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Negative ions are of fundamental interest in atomic physics due to the enhanced
importance of the electron correlation. In this thesis new spectroscopic methods
have been developed and then applied to study the nature of atomic negative ions.
The demand of experimental development in this field is pronounced due to lack
of resonant excitations within the atomic negative ion, which makes conventional
spectroscopy methods insufficient. Instead, laser photodetachent spectroscopy has
been applied in which an ion absorbs a photon resulting in a break up in a neutral
atom and an electron. The research has been performed at the Gothenburg Uni-
versity Negative Ion and Laser LAboratory (GUNILLA) and at ISOLDE, CERN.

The work has widened the utilization of spectroscopy techniques to include ra-
dioactive elements. For such studies the Gothenburg ANion Detector for Affin-
ity measurements by Laser Photodetachment (GANDALPH) was developed. Of
particular interest here is an experimental determination of the electron affinity
of astatine of 2 415 78 7 eV. This work opens for future work on the
spectroscopy of transuranium elements and other artificial elements.

Second, a new type of spectrometer for Photoelectron Angular Distribution (PAD)
spectroscopy has been developed. In this spectrometer, called PEARLS (Photo-
Electron Angular Resolved Linear Spectrometer), the laser and ion beams are
collinearly aligned, which considerably increases the interaction volume. The spec-
trometer was then used to study the energy dependence of the asymmetry param-
eter , for photodetachment of negative phosphorous.

Third, a neutral particle detector for collinear spectroscopy is presented. The
target material was graphene coated quartz with transparent properties that out-
performs the previously used Indium Tin Oxide (ITO). With graphene coating, the
accessible energy range is extended to at least 5 3 eV compared to the earlier limit
of 3 7 eV.

Finally, an experimental set-up for state selected detection of the residual atom
in the photodetachment process has been developed and commissioned. The set-
up has been used to measure the EA of cesium to be 0 471 612 9 eV.
This work sets the groundwork for investigation of the validity of Wannier’s law
for three body particle breakups.



Atomic Physics, Photodetachment, Negative Ions, Anions, Laser Pho-
todetachment Spectroscopy, Electron Affinity, ISOLDE, CERN, Radioisotopes,
Photo Angular Distributions, Graphene, Electron correlation, Neutral Particle
Detection, Wannier’s Threshold Law.
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With this thesis I want to give a glimpse of the world of quantum mechanics from
the perspective of atomic physics and more specifically through the research field
of laser spectroscopy of atomic negative ions. The text approaches the subject from
an experimentalist´s point of view, although it starts with a brief introduction to the
field and its applications in Chapter 1. Chapter 2 is a short introduction to the the-
oretical foundation of negative ions, and also contains a discussion of the concept
of Laser Photodetachment Threshold spectroscopy, which works as a bridge over
to the experimental overview in Chapter 3. In Chapter 4 the experimental results,
which are presented in detail in the appended papers, are summarized. Chapter 5,
finally, gives a conclusion and presents future plans.

I can’t stress enough that the papers presented in this thesis and the work described
in it, is by no means a single mans work. All is the result of team efforts where
every single author should have their share of the credit. In addition to the names
in the authors lists of the papers I present here a separate list to give my special
gratitude to important people, coauthors or not. I have sincerely tried to make
my list as comprehensive as possible to include everyone, without any ranking of
importance.

Thank you all!

• Anton and Johan for teaching me my first set of skills in laboratory work and
showing me the beauty (and frustration) of experimental physics.

• Jan-Åke for supplying parts and long flip passes.

• Mats for sharing your knowledge and your practical support.
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• My examiner Raimund and all of the department of physics at the University
of Gothenburg.
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Atomic physics was born with the idea of an indivisible particle that builds up mat-
ter and runs back to ancient Greece [7].The word atom originates form the greek
word atomon, that could be translated to indivisible [8]. The true breakthrough
of the research of atomic physics came with understanding the construction of the
atom from the results of Rutherford’s [9], [10] famous scattering experiment of al-
pha particles off a thin gold foil. The results were used to create an atomic model
with a dense nucleus of positive charge surrounded by a cloud of electrons. With
this in hand Niels Bohr created his famous atomic model which successfully was
used to explain the quantized energy levels of single electron atomic systems [11].
This was a major step in the creation of quantum physics which successfully has
been applied to describe the properties of matter on the atomic scale [12].

In 1913 [13] Thomson1 identified and listed various charge states of matter as
negatively charged electron and positively and negatively charged atoms and
molecules. Since this early research negative ions, or anions, have proven to be
of fundamental importance. In many examples from daily life or in nature, nega-
tive ions appear just as common as positive ions. As an example, sodium chloride
( ), the composition of ordinary table salt, when dissolved in water, creates
salt water with equal amounts of positive ions as negative ions. Equal
amount of charges may also be found in the flame of a candlelight, in a lightning, in
the ionosphere or in the magnetosphere [15]–[17]. These are all examples of plas-
mas, a state of matter defined as a compound of particles of different polarities.
However, in atomic physics the situation is quite different. Positive ions can easily
be created by supplying sufficient energy to an atom in order to remove one or
more electrons. The required energy can be supplied by a projectile particle or a

1Most known from discovering the electron in 1897 [14] which granted him the Nobel prize in
1906.
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photon. A negative ion, on the other hand, is created by binding an extra electron
to a neutral atom, but there is no long range force attracting the negatively charged
electron to the neutral atom. However, negative ions can exist if the electrons in
the ion move in such a way that they can share the attractive force of the nucleus.
This makes atomic anions an interesting construction and a field of its own in atom
physics physics. Simply by measuring the binding energy of an anion, the electron
affinity (EA), one reveals fundamental quantum principles of the system.

Atomic systems are usually treated theoretically by first assuming that each elec-
tron is moving in the average potential created by all other electrons. This is called
the Hartee-Fock model [18], and can usually give an accurate basic description of
the system. The electron-correlation, i.e. the direct interaction between the elec-
trons, is thereafter added as a perturbation. This procedure, however, is usually
not applicable for a negative ion since the Hartee-Fock model many times is un-
able to predict a stable negative ion. The electron correlation therefore have to be
built in to the basic model used to describe a negative ion. Hence, negative ions
are suitable systems to benchmark theoretical models ability to incorporate elec-
tron correlation. On the other hand, a very simple theoretical description of the
anion can be obtained using the “particle in a box model”. This model can be used
to understand some basic features of anions such as their lack of bound excited
states [19].

Negative ions play an important role in many areas of applied research. The
discrepancy between the apparent and actual temperature of our sun, has been
explained by negative hydrogen ions [20], [21] absorbing and reradiating light in
the outer atmosphere of the sun. An equivalent effect is responsible for the opac-
ity of the atmosphere of the earth as well as in the interstellar medium [22]–[24].
However, it’s difficult to determine the concentration of anions in these media.
This stems from the fact that interaction with light exclusively separates the extra
electron from anions due to its lack of bound excited states. Subsequently, anions
don’t leave any sharp spectral lines as when light interacts with atoms or positive
ions. Nevertheless it is of great importance in modeling astrophysical environ-
ments to know the basic properties of negative ions and how they interact with
other particles. Therefore, negative ions have evolved to be an important topic in
the field of laboratory astrophysics [24].

A very important step in atomic physics was the development of laser cool-
ing, for which Steven Chu, Claude Cohen-Tannoudji and William D. Phillips were
awarded the 1998 Nobel prize [25]–[27]. This allows detailed studies of atomic
systems as the thermal motion which gives a Doppler broadening of atomic lines,
is reduced to a negligible level. This opened up the research field, allowing new
effects to be investigated. Most striking is the creation of a Bose-Einstein conden-
sate, for which Eric Cornell, Wolfgang Ketterle and Carl Wieman were awarded
the Nobel Prize in 2001 [28], [29]. In order to laser cool a system a suitable atomic
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transition needs to be found. For positive ions, efficient laser cooling has been
achieved for some ions, such as strontium [30]. Here the interesting technique
of sympathetic cooling has been developed. By trapping laser cooled ions
and with for instance ions in a trap, the ions are also cooled through the
Coulomb interaction between the cold ions and the hot ions. In this way
any atomic or molecular positive ion can be cooled [31].

Ever since the demonstration of sympathetic cooling of positive ions, the re-
search community has searched for a suitable negative ion to achieve the same
effect. For negative ions the situation is not so favorable, since lanthanum [32],
cerium [33], osmium [34], and latest discovered thorium [35], are the only species
of atomic negative ions where both odd and even parity states have been observed.
An alternative would be to use a molecule, where is a candidate [36] for laser
cooling of negative ions. Research is currently ongoing with the aim to identify
a laser transition in one of these elements that can be used for cooling. Finding
such a transition would be of great importance since it would open up for cooling
of any negative ion. This would, for instance be used to study molecular nega-
tive ions that are expected to exist in the cold interstellar medium [37], [38]. The
most important application would be to cool anti-protons. Sympathetic cooling of
anti-protons requires negative ions as a buffer gas since the anti-protons would im-
mediately merge and annihilate if positive ions were used. By cooling anti-protons
it will be possible to more efficiently produce anti-hydrogen. Spectroscopic stud-
ies of anti-hydrogen is of great interest since it will reveal information about the
symmetry of matter [39].

Spectroscopy, in general, is the experimental tool for atomic physic research.
The very first spectroscopic investigations of negative ions were performed using
electron impact spectroscopy and polar dissociation spectroscopy [40]. The stan-
dard today is to utilize photodetachment where lasers are used as monochromatic
light sources giving a method with a high resolution. However, the first known
photodetachment experiments were performed with a mercury discharge lamp by
Branscomb [41], [42]. Later, the same technique was refined with lasers and there-
fore came to be known as Laser Photodetachment Electron Spectroscopy [43].
The setup utilizes the narrow linewidth and high intensity of lasers. However, it
suffers from a limited resolution of the electron energy analyzing spectrometer.
Laser photodetachment threshold spectroscopy (LPT) [44], circumvents this limi-
tation by instead detecting the neutralized atom. Observing the onset of detected
atoms while tuning the laser photon energy correlates directly to the EA of the an-
ion. Another method is called Laser Photodetachment Threshold Microscopy [45]
where again the detached electron is captured in a conservative field that guides
the electron onto an imaging detector which records an interference pattern yield-
ing information about the kinetic energy of the electron. Followed by a rather
straightforward subtraction of the kinetic energy from the photon energy one re-
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trieves the threshold energy for the photodetachment process. This has proven to
be an effective technique, which to date has given the most precise measurements
of the electron affinity [46]–[48].

Increasing the photon energy way above the first threshold will eventually open
new thresholds or channels of photodetachment. The channel openings corre-
sponds to excitation levels of the residual atom of the photodetachment process.
At these energies the photodetachment process is strongly influenced by polariz-
ing effects and resonant behaviours caused by electron-electron interactions, or
in other words electron correlation. Many experimental investigations have given
new insight of the complexity of the seemingly simple system of the anion [49],
[50]. Increasing the energy further will ultimately reach the ionization limit with a
double escape of electrons, usually described as double detachment. Many obser-
vations of double detachment has been reported, using high energy photon sources
[51], [52] or intense laser fields utilizing multi photon absorption [53], [54]. Studies
of double detachment has for more than half a century caught attention of theoreti-
cians [55]–[57] since the initial prediction of the threshold behaviour by Wannier
in 1953 [58]. Several experiments has been performed [59], [60], although non, to
my knowledge, has been able to conclusively distinguish the different theories.

An important method in chemistry [61] is Photoelectron Angular Distributions
[62], [63], in which one map out the angular dependence of the escaping elec-
tronic wave in the photodetachment or photoionization processes. The PAD of
molecules [64] involves rather complicated modelling for the complex composi-
tion of molecular orbitals. PAD spectroscopy by photodetachment of atomic neg-
ative ions includes, on the other hand, only one electronic orbital. This reduces
the possible contributions to the outgoing photoelectron wave and works perfect
as a test-bench system for PAD. The most adopted technique for PAD is Velocity
Map Imaging (VMI) [65], [66] where the photoelectrons are guided by an electric
field on to a position sensitive detector. The geometry of the VMI setup may vary
[67], [68] but all have in common that the relative velocity of the emitted electrons
creates an image on the detector. The image can therefore be translated back to
the original outgoing electron wave.

DESIREE [69], [70] at Stockholm University and CSR [71], [72] at the Max
Planck Institute in Heidelberg have recently developed electrostatic storage rings
for ions. Both have vacuum conditions of <10 13 mbar which reduces collisional
detachment allowing storage of ions up to hours. Lifetime measurements of ex-
cited states [73], [74] of anions may be performed by probing the population of
excited anions using photodetachment while they are decaying to the ground state
by spontaneous emission. Further, the long storage time allows for depletion of
the population in excited states using a high intensity laser. This can be used to pre-
pare an ensemble of anions that are solely in the ground state. The purified beam
of ground state anions combined with continuous wave lasers with bandwidths of
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the order of MHz opens up for EA measurements of unrivaled precision [75].
Since Thomson [13] and colleagues of his time initiated mass spectrometry, the

field has gone through large developments. One offspring is radiochronometry,
maybe most known for its carbon dating method for age determination of an-
thropological objects. In carbon dating the ratio of C and C in a sample is
determined for which accelerator mass spectroscopy (AMS) is the most sensi-
tive method. In most cases of radiochronometry there is a stable isotope with
the same mass as the radiochronometer that gives an experimental background.
A method for suppressing such isobaric backgrounds using photodetachment has
recently been developed [76], [77]. The ion beam is passed through a radio fre-
quency slower prior to the injection into a tandem accelerator. Here the ion beam
is illuminated with laser light that photodetach the interference while leaving the
radioisotope unaffected. This is for instance the case when detecting Cl in the
presence of S [78]. In cases where the EA of the interference is larger than the
radioisotope, a molecule could be used, as in the case of detecting Hf in the
presence of W, where the HfF is used [79].

Another application of anions is fusion reactors at facilities such as ITER [80].
The current model of fusion reactors rely on a large flux of a neutral beam of deu-
terium in order to heat the plasma. One promising realization [81] of the high flux
neutral beam is by photodetachment of a negative deuterium ion beam.

To conclude, there is a general scientific interest in negative ions. There is now
a basic understanding of their properties, but still there are many things to learn.
Their unique properties make them ideal systems to test atomic theories that fully
include electron correlation. Further, their relative simple structures, where many
negative ions only have a single bound state, makes them suitable model systems
for investigations of atomic and molecular processes. Further, there are many ap-
plications of negative ions where detailed knowledge about the properties of neg-
ative ions are required. Hence, there is a demand both to conduct new detailed
investigations of negative ions and to develop methods that are more sensitive and
yield an improved resolution.

The work presented in this thesis has its focus on improving the experimental
techniques. The new experimental techniques include an angular photoelectron
spectrometer, a set-up for using resonances ionization spectroscopy for measuring
partial photodetachment cross sections and detector for fast neutral atoms that
can be combined with UV laser light. The technical development is accompanied
with proof-of-principle experiments where the results are of interest both within
the field of atomic physics and for applications in other research areas.

The thesis starts with a theoretical background of atomic physics and light-matter
interaction and proceeds with an exposition of experimental implementations in
the experimental approach chapter. The result chapter is a summary of the experi-
mental findings that are described in detail in the appended papers. The conclusion
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and outlook aims to summarize the work and make a projection to the future.
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�U�B�H�H�F�E �D�P�S�S�F�T�Q�P�O�E�J�O�H �U�P �U�I�F�J�S �B�U�P�N�J�D �T�U�B�U�F�� �5�I�F �F�O�F�S�H�Z �U�B�H �J�T �D�P�O�W�F�S�U�F�E �J�O�U�P �J�O��
�E�J�W�J�E�V�B�M �U�S�B�K�F�D�U�P�S�J�F�T �J�O �B�O �F�M�F�D�U�S�P�T�U�B�U�J�D �B�O�B�M�Z�[�F�S�� �5�I�F �U�S�B�K�F�D�U�P�S�J�F�T �F�O�E �V�Q �B�T �T�Q�P�U�T
�P�O �B �.�J�D�S�P �$�I�B�O�O�F�M �1�M�B�U�F �	�.�$�1�
 �U�P�H�F�U�I�F�S �X�J�U�I �B�O �B�T�T�P�D�J�B�U�F�E �%�-�%������ �D�P�N�N�F�S��
�D�J�B�M �Q�P�T�J�U�J�P�O �T�F�O�T�J�U�J�W�F �E�F�U�F�D�U�P�S �Q�S�P�E�V�D�F�E �C�Z �3�P�F�O�U�%�F�L�� �1�P�T�J�U�J�W�F �J�P�O�T �D�B�O �B�M�T�P �C�F
�Q�S�P�E�V�D�F�E �J�O �U�I�F �J�O�U�F�S�B�D�U�J�P�O �S�F�H�J�P�O �E�V�F �U�P �T�J�O�H�M�F �Q�I�P�U�P�O �B�C�T�P�S�Q�U�J�P�O �	�J�G �U�I�F �Q�I�P��
�U�P�O �J�T �M�B�S�H�F�S �U�I�B�O �U�I�F �&�" �B�O�E �*�& �P�G �U�I�F �F�M�F�N�F�O�U�
�
 �U�I�S�P�V�H�I �N�V�M�U�J�Q�I�P�U�P�O �B�C�T�P�S�Q�U�J�P�O
�P�S �U�I�S�P�V�H�I �D�P�M�M�J�T�J�P�O�T �X�J�U�I �S�F�T�J�E�V�B�M �H�B�T�� �5�I�F �F�O�F�S�H�Z �P�G �U�I�F�T�F �Q�P�T�J�U�J�W�F �J�P�O�T �B�S�F �O�P�U
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