potential is then

introduced to field ionize the Rydberg states. This subsequent deceleration of

the Rydberg states results in an energy separation large enough to separate them

from positive ions created outside the field ionizer. In Fig. 4.6b, the signal spots

on the PSD resulting from Rydberg states and double detachment can be seen to

the right and left, respectively. The irregular shape of the signal spot stemming
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Figure 4.7: Partial photodetachment cross section for the Na(4 2D) channel.

The solid line represent a fit to the data of a single shore profile

together with a linear background. The vertical and horizontal bar

represents the energy and width of the resonance. The dashed ver-

tical lines, finally, indicates the position of channel openings.

from Rydberg states are caused by suboptimal trajectories of the positive ions

in the energy analyzer. Simulations show that Rydberg states with n lower than

approximately 50 can be separated from the double detachment signal. Further

optimization of the apparatus might allow an even lower limit. The experiment

on Rydberg branching ratios should result in a good estimate on the amount of

contamination that will result from n > 50 Rydberg states.

4.4 Data Collection and Analysis

During an experiment, several parameters needs to be measured and stored.

Typically, the recorded parameters are: the negative ion current; the laser pulse

energy; the photon energy; and position information from the PSD. Since the

experiments are pulsed, the timing information of ions arriving at the PSD

relative to the laser pulses are also recorded. The time span recorded is usually

from a few µs before to a few 10s of µs after the laser pulse. All data is collected
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Figure 4.8: Position and time data for the cross section curve presented in Fig.

4.7. (a), typical spatial distribution on the PSD. Darker areas con-

tain more events. The square box indicates the area containing

events from the channel of interest. (b), distribution of arrival times

of events on the PSD in respect with the laser pulse. The black area

contains signal from the channel of interest.

using LabView based software that also controls the scanning of the lasers during

the experiments. The collected data has to be processed offline before being

analyzed.

The offline analysis is performed in a combination of C# and Matlab pro-

grams. The goal is to produce cross section curves like the one shown for the

photodetachment channel Na(4 2D) in Fig. 4.7. In the figure, each circle repre-

sents accumulated data for approximately 3000 laser shots.

In order to reduce background sources and remove artifacts, only data that

fall inside a subset of the parameter space are kept for further analysis. The

most important parameter is the time of arrival of ions on the PSD relative

to the laser pulse. The transit time of the laser pulses through the interaction

region is on the order of ns while the transit time of the photodetached atoms

are on the order of µs. This means that the laser pulses effectively define time

zero from which it is possible to deduce the expected arrival times at the PSD of

ions stemming from atoms created in the interaction region. Thus, by selecting
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events that fall into the correct time window, an increase in the signal to noise

ratio is achieved. Similarly, by only selecting events found in the expected area

on the detector, background sources are reduced further. An example of such

cuts is shown in Fig. 4.8. Here, both the cut in position and time reduced

the background sources significantly. As can be seen in Fig 4.8a, there is more

than one signal spot on the detector. The left part of the signal is due to two-

photon absorption of UV-photons and should be excluded. For the timing, seen

in Fig. 4.8b there is a large peak due to noise induced by the UV laser pulse.

Both background sources would be added to the cross sections curve, but by

only selecting data from the regions of interests this background is eliminated

completely.

Once the cuts have been applied to the data, the number of hits are nor-

malized to the ion current and number of photons in a laser pulse. Finally the

normalized signal is binned according to the photon energy and an average cross

section value is calculated for each bin. In order to avoid broken data sets, the

excitation energy of the photodetaching laser in the RIS scheme is scanned mul-

tiple times over the energy range of interest. Each scan is usually around one

hour in length (36000 laser shots). Therefore, the final step in the analysis is

to take the average of several normalized scans over the same energy range in

order to produce the final cross section curve.
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Results & Discussion

In this chapter, the results presented in Papers I-VI will be summarized. Papers

I-IV describes experimental studies of photodetachment of K−, Cs− and Na−.

These papers cover two main topics: resonances in partial photodetachment

cross sections due to interference with doubly excited states and the effect on

photodetachment threshold behaviors due to large dipole polarizabilities of the

final state channel. The two topics will be covered separately and results from

the appropriate papers will be presented under the corresponding section. Paper

V describes results on Cs− photodetachment using the new field ionization setup

described in Sec. 4.3. Finally, Paper VI presents results from a study on bound-

bound state transitions in La−.

5.1 Doubly Excited States

Papers I and II report on measurements of partial cross sections of photode-

tachment of K− and Cs− to highly excited final state channels.

Previously, Kiyan et al. [20] investigated the K(5 2S) channel up to an exci-

tation energy of 4.298 eV. A subsequent paper by Liu [22] presented calculations

of the same channel as well as several other channels to highly excited states in

K. Experimentally, five distinct resonances were found in the cross section data.

All were confirmed by Liu’s calculations and in addition, two new resonances

were predicted to exist at higher excitation energies.
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Figure 5.1: Partial photodetachment cross sections in the K(7 2S) channel.

Dashed vertical lines indicate channel openings. Open circles repre-

sent measured data points and solid lines represent numerical fits as

described in the text. The inset figure is a zoom of the larger figure

close to the K(5 2F) threshold. The vertical, respectively horizontal,

solid lines represents the energy and width of a resonance. Each

resonance has three resonance indicators: the one in the middle is

from Paper I, the one on above is from the theoretical work of Liu

[22], and the one below is from the experiment by Kiyan et al. [20].

For Cs−, measurements of photodetachment cross sections have been per-

formed up to 1.96 eV excitation energy [53]. This energy range permits pho-

todetachment that leaves Cs in the ground state or in the first excited state. For

a long time, Cs− was thought to have a bound state close to the photodetach-

ment threshold. However, this Cs−(6s6p3P ) state was found to be situated in

the continuum just above the threshold [75]. Apart from theoretical predictions

of the energy of the 3P state [76, 77] few theoretical publications exist [78].

Paper I and II have both extended the energy range of investigation com-

pared to previous experiments. In the case of K− photodetachment, an energy

range of 4.25–4.36 eV was covered. This energy region includes, and extends,

the range covered by the experiment by Kiyan et al.. For Cs−, the energy range
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Figure 5.2: Partial photodetachment cross sections in the K(7 2S), K(5 2F) and

K(5 2G) channels. Dashed vertical lines indicate channel openings.

Open circles represents measured data points and solid lines nu-

merical fits as described in the text. Vertical and horizontal lines

represents the energy and width of a resonance, respectively. The

thicker resonance indicators at the top of the figure are the average

over the three channels. The thin resonances indicators are theoret-

ical predictions by Liu [22].

was substantially increased to cover 3.975–4.04 eV. No previous experiments or

theory have covered this energy region.

Over these two energy ranges, several partial photodetachment cross sec-

tions have been measured in K− and Cs− using RIS schemes equivalent to that

discussed in Sec. 3.2. The observed final state channels are K(7 2S), K(5 2F),

K(5 2G), Cs(10 2S), Cs(6 2F), Cs(6 2G) and Cs(6 2H). The measured cross sec-

tion curves can be seen in Figs. 5.1, 5.2, and 5.3.

5.1.1 K− Results

Two previously unobserved resonances were detected in the K(7 2S), K(5 2F)

and K(5 2G) channels between the K(5 2F) and K(7 2P) channel thresholds. In
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Table 5.1: Resonance parameters extracted from several measured partial cross

sections of photodetachment of K−. Resonances parameters in bold

were observed in more than one channel and the arithmetic mean is

thus given.

Paper I Kiyan et al. [20] Liu [22]

Er (eV) Γ (meV) Er (eV) Γ (meV) Er (eV) Γ (meV)

4.28(2) 44(20) 4.292(2) 10(2) 4.275 90 –

4.294 68(9) 1.6(3) 4.2945(1) 1.5(2) 4.294 72 1.4722

– – 4.295 76(4) 0.10(8) 4.295 803 1 0.002

4.296 21(5) 0.28(5) 4.2960(2) 0.30(3) 4.296 06 –

4.324(3) 22(5) – – 4.323 39 27.7183

4.353 02(13) 1.72(12) – – 4.353 50 –

addition, three by Kiyan et al. [20] previously observed resonances were detected

in the K(7 2S) channel below the K(5 2F) threshold. A sixth, very narrow, reso-

nance observed both by Kiyan et al. and calculated by Liu was not observed in

the experiment in any of the three channels. This is attributed either to a small

coupling between the doubly excited state and the final states investigated or

the limited resolution of the experiment.

In the K(7 2S) and K(5 2F) channels, resonance parameters were extracted by

fitting a sum of shore profiles (Eq. 2.3) and a linear background to the observed

data. For the K(5 2G) channel, a fit of two Shore profiles and the threshold law

developed in Paper III was applied. The extracted energies and widths for all five

resonances are presented in Tab. 5.1. If a resonance is observed in more than one

channel the arithmetic mean of the energy and width is reported. The narrow

resonance observed in the previous papers is also included for reference. The

resonances observed in Paper I, the work by Kiyan et al., and the calculations

of Liu are all in good agreement.

One of the advantages of using a final state selective experimental apparatus

is the ability to observe a doubly excited state in more than one final state chan-

nel. A resonances observed in more than one channel with the same energy and

width, is clear evidence of the existence of a doubly excited state. In addition,

the amount of resonant modulation of the non-resonant process increases with

increasing final states. For example, a resonance observed in the K(7 2S) channel
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Figure 5.3: Measured cross sections for the Cs(10 2S), Cs(6 2F), Cs(6 2G) and

Na(6 2H) channels. The solid lines through the data are individual

fits of Eq. 5.1 to the observed data. Extracted energies and widths

for the observed resonances are shown as solid vertical and horizontal

lines, respectively.

modulates the cross section by approximately 90%. This is much larger than for

the K(5 2S) channel which Kiyan et al. observed, where the modulation was only

25%. Resonances that create small modulations in the cross section are harder

to detect. By measuring more than one photodetachment channel, a complete

picture of doubly excited states in this region is obtained.

5.1.2 Cs− Results

The four Cs− photodetachment spectra observed in Paper II are much more

complicated than those observed in K− photodetachment. In K−, the reso-

nances are well separated and a single Shore profile can be used for each of the

resonances. In contrast, most of the resonances observed n Cs− have large widths
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and are overlapping. The overlapping resonances hinder the application of the

parametrization by Shore or Fano to the resonances. In order to extract useful

resonance parameters, an alternative parametrization of overlapping resonances

had to be developed.

In quantum mechanics, the total transition amplitude determines the shape

and magnitude of an observable cross section. In order to form the total tran-

sition amplitude, contributions from all possible paths from an initial to a final

quantum state needs to be included. Each amplitude can be represented by a

real number, denoted by Ai, and a complex phase shift, denoted by δi. Once the

amplitude and phase of all the relevant paths have been worked out the total

transition amplitude can be formed by the sum T =
∑
iAie

iδi . The cross section

is simply the squared magnitude of the total transition amplitude.

The cross sections seen in Fig. 5.3 stems from a total transition amplitude

that consists of one non-resonant direct path as well as a number of resonant

paths via doubly excited states. The photodetachment process

Cs− + γ(Eγ)→ Cs(n`) + e−,

induced by a photon γ, represents a path carrying a transition amplitude An`

that depends on the excitation energy Eγ . We assume that the phase of this

path is independent of the photon energy and use it as the definition of zero

phase in order to simplify further calculations. The resonant photodetachment

process

Cs− + γ(Eγ)→ Cs−∗∗(k)→ Cs(n`) + e−

forms the rest of the contribution to the total transition amplitude. Here

Cs−∗∗(k) indicate the kth doubly excited state in Cs− that is accessible by

the energy Eγ supplied by the photon. Each of these resonant paths carry

a real amplitude that consist of two parts: the Lorentz excitation profile of

the doubly excited state and the branching ratio of the doubly excited state

to the Cs(n`) state. The Lorentz profile is proportional to 1/
√
ε2k + 1, where

εk = (Eγ − Ek)/Γk

2 . The branching amplitude of each doubly excited state is

assumed to be proportional to the non-resonant photodetachment amplitude,

An`. However, the transition amplitude of different resonant paths should be

independent of each other. This is taken into account by introducing a relative

transition amplitude skn` so that the total real amplitude for one doubly excited

state path is Akn` = An`s
k
n`/(

√
ε2k + 1). The phase of each resonant path has
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two contributions: a constant offset, δkn` and a energy-dependent phase shift,

δk = tan−1(−1/εk) that comes from the resonant process itself [79]. The reso-

nant transition amplitude of the kth doubly excited state then becomes

Akn` =
An` s

k
n` e

i(δk+δkn`)√
ε2k + 1

.

By using the fact that eiδk/
√
ε2k + 1 = 1/(εk + i) the cross section can finally be

written as

σn` = |Tn`|2 = A2
n`

∣∣∣∣∣1 +
∑
k

skn` eiδkn`

εk + i

∣∣∣∣∣
2

. (5.1)

In the case of a single isolated resonance, one can show (see Paper II) that the

model reduces to the Shore profile. For more than one resonance, no simple

analytical form can be found. Even so, it is straightforward to implement the

model in a numerical fitting routine. For k resonances, the free parameters of

the model are: a linear background, An`, k s
k
n` parameters, k δkn` parameters

and k εk parameters. The position and width of each resonance can be extracted

from the corresponding εk parameter.

A large number of resonances are observed in all channels between the Cs(5 2F)

and Cs(10 2P3/2) channel openings. Not every resonance is observed in all four

partial cross sections. This is due to variations in branching ratios from the

doubly excited state to individual cross section channels. Fits of Eq. (5.1) to-

gether with linear backgrounds to the observed cross sections data can be seen

as solid lines in Fig. 5.3. Energies and widths of the resonances are marked with

vertical and horizontal lines, respectively. Using the same number of resonances

in all channels resulted in unstable fits. Thus, each channel has been treated

separately and the fit with the least amount of resonances that could represent

the data was used for resonance parameter extraction.

The doubly excited states that produce the resonances observed in the cross

section have definite energies and widths. Thus, parameters extracted for the

same resonance observed in several photodetachment channels should agree.

From Fig. 5.3 it is apparent that the energies and widths of the resonances

vary from channel to channel. This means that most assignments of doubly

excited states to resonances are at best tentative. Still, since more than one

photodetachment channel is used the assignments should give a good indication

of the spectrum of doubly excited states that are present in the cross sections.
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Figure 5.3 has been split into five parts to aid with the discussion of the

observed resonances. In region A, at least two resonances are observed although

only in the Cs(6 2F) channel. Only one resonance is observed in region B and

there is good agreement between the channels apart from a larger width in the

Cs(6 2G) channel. The same can be said for region C except the width of the

resonance in the Cs(6 2H) channel is much smaller than in the other channels.

This means that most likely there are two resonances in region C. One, broad

resonance, is observed in the three first channels and one, more narrow, is only

observed in the Cs(6 2H) channel. In region D, there are large disagreements be-

tween the channels. Nonetheless, between 4.03 eV and the Cs(10 2P1/2) channel

opening, two resonances are aligning well in the Cs(10 2S), Cs(6 2G) and Cs(6 2H)

channels. Finally, in region E just below the Cs(10 2P3/2) channel opening there

is one resonance present at the same position in all channels.

As stated before, the assignments made here are only tentative. In the end,

a comparison with ab-initio calculations is needed in order to fully understand

the observed cross sections.

The experiments on Cs− shows once again the benefit of measuring more

than one final state channel. In spectroscopy on bound states, the resonances

observed have Lorentz profiles since the excitations can only follow a single path.

A Lorentz profile carries only a positive contribution to the final cross section.

Thus, it is relatively simple to observe overlapping resonances and still extract

accurate information from fits to the data. In contrast, doubly excited state

resonances ave both positive and negative contributions. Overlapping resonances

of the Shore-type can create odd cases, e.g. it is possible to overlap two anti-

symmetric resonances resulting in zero net contribution to the cross section.

Thus, it is relatively difficult to draw any conclusions with only one observed final

state channel. Instead, by measuring several final state channels covering the

same energy region, it is possible to draw some, although tentative, conclusions

about the underlying doubly excited states. This technique is shown to be

effective in our experiments on Cs−.

5.2 Threshold Behaviors

Papers III and IV presents measurements of photodetachment cross sections

close to threshold of a number of highly excited final state channels in K− and
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Figure 5.4: Measured cross sections for the K(5 2F) and and K(5 2G) channel

openings. Note the large scale difference between panel (a) and (b).

The solid black line in panel (b) is a fit of Eq. 5.3 and a single Shore

profile to the observed data.

Na−. In addition, the results presented in Paper II shown in Fig. 5.3 include

several threshold observations relevant to the discussion in this section.

All three experiments show that if the photodetachment process leaves the

residual atom in an excited state with a large and negative polarizability, its

cross section is greatly suppressed close to threshold. This behavior had not

been observed before in photodetachment experiments. In addition, all three

experiments also verified that if the final state instead has a large and positive

polarizability, the cross section quickly reaches a plateau. This behavior had

been observed and explained before by Sandström et al. [80].

The first observation of the new threshold behavior was made in Paper III

where photodetachment cross sections in the K(5 2F) and K(5 2G) final state

channels were measured. The polarizabilities of the states have been calculated

to be 3 936 137 and −3 097 696 a.u., respectively [22]. The measured cross sec-

tions can be seen in Fig. 5.4. Here it can be seen that the K(5 2F) channel

reaches a plateau within less than 1 meV of the threshold. The K(5 2G) chan-

nel, on the other hand, is still increasing 35 meV above threshold. Due to a

resonance close to threshold, there was some uncertainty as to the nature of the

suppression. Although the same resonance was observed in other channels, there

was a small chance that the threshold behavior was caused by the resonance itself
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Figure 5.5: Measured cross sections for the Na(5 2D), Na(5 2F) and Na(5 2G)

channel openings. Note the large scale difference between panel (a)

and (b). The solid black line in panel (b) is a fit of Eq. 5.3 to the

observed data.

and not by a new threshold behavior. A continued search for a channel opening

without resonances was therefore initiated. The first candidate was Cs− and the

same behavior could be verified in the n = 6-manifold. The polarizability of the

Cs(10 2S) and Cs(6 2F) states are 4.75×105 and 7.77×106 a.u., respectively [81].

Unfortunately, the polarizability of the other states investigated in Cs are not

known. However, they should be of the same order of magnitude as in K−. As

evident from the previous section, the many resonances in the cross section still

meant that no definite verification of the new threshold behavior could be done.

Finally, Na− turned out to have just the right conditions for investigations of

the new threshold behavior. The photodetachment cross section of the Na(5 2F)

and Na(5 2G) channels, presented in Fig 5.5, show the same behavior as in K−

but without any interfering resonances. There are no measurements nor calcu-

lations of the polarizabilities of these states. Nonetheless, simple perturbation

calculations give polarizabilities of 2.0×107 and −1.7×107 a.u. for the Na(5 2F)

and Na(5 2G) states, respectively.

The results in the three papers, both for negative and positive polarizabilities,

can be understood by considering the asymptotic conditions present close to

a photodetachment threshold. For photodetachment to states with moderate

polarizabilities, Wigner [42] realized that the effective potential is dominated by
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the centrifugal term for large r (i.e. low excitations energies). In most cases, the

Wigner law agrees well with observed cross sections close to threshold and it has

been an extremely valuable tool in many experiments on negative ions (See e.g.

Refs. [34, 43, 82, 83]). For the observations in Papers II-IV, the Wigner law is

only valid over a very short energy range. Instead, another asymptotic limit has

to be considered in order to explain the observed behavior. In these cases it is

instead the polarization interaction that dominates over the centrifugal term. It

should be noted that the centrifugal term will be dominating for sufficiently small

values of r. The cross over point where the polarization contribution becomes

larger than the centrifugal contribution has to be evaluated in order to assess if

it is dominating in the energy range covered by the experiment.

For final states with large positive polarizability the observed threshold be-

havior can be understood by considering the outgoing electron as traveling in

a strong attractive potential with a small centrifugal barrier. The height of

the barrier is in the range of 10–100 µeV for the states observed in the exper-

iments. As the excitation energy is increased above threshold, the electron is

able to escape the system by tunneling through the barrier. Therefore, the cross

section is seen to increase directly at threshold. As the excitation energy is in-

creased, the probability for tunneling increases until the electron can be ejected

above the barrier. At this excitation energy one would expect the cross section

to flatten out. However, the outgoing electron is reflected against the barrier

which reduces the probability for escape. Instead, it takes a small amount of

additional excitation energy before the reflection probability is reduced to zero

and the cross section levels out. This general threshold behavior can be seen

in all the channels resulting in a final state with a large and positive polariz-

ability. Even so, there are some channels that deviate from this model. One

is the Na(5 2F) channel which actually increases more slowly than the Na(5 2D)

channel even though it has a larger polarizability. The same can be seen in the

Cs(6 2G) channel which rises very slowly even though it is predicted to have

a large positive polarizability. In order to fully describe the behavior a more

complete quantum-mechanical calculation is needed. This was performed by

Wantabe and Greene [84], who created a modified effective range theory that

explained photodetachment threshold behaviors observed in photodetachment

to final states with large and positive polarizabilities in Li− and K− [80].

For states with large and negative polarizability, the outgoing electron is
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Figure 5.6: A schematic overview of the potentials and wave functions involved

in the derivation of the new threshold model contained in Eq. 5.3

instead traveling in a strictly repulsive potential. Nonetheless, for sufficiently

large r, the Wigner law should still be valid. In the case of photodetachment

to the Na(5 2G) channel, the cross over point where the polarization potential

starts to dominate is approximately at r = 1200 a.u.. This radial distance

translates into an energy above threshold of 0.23 meV, which means that the

resolution of the experiment cannot resolve the energy region where the Wigner

law is expected to be valid. It also means that we can assume for the further

discussion that the polarization interaction is the only one that affects the shape

of the cross section near threshold that we observe in the experiments.

In Paper III, a new threshold law was developed under the assumptions

mentioned above. A sketch describing the model can be seen in Fig. 5.6. The

general idea is to find analytical forms of the initial and final state wave functions

of the detaching electron. The observed cross section is then simply the overlap

of these two wave functions. The initial wave function can be approximated by

Hartree-Fock wave functions from standard tables [85]. The continuum wave

function, on the other hand, is made up of two parts: a plane wave in the

classically allowed region and an exponential tail in the classically forbidden

region. The two parts of the outgoing wave function can be found by using the
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semi-classical WKB-approximation. Here, the de Broglie wavelength is assumed

to be much smaller than the size of the typical length scale of the system. This is

true for most unbound electron motion except at classical turning points where

the wavelength goes to infinity. In our case, the only part of the wave function

that is of interest is the one where the initial and final wave functions overlap.

The initial state wave functions only protrude a few Bohr radii from the nucleus.

Therefore, the two wave functions only overlap in a narrow region close to the

nucleus. The classical turning point for an energy above threshold of 30 meV

is r0 = 300 a.u. which is far from the region where the two wave functions

interact. Thus, the WKB-approximation will be valid in this case. Once the

wave functions have been calculated, the shape of the cross sections can be

calculated from the following expression (atomic units):

σ ∝
∫
k

∣∣∣〈Ψf

∣∣∣V̂ ∣∣∣Ψi

〉∣∣∣2 δ (E + Ea + Ei − Eγ)
d3k

(2π)3
. (5.2)

Here, E is the energy of the outgoing electron, V̂ denotes the transition operator,

|Ψf 〉 and |Ψi〉 the final and initial state wave functions, Ei is the initial state

energy, Ea is the energy of the residual atom, and Eγ is the photon energy.

Integrating the above expression using the correct wave functions yields a very

simple threshold law

σ ∝ exp
[
DE

1
4

]
, (5.3)

where D = 2.396(2|α|)1/4. The only free parameters in the model are the thresh-

old position and the polarizability α of the final state.

In Fig. 5.5b a fit of the model to the cross section data can be seen as the

solid line. The model fits the data well up to 35 meV where the cross section

starts to level out. At higher energies, it is most likely that the electron wave

function has started to penetrate so far that the interactions no longer can be

described by a simple dipole polarization interaction. Instead, a more complete

electron correlation interaction would be needed together with a full quantum-

mechanical calculation. Nonetheless, the new model adequately describes the

observed threshold behavior.

In principal, the model should allow us to extract a dipole polarizability of

the final state from the fitted value of D. In the case of both the K(5 2G) and

Na(5 2G) final state the extracted value of α is two to three orders of magnitude

too small but it does give a polarizability that is much larger compared to most
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atomic states. It is not very surprising that the model cannot give quantitative

results since it has been developed using simple approximations. In order to fully

describe the system, a full ab-initio quantum mechanical calculation is needed.

Both the experiments on K− and Na− shows the flexibility of the state selec-

tive detection that is possible at GUNILLA. Firstly, it enabled us to detect the

different threshold behaviours. Secondly, by observing the interfering resonance

in the K(5 2G) channel in more than one partial cross section, we could conclude

that the shape of the cross section was not only due to the resonance but had

to come from a new threshold behavior.

5.3 Design of a Field Ionizer for Studies of Neg-

ative Ions

The new field ionizer setup that is the topic of Paper V has been described

in detail in Sec. 4.3. In summary, a new field ionizer consisting of 12 coaxial

circular plates can be used to tailor the electric field necessary for studies of the

photodetachment process. Three experimental scenarios are simulated and the

performance of each case is evaluated.

In order to test the new setup, a trial experiment on Cs−has been performed.

The ground state configuration of Cs and Cs− is 6s and 6s2, respectively. Thus,

photodetachment to the ground state in Cs will result in p-wave photodetach-

ment. This reduces the accuracy on the determination of the EA of Cs. Until

now, the most accurate published EA comes from a measurement to the ground

state [75]. There exists a more accurate measurement of the EA of Cs, but it

has only been tabulated in the review by Hotop and Lineberger in 1985 [86].

Therefore, the first test of the new setup will be to measure the EA of Cs by

detecting a final state channel with s-wave behavior.

With the lasers available at GUNILLA, the lowest lying accessible final state

channel that results in s-wave photodetachment is Cs(8 2P). Unfortunately, the

PSD was broken during the final time-window open for experiments. It was

therefore replaced with a small aperture channeltron setup. This reduced the

diagnostic abilities during the experiment and it was not possible to detect the

signal of this final state channel. To prove the RIS part of the design, we instead

measured the ground state photodetachment channel. Here, IR photons are used

for photodetachment while the UV photons resonantly excites the Cs(6 2S) →
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Figure 5.7: Results from first experiments using the new detection system de-

scribed in Sec. 4.3. (a) shows photodetachment cross section mea-

surements to the grounds state of Cs. (b) shows a scan over two

resonant transition from the ground state to the 25 2P1/2, 3/2 states.

The solid lines represent a fit of the Wigner law and two Lorentz

profiles to the data in (a) and (b), respectively.

Cs(25 2P) transition. The resulting Cs Rydberg atoms are field ionized by a field

similar to that described in Sec. 4.3.1. The resulting cross section curve can be

seen in Fig. 5.7a. Although the data needs to be improved it is clear that we

observe a p-wave threshold corresponding to ground state photodetachment.

In order to show that we indeed are observing signal stemming from field

ionized Rydberg atoms, the UV photon energy is scanned over the two fine

structure components of the Cs(25 2P) configuration. This results in two Lorentz

resonance peaks that can be seen in Fig. 5.7b. The extracted positions of the two

resonances are 31 167.74(4) and 31 168.47(3) cm−1, respectively. This should

be compared with the previously measured positions of the Cs(25 2P) states of

31 167.01727(15) and 31 167.74257(20) cm−1, respectively [87]. The splitting of

the two states are in good agreement but there is a shift of approximately 0.7

cm−1 of the new measurement compared to the older measurements. This shift

corresponds to 3.5 bandwidths of the laser. Most likely, the shift is the result of

an uncalibrated wavelength meter. However, this uncertainty is sufficient for the

purpose of RIS, since we unambiguously can identify the transition lines. The

current data shows that the apparatus is performing within expectations and

once the PSD is repaired, it is expected to significantly enhance the capabilities
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of GUNILLA.

5.4 Bound States of Opposite Parity in La−

Bound excited states with a parity opposite that of the ground state are indeed a

rarity among negative ions. The shallow potential that binds the outer electrons

are usually too week to bind more than hyperfine, fine and occasionally term

splitting states of the the ground state electron configuration. Since these states

have the same parity, no allowed optical transitions are observed in most negative

ions. Up until now, only Ce−, and Os− have been observed to have bound states

of opposite parity [36, 40].

Negative ions with bound states of opposite parity are interesting in them-

selves since it is the especially strong electron correlation that permit the dense

structure of excited states. More interestingly, such negative ions should be

possible to laser cool. Laser cooled negative ions could then be used to sympa-

thetically cool other negatively charged systems. This would for example open

up the possibility to cool anti-protons with the prospect to enhance the produc-

tion of anti-hydrogen.

Unfortunately, Ce− and Os− have been proved to be unfavorable for laser

cooling due to the need for re-pumping of dark states and a relatively low

strength of the proposed cooling transition [88]. Luckily, there are more neg-

ative ions proposed to have bound states with opposite parity with respect to

the ground state. In particular, the negative ion of lanthanum, La−, is now

expected to be a better candidate for laser cooling applications. Theoretical

studies by O’Malley and Beck [41, 89], show that La− should have seven even

([Xe]5d26s2) and eight odd ([Xe]5d6s26p) parity states. A number of optically

allowed transitions involving 6p↔ 5d excitations should thus exist. In particu-

lar, the transition from the 3Fe
2 ground state to the 3Do

1 excited states showed

promising properties for laser cooling.

Paper VI describes an experimental survey of the bound states of La−. The

experiment was performed at the Department of Physics at Denison University.

In the experiment, a ns pulsed tunable infrared laser was overlapped perpendic-

ularly to a 12 keV ion beam of La−. Any photodetached La− was separated

from the negative ion beam and detected in the forward direction. The laser

delivered pulses with photon energies ranging from 260 to 539 meV.
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Table 5.2: Observed bound-bound transitions in La−. The transition in bold is

the proposed laser cooling transition.

Transition Experiment

Energy (meV)

Experiment

Width (meV)

Calculated

Energy (meV)

Calculated

A coeff. (s−1)

3F e3 → 3F o2 259.76(4) – 192 260
3F e3 → 3F o3 299.94(3) 0.016(6) 238 900
3F e4 → 3F o4 323.33(3) 0.025(6) 271 1700
3F e2 → 3F o2 343.69(3) 0.014(6) 259 530
3F e4 → 3Do

3 365.94(3) 0.19(4) 326 31 000
3F e2 → 3F o3 383.87(3) 0.021(6) 305 1600
3F e3 → 3Do

2 386.59(4) 0.24(7) 329 26 000
3Fe

2 → 3Do
1 399.42(3) 0.28(3) 337 29 000

3F e3 → 3F o4 412.24(3) 0.020(4) 339 150
3F e3 → 3Do

3 454.86(3) 0.021(6) 394 1800
3F e2 → 3Do

2 470.55(3) 0.032(8) 396 3600
3F e2 → 3Do

3 538.80(3) 0.016(6) 461 21

The EA of La− has been measured and calculated to be 470(20) [90] and 545

meV [89], respectively. As the energy of the laser was scanned, 12 narrow peaks

were observed in the photodetachment spectrum. Since the excitation energies

for most of these peaks are lower than the EA of La−, they can only be the result

of bound-bound transitions followed by photodetachment from the excited state.

By using repetitive features of the 12 peaks, it was possible to uniquely define

the location of eight excited states in La−. A list of the 12 observed transitions

together with state assignments, transitions energies and widths can be found in

Tab. 5.2. Transitions involving six out of the 15 predicted states were not seen

since they were not accessible from the states populated by the ion source.

The results obtained in the experiment are very promising for future appli-

cations of laser cooling. An optimal laser cooling system should only contain a

single transition with a large transition amplitude. Such a systems would not

need re-pumping of dark states and should allow for a relatively low-power laser

to efficiently cool the ions. These first results show that La− might provide such

a system. The 3F e2 → 3Do
1 transition is the only one involving the 3Do

1 state.

This is a good indication that it is not connected to any other state than the
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ground state via dipole transitions, thus forming an effective two level system.

In addition, the observed width of the peak in the experiment was seen to be

large when compared to most of the other transitions. Most likely, this is due

to power broadening of the peak, indicating that it indeed is a strong transition,

which is also supported by calculations [41].

In summary, La− is the most promising candidate for a demonstration of

laser cooling of negative ions. The main drawback is the modest 30 pA of ion

current that is achievable with existing ion sources. However, the long loading

times of ion traps due to few collisional losses should permit a large density of

trapped La− ions. In addition, there is little need for cooling of the ion beam

prior to trapping which also simplifies the procedure.
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Conclusion & Outlook

In this thesis a number of photodetachment experiments have been performed

using the GUNILLA apparatus. The results have led to a significant increase

in our knowledge of the structure and dynamics of negative ions. All the exper-

iments have involved photodetachment to highly excited states of the residual

parent atom, thus probing highly correlated, yet simple, atomic systems.

I consider the observation of a new threshold behavior for final state channels

with a large negative polarizability as the most important result. We now have

a solid understanding of the phenomena and the fact that we have observed the

behavior in three separate systems strengthens the confirmation of the observed

process. Interestingly, the observed threshold behaviors are very similar to that

of β-decay [91]. In both β−-decay and photodetachment to a final state of large

and positive polarizability the cross section for the processes are seen to increase

rapidly just above threshold. In contrast, the cross section near threshold for

both β+-decay and photodetachment to a final state with large and negative

polarizability are seen to increase much more slowly. Even tough β-decay and

photodetachment are very different processes they both present the same under-

lying situation of an electron moving in either a strong attractive or repulsive

potential. In the case of the repulsive potential, the electron is brought into the

forbidden region of the potential and has to ”tunnel out” in order to be emitted.

It is this tunneling that is responsible for the observed suppression of the two

processes. The process of photodetachment to final states with high polariz-

ability and β-decay thus represents an excellent example of the universality of
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physics.

The photodetachment experiments on K− and Cs− have substantially in-

creased the amount of information on measured partial cross sections for the two

systems. In total, partial cross sections for eight new photodetachment channels

were recorded. In addition, we observed many resonances in the cross sections

due to the auto-ionizing decay of doubly excited states. In the case of K−, five

doubly excited states were found. Two of these had not been observed previ-

ously. For Cs−photodetachment, we observed a large amount of doubly excited

state resonances. Many of these resonances were overlapping, thus excluding

the use of the Fano or Shore parametrization in the extraction of the resonance

parameters. As a result, it was necessary to develop an alternative resonance

parametrization in order to determine the energy and width of the resonances.

State selective detection using RIS have been proven to be a valuable tool in

the interpretation of the observed resonance structure. By using more than one

photodetachment channel, one is ensured that no resonances are missed due to

a weak signal arising from inadequate coupling between a doubly excited state

and a specific photodetachment channel. In the case of Cs−, measurements of

more than one photodetachment channel were essential for the interpretation of

the complex resonance structure.

The experiments on both the threshold behavior and the doubly excited

states leaves room for theoretical input. The semi-classical model developed to

explain the behavior for the new threshold behavior does not provide quanti-

tative results. Clearly a quantum mechanical calculation that includes electron

correlation is needed. The rich spectrum of doubly excited states in Cs− that

was observed presents a formidable challenge at the theoretical level. I hope

therefore that the work presented in this thesis will attract the attention of new

theoretical input in order to formulate a quantum mechanical model for these

systems.

Future prospects for investigations at the collinear setup at GUNILLA is sum-

marized in the section on the design of the new field ionizer setup. Although

the old arrangement was efficient, it had several drawbacks that hindered fur-

ther investigations of photodetachment to even more highly excited states of

the residual atom. The new design incorporates a collinear field ionizer and a

separate energy analyzer. With this field ionizer, almost any electric field profile

can be realized. It should allow a new range of experiments to be performed
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involving excitation energies extending up to and beyond the double detachment

limit. In particular, two new types of photodetachment experiments can be per-

formed. One is the investigation of branching ratios to highly excited Rydberg

states of the residual atom and the other is to investigate the double detachment

process in which two electrons are simultaneously detached from a negative ion.

Hopefully, the new experimental design will finally enable future measurements

to shed light on these fundamental problems.

In addition to the work performed at GUNILLA in Sweden, I have been in-

volved in measurements on twelve optical transitions between bound states of

opposite parity in La−. The experiment was performed at the Dension Univer-

sity in the USA. The results confirm that La− is only the third negative ion

found to have bound states of opposite parity. By using patterns among the ob-

served transitions, all the lower and upper states involved were identified. The

transition between the 3F e2 ground state to the excited 3Do
1 state should be par-

ticularly well suited for a recently proposed laser cooling scheme. Calculations

show that the upper state almost exclusively decays back to the ground state.

In addition, both experiment and theory indicate that the transition strength

is strong. This supports the predictions that La− could be very efficiently laser

cooled. If this is possible, it would open up a sympathetic cooling mechanism

that could be applied to most negatively charged particles. The most interest-

ing prospect would be to cool anti-protons in an effort to enhance anti-hydrogen

production. However, before any laser cooling can be undertaken, more precise

measurements of branching ratios and transition intensities in La− are needed.



52



Conclusion & Outlook - 53

Acknowledgment

Table 6.1: Recipients of gratitude.

Recipient Motivation

Dag Hanstorp

For guidance and pep talks whenever I needed them.

And for showing that academia is so much more than

just research.

Anton Lindahl

Pontus Andersson

Peter Klason

Hannes Hultgren

Mikael Eklund

Oscar Isaksson

Olle Windelius

Tobias Leopold

For all the discussions about physics both in an out

of the lab. And for the great sense of belonging that

you all have helped to create.

Ann-Marie Pendrill
For the teaching perspective and for all the Liseberg

physics opportunities.

Mats Rostedt
For being a helping hand with all things technical

and electrical in the lab.
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