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Abstract
In this thesis, experiments with negative ions performed at the DESIREE facility are presented. DESIREE consists of two
electrostatic storage rings operated at 13 K. The low temperature in combination with a low pressure allows for storage
times of the negative ion beams to be up to several hours. This unique feature is to advantage in the development of a new
method for high-precision measurements of electron affinities and binding energies of excited states of negative ions. In this
method, ions are stored in the one of the two storage rings of DESIREE, and a high-power laser is applied to photodetach
ions in the excited state. These excited states are often very long-lived for negative ions and the photodetachment signal from
these states are a major source of background, which dominates the uncertainties, in threshold spectroscopy experiments.
By removing the ions in the excited state, threshold photodetachment spectroscopy can be performed with almost no
background below the photodetachment threshold. This allows the threshold energy to be determined with a very high
precision.

The new method is demonstrated by performing measurements of the electron affinities of 16O and 18O. The obtained
uncertainty in the electron affinity of 16O is a tenfold improvement in accuracy compared to previous measurements and
the resulting electron affinity is the most accurately measured electron affinity of any element to date. In addition to the
electron affinity, the fine-structure splitting of the ground state is also measured for both isotopes. From the measured
electron affinities, the isotope shift in the 18O and 16O electron affinity is determined with a high accuracy. This shift is a
quantity not only relevant in atomic physics but also of great interest in nuclear physics.

In addition to the high-precision electron affinity measurements, the possibility to store ions for a long time is utilized
to perform measurements of lifetimes of excited states in negative ions. Measurements are presented where excited states
in Ir-, Bi-, and CH- are studied. Lifetimes ranging from 100 ms up to 5000 s are observed.
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1. Introduction

Negative ions play important roles in many areas of science and the list of
research applications is long. The early prediction that the H− ion is a domi-
nating agent in the absorption of stellar atmospheres by Wildt in 1939 sparked
an interest in the role of negative ions in astrophysics [1]. H− is also believed
to be instrumental in the formation of H2 in the early universe [2]. The mu-
tual neutralization between H− and light positive ions is important in under-
standing the spectra from late-type stars [3]. Negative ions are also absorbers
and emitters of light in the interstellar medium and in planetary atmospheres
where they participate in many processes involving the creation and destruc-
tion of molecules. Further, they are critical charge carriers in many plasma
environments. All of these aspects need to be considered in simulations of
astrophysical importance [4]. In atmospheric and climate sciences, the de-
struction of ozone protecting the Earth from the Sun’s ultraviolet radiation has
long been an important issue. One of the dissociation paths of O3 is through
interactions with negative ions [5–7].

Negative ions are constituents of many state-of-the-art experiments where
a variety of properties are studied for a large range of applications. One topic
gaining much focus recently is that of laser cooling of negative ions [8]. Laser
cooling is routinely performed on atoms and on positive ions but a lack of
electronic dipole transitions in negative ions makes this impossible for most
atomic negative ions. Most bound excited states posses the same parity as the
ground state and, therefore, decay through magnetic dipole, electric quadru-
ple, or higher order transitions making laser cooling unfavourable. There are
only five known exceptions, where the first was observed in Os− in 2000 by
Bilodeau and Haugen [9]. They observed the bound excited 6Do state with op-
posite parity compared to the 4Fe ground state. The transition frequency was
later measured by Warring et al. to be 257.831 190(35) THz [10]. Three more
negative ions have been found to have states with opposite parity to the ground
state; Ce−, La−, Th−, and most recently U− [11–14]. In order to perform
laser cooling on a negative ion, a short lifetime and an accurate measurement
of the transition energy is needed. An interesting application of laser cool-
ing of negative ions is that, once cooled, an ensemble of negative ions can be
used to sympathetically cool other negative ions and in particular antiprotons
[13; 15]. Another application where negative ions are in focus involves the ex-
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otic positronium ion, Ps−. It was first observed by Mills in 1981 [16] who two
years later measured the annihilation decay rate for the first time [17]. Pho-
todetachment threshold spectroscopy was recently used to measure the elec-
tron affinity (the binding energy of the ground state) of 326.88(19) meV [18].
Further, photodetachment of Ps− is used to create energy tuneable beams of
neutral Ps, which are essential for studies of interactions between Ps and regu-
lar matter [19]. Antimatter is again the topic in a proposed study of interactions
between antiprotons and heavy nuclei in the antiProton Unstable Matter Anni-
hilation (PUMA) project at CERN [20]. In this project, negative ions of heavy
elements will be trapped together with antiprotons, and the pions created in the
annihilation process will be detected.

The uniqueness of negative ions is a result of the experienced lack of a 1/r
Coulomb potential for the valence electrons. In a negative ion, the core elec-
trons shield the Coulomb potential from the nucleus and a 1/r4 polarization
potential is instead responsible for the interaction with the valence electrons.
This shorter range potential causes atomic negative ions to have very few or
in some cases no bound electronic states. In most cases, independent par-
ticle models such as the Hartree-Fock model do not predict any bound-state
wavefunctions. Therefore, correlation is an important component determin-
ing the properties of the bound states. This makes negative ions interesting
probes for electron correlation effects [21]. Accurately predicting electron
affinities and other bound-state properties has proven to be very difficult as can
be seen in e.g., recent studies of halogens [22], and negative ions in the nitro-
gen group [23]. When computing the atomic structure, relativistic effects are
also important, even for lighter elements such as Ni− [24]. A recent combined
theoretical and experimental study of the electron affinity of astatine showed a
discrepancy compared to other calculations, further illustrating the difficulties
computing this property [22; 25–27]. Another property that depends on corre-
lation is the specific mass shift that can be measured as part of the isotope shift
of the electron affinity. Calculating the isotope shift of an electron affinity is
a challenging task as demonstrated in studies of systems such as C− [28; 29]
and O−[30; 31].

Measurements of electron affinities

A common experimental method used to study both electron affinities and
binding energies of excited states is through a combination of photoelectron
threshold spectroscopy and velocity map imaging [32]. Here, negative ions are
photodetached using a tuneable photon energy and the outgoing low-energy
photoelectrons are extracted with electric fields and detected using the veloc-
ity map imaging detector technique. By recording the position of the electrons,
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the kinetic energy can be calculated and a photoelectron energy spectrum can
be obtained. Since only electrons with low energies are detected, electrons re-
sulting from photodetachment of other states than the state of interest can be
ignored, resulting in a clear spectrum. The limiting factors of resolution in
such a setup include the determination of the photon frequency and the cal-
ibration of the velocity map imaging system. The uncertainties in measured
electron affinities using this method are typically in the order of 10 µeV (a few
GHz) [33].

Another method is called photodetachment microscopy and this method
has been used to perform the hitherto most accurate electron affinity measure-
ments [34; 35]. The most precise measurement of an electron affinity is that
of sulphur where the electron affinity is 2.077 104 2(6) eV corresponding to
an uncertainty of 145 MHz [35]. In this technique, negative ions are photode-
tached using a laser of a fixed photon energy just above the photodetachment
onset. The laser is focused onto an ion beam placed in a homogeneous ex-
ternal electric field. The emitted electron is detected by a position sensitive
detector. The photoelectron image recorded in will not be a traditional elec-
tron image, as obtained from photoelectron spectroscopy, but will instead be
an interference pattern with a higher resolution. The interference pattern oc-
curs because an electron with a certain energy can reach each point in the plane
perpendicular to the ion beam by two different trajectories. This is similar to
the well-known text-book example of projectile motion, where a given launch
velocity gives the same range for two different launch angles.

The method used in the electron affinity experiments presented in this the-
sis is based on laser photodetachment threshold spectroscopy. Here, a laser
beam is overlapped with an ion beam in either a parallel or perpendicular di-
rection. The laser frequency is then scanned near the photodetachment thresh-
old, and the neutral atoms resulting from photodetachment are detected using
a neutral particle detector. By recording the neutral particle rate as a func-
tion of laser frequency, a photodetachment spectrum is obtained, and the on-
set of the photodetachment threshold can be identified as the electron affinity.
The limiting factors of resolution in these types of measurements include the
measurement of the photon frequency, the signal-to-background level, and the
sharpness of the measured threshold.

Excited states and their lifetimes

Since most excited states in negative ions can not decay via electric dipole
transitions but instead decay through higher order processes, they are often
very long-lived. This means that lifetimes can vary between a few µs up to
several hours. In order to measure a long lifetime accurately, the experimental

3



time-scale should at least be of the same order of magnitude as the lifetime.
The first studies of lifetimes of negative ions concerned autodetaching

states of He−, where a time-of-flight beam line was used, and the beam cur-
rent was studied along the beam line using a Faraday cup [36]. The time-scale
of the experiment, when measuring lifetimes using single pass experiments, is
limited by the travel time of the beam line. One way to reach longer measure-
ment times is to store the ions in a trap or a storage ring where longer lifetimes
can be measured. This was done at the heavy-ion storage ring, ASTRID, in
the 1990s where He− was again studied [37]. ASTRID was a magnetic stor-
age ring where lifetimes of negative ions were measured ranging between 10
µs to a few seconds.

For magnetic storage rings, one problem is that the strength of the applied
magnetic field depends on the mass of the ion under investigation. Further, the
magnetic fields can also effect the outcome of the experiment, see e.g., [38].
The effect from the magnetic fields was eliminated in the first electrostatic ion
storage ring, ELISA constructed in 1997 [39]. ELISA was used to study He−

and measure the lifetime of the 4P5/2 state with a higher precision than before
[40]. Following the construction of ELISA, many different electrostatic ion
trap and storage ring experiments have been constructed. The to date most ac-
curate measurement of the lifetime of the 4P5/2 state of He− was performed
at Stockholm University in a cryogenic ion trap called ConeTrap by Reinhed
et al. who measured a lifetime of 359.0(7) µs [41]. Some of the most recent
cryogenic storage ring experiments include the RICE in Japan [42], CSR in
Germany [43] and DESIREE in Stockholm, Sweden [44]. The cryogenic en-
vironment leads to lower pressure which in turn leads to longer storage times
since a limiting factor can be the residual gas collisions. It also limits the ef-
fect from the black-body radiation present in room temperature experiments.
The long storage times in these ring open up measurements of lifetimes of a
much longer time-scale. DESIREE was used to perform the longest lifetime
measurement of an excited state of a negative ion so far of 503(54) s for the
2P1/2 excited state of S− [45]. A more recent study, performed at the CSR,
reported a lower lifetime bound of 5.7 h of the two 2D levels of Si−, and an
average lifetime of the two weakly bound 2P states of 22.2(2.5) s [46].

DESIREE and the development of precision measurement methods

This thesis is focused on the measurements of properties of negative ions per-
formed in the Double ElectroStatic Ion-Ring ExpEriment (DESIREE). The
first type of experiments involve lifetimes and binding energies of excited
states of three negative ions. The first ion is Ir−, where the decay of three ex-
cited states is investigated in Paper I. Additionally, the binding energy of one
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of the excited state is determined. In Paper II, the lifetime of the excited state
of Bi− is studied. The discussion so far has only concerned atomic negative
ions but many of the properties that have been described apply to molecular
negative ions as well. The electron affinity is often quite small for molecu-
lar negative ions, ranging from a few meV to a few eV, and only a few bound
electronically excited states are present also in molecular negative ions. The
bound-state structure is more complicated due to rovibronic excitations. This
complicates interpreting the outcome of photodetachment experiments. Pa-
per III presents results of a measurement of the lifetime of the electronically
excited a1∆ state of CH−.

The second type of experiment presented, which is also the main part of the
thesis, concern the development of a novel method for high-precision measure-
ments of electron affinities. The existence of long-lived excited states are prob-
lematic in threshold spectroscopy measurements of the electron affinity. Since
photodetachment is a continuum process, cross-sections for photodetachment
of excited states are similar to those of the ground states. Hence, photodetach-
ment from excited states are a large contribution to any background below the
ground-state photodetachment threshold. Therefore, it is a great advantage to
perform experiments on a single-quantum-state ion beam, where all ions are
populating the ground state. This can be achieved through radiative cooling
in cryogenic storage devices. By waiting for ions to equilibrate with the sur-
rounding black-body radiation, Meyer et al. reached a ground state population
of 90% when storing a beam of OH− ions in a storage ring kept at a tempera-
ture of 10 K [47]. In room temperature setups or in the cases where radiative
cooling takes very long time, one can instead manipulate the quantum state
of the ions. One of the first studies, where excited states of ions stored in a
room temperature electrostatic storage ring are depleted, was done by Schmidt
et al. in 1996 [48] where photodissociation was used to deplete vibrationally
excited H+

2 ions. H+
2 was again studied using electron-induced vibrational de-

excitation in a room temperature magnetic storage ring [49]. The long-lived
rotationally excited states of OH− ion was successfully depleted using selec-
tive photodetachment of an ion beam stored in DESIREE [50]. The same tech-
nique was demonstrated for atomic negative ions in a recent study by Müll et
al. where an ion beam purely in the ground state of Si− was produced [46].

Paper IV presents the new method for precision measurements of electron
affinities demonstrated by photodetachment threshold spectroscopy of 16O−

ions stored in DESIREE. The extremely long storage times in the ring allows
for photodetachment of the ions in the excited state using a high power laser,
leaving only ions in the ground state in the ring. The laser power is then
reduced and the photon energy is scanned over the photodetachment thresh-
old. The low background below the photodetachment threshold in combination
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with a narrow-linewidth laser and a high precision wavelength meter results in
the most accurate measurement of an electron affinity so far. This method is
also applied to measure the electron affinity of 18O. The isotope shift in elec-
tron affinities depend strongly on electron correlation and the shift is very small
relative to the size of the electron affinity. Therefore, high-precision measure-
ments are needed to identify this shift. The precision reached in the experiment
presented here opens up a new level of precision in isotope shift measurements
of electron affinities, which is relevant in both atomic and nuclear physics.
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2. Atomic negative ions

Atomic negative ions are very different from neutral atoms or positive ions.
If an electron is moved away from a neutral atom it will strongly be attracted
back towards the atom in a Coulomb potential which is inversely proportional
to the distance from the nucleus. If an electron is instead moving away from
a negative ion, an induced dipole polarization potential is responsible for the
attraction. This potential acts over much shorter distances than the Coulomb
potential since it is inversely proportional to the fourth power of the distance
to the nucleus. A consequence of this is that there usually do not exist many
bound excited states and the binding energies of the electrons in these states
are very small. This is in stark contrast to neutral atoms and positively charged
ions where the strong attractive Coulomb potential in principle accommodates
an infinite number of excited states. A schematic diagram of the energy levels
of a hypothetical negative ion, A−, and its corresponding neutral atom, A, is
shown in Figure 2.1.

Figure 2.1: A schematic energy level diagram for the negative ion A− with one
bound excited level and the neutral atom A with an infinite number of bound
levels. The electron affinity (EA) is the binding energy of the ground state of A−,
which is indicated by the arrow from the ground state to the photodetachment
threshold.
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2.1 Electron affinity

As depicted in Figure 2.1, the binding energy of the ground state of a negative
ion is called the electron affinity (EA). Not all atomic elements can form stable
negative ions in the ground state. Some only form negative ions in metastable
excited states that decay by autodetachment and are described as an additional
electron attached to an excited state of the neutral. Examples of such ions are
He−, Ne− and Be− [51]. In these cases, extra energy is needed to attach an
electron to the atom. Hence, they have a negative EA. These systems are unsta-
ble and will autodetach in a matter of femto- to picoseconds unless prevented
from doing so by quantum mechanical symmetry restrictions. In the case of
He− as mentioned in the introduction, the autodetachment is slowed down by
the requirement of a spin flip. In the cases where a stable negative ion can be
formed, the electron affinity is positive and varies between a few meV up to
around 6 eV for some molecules [52]. The electron configuration of bound
states of negative ions does not always follow the same ordering as for neu-
tral atoms. One example is the negative ion Ca− that would not be bound if it
had the same electron configuration as its isoelectronic element Sc (4s23d). It
is instead found to be formed in the 4s24p configuration [53; 54] with a small
electron affinity of 0.024 55(10) eV [55].

In order to extract the electron affinity (or the binding energy of an excited
state) from a photodetachment spectrum, it is essential to be familiar with how
the photodetachment cross section behaves near the threshold. This was first
discussed in a more general sense by Wigner in 1948 [56]. In his work he
describes how the cross section of two particles that interact only depends on
the long range force that governs the interaction. This was later applied to de-
scribe photodetachment thresholds, and has since then been carefully studied
both experimentally and theoretically [57–59]. For photodetachment of nega-
tive ions the threshold profile only depends on the angular momentum of the
detached electron and can be written as

σth ∼ (Eγ −EEA)
(ℓ+1/2), (2.1)

where Eγ is the photon energy, EEA is the electron affinity and ℓ is the orbital
angular momentum quantum number of the detached electron. This relation-
ship between the cross section and photon energy is often called the Wigner
law. In the case where the valence electron has ℓ= 1 the detached electron will
have ℓ = 0 (s-wave) or 2 (d-wave). The wavefunction of this electron can be
described as a superposition of an s- and a d-wave. The onset of the thresh-
old will therefore have a very sharp slope and the s-wave dominates close to
the onset. However, if the valence electron has an orbital angular momentum
ℓ = 0, the detached electron will be a p-wave with ℓ = 1. The Wigner law
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for s- and p-thresholds is illustrated in Figure 2.2. The validity of the Wigner
law for atomic negative ions varies depending on the threshold type and the
ion. For most ions, the threshold law is valid for at least a few meV above the
threshold, e.g., [58; 60; 61].

ℓ = 0

ℓ = 1

Photon energy

C
ro

ss
 s

e
ct

io
n

Eth

Figure 2.2: Illustration of the typical form of the cross-sections according to
the Wigner law (Equation 2.1) for negative ions with an outgoing electron with
angular momentum quantum number ℓ = 0 (s-wave) and ℓ = 1 (p-wave). The
threshold, Eth, of the s-wave electron is often easier to distinguish from experi-
mental data due to the sharp onset.

2.2 Isotope shift in the electron affinity

The electron affinity or the binding energy of an excited state is shifted slightly
for different isotopes, which is called the isotope shift. The isotope shift con-
sists of two parts: one called the mass shift and the other is the field (or volume)
shift. The shifts occur as corrections to the assumption that the nucleus is in-
finitely heavy and point-like in size. The field shift is a result of the nucleus
having a certain volume and shape, and this shift is dominating for heavier el-
ements. The mass shift, which is more prominent in lighter elements, can be
separated into two different effects called the normal mass shift, NMS, and
specific mass shift, SMS. The normal mass shift is caused by the motion of
the nucleus and can be calculated by replacing the mass of the electron with
its reduced mass. The normal mass shift affects both the electron affinity and
the binding energy of all other levels in the same way. The normal mass shift
(δENMS) contribution to the electron affinity or binding energy of an excited
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state, EB, between isotope A and B, where A has higher mass than B, is [62]:

δENMS =
me(MA −MB)

MB(MA +me)
EB (2.2)

where me is the electron mass, MA and MB are the masses of the two isotopes,
and EB is the electron affinity or binding energy of a level of isotope B.

The specific mass (SMS) shift involves the correlated motion of the elec-
trons and the nucleus and is thus much more complicated. It can be either
positive or negative depending on the electronic state involved. If all electrons
move independently of each other, the specific mass shift is zero. If the elec-
trons instead move predominantly in the same direction, the nucleus moves to
balance the electron motion, and the specific mass shift is large. In negative
ions the electrons typically move in an anti-correlated way, giving a negative
value to the specific mass shift, with the known exception of H−. The size of
the shift is enhanced compared to the specific mass shift of, e.g., the neutral
atom, due to the enhanced correlation in negative ions. The shift is, however,
very small compared to the electron affinity, and a high precision is needed to
distinguish it.

System IS (meV) NMS (meV) SMS (meV)
2H-1H 0.475(44) [63] 0.205 0 0.270(44)
13C-12C -0.009(1) [28] 0.004 45 -0.013 5(10)
17O-16O -0.004 1(24)[30] 0.002 96 -0.007 1(24)
18O-16O -0.009 2(22) [30] 0.005 58 -0.014 8(22)
34S-32S 0.000 29(87) [64] 0.002 09 -0.001 81(87)
37Cl-35Cl 0.000 91(58) [65] 0.003 06 -0.002 15(58)

Table 2.1: Experimental isotope shifts (IS) of the electron affinity in meV. The
normal mass shift (NMS) is calculated from the experimental electron affinity
of the isotope of lowest mass and subtracted from the isotope shift to obtain the
specific mass shift (SMS). The field shift for light elements is smaller than the
given uncertainties and is therefore not considered here.

To date, the isotope shifts in the electron affinity has been determined ex-
perimentally in H [63], C [28], O [30], S [64], Cl [65], and I [66; 67]. The
uncertainty in the electron affinity measurement of the radioactive 128I isotope
is however too large to be able to distinguish the isotope shift. The measured
isotope shift of the electron affinities for the other elements are listed in Table
2.1. The large shift in hydrogen is completely determined by the mass shift,
and for most other light elements, the field shift can be neglected. An exam-
ple of this is found in the study of the isotope shift in the electron affinity of
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37Cl-35Cl by Berzinsh et al. [65]. In the same study, the field shift was cal-
culated to be 14(14) MHz (∼ 0.06 µeV) and, for lighter elements, it is even
smaller [62]. In Table 2.1 the normal isotope shift is calculated using Equa-
tion 2.2 and subtracted from the total isotope shift in order to determine the
residual isotope shift and for light elements this is the specific mass shift. It is
negative for all elements in Table 2.1 except for hydrogen. The uncertainty in
the sulphur isotope shift is also too large to definitely determine the sign of the
specific mass shift.

2.3 Excited states and lifetimes

Excited bound states in negative ions are usually fine-structure or term varia-
tions of the ground state electron configuration. As such they have the same
parity as the ground state, which means that electric dipole (E1) transitions are
forbidden. As mentioned in the introduction, there are five known exceptions
where bound states of opposite parity to that of the ground state are bound:
La−, Os−, Ce−, Th−, and U− [9; 11–14; 68; 69]. The typical excited states in
other ions are usually long-lived since they decay via higher order e.g., mag-
netic dipole (M1) or electric quadrupole (E2) transitions. Pure M1 transitions
between states with the same term are easier to predict, and are often more
short lived than transitions where terms mix [23; 45; 70; 71]. Higher order
transitions are also usually associated with longer lifetimes (µs up to hours)
compared to E1 transitions, where the associated longest lifetimes are in the
ns-µs range. As an example, we can look at the calculated lifetimes for a level
in La− by O’Malley and Beck [72]. As mentioned before, La− is a proposed
candidate for laser cooling of negative ions. The ground state has the term 3Fe

2
and one of the excited levels has the term 3Do

1. There are four other bound
levels where the 3Do

1 level decay through E1, M1 or E2 (or higher order) tran-
sitions. The calculated transition coefficients from O’Malley and Beck [72]
are converted into lifetimes and shown in Table 2.2.

Transition Lifetime (s)
3D0

1 E1 M1 E2
→3 Fe

2 3.4×10−5

→1 Do
2 4.8×102 2.7×104

→3 Fo
2 7.1×105 4.2×105

→1 De
2 2.7×10−1

→3 Fo
3 8.3×105

Table 2.2: Calculated lifetimes for transitions from the 3D0
1 level in La− from

O’Malley and Beck [72]. The lifetimes vary from 34 µs to about 200 hours.
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2.4 Electron correlation

Strong electron correlation is often mentioned when describing the difficulties
related to calculating the properties of negative ions. Electron correlation in-
volves the interaction between the individual electrons, and is defined as the
difference between the Hartree-Fock energy and the exact energy where cor-
relation is included but not relativistic effects [73]. To illustrate the prominent
correlation in negative ions a simple exercise is performed where the bind-
ing energies of some neutral elements and their corresponding negative ions
are calculated using a non-relativistic Hartree-Fock routine from the General-
purpose Relativistic Atomic Structure Package, GRASP2018 [74]. Relativistic
effects (such as spin-orbit interactions, Breit-Pauli interactions and QED) are
small for light elements, and of similar size for the positive and negative ion
and their neutral counterpart. The binding energy (also called the ionization
energy) of an atom is obtained as the difference in the ground-state energy be-
tween the singly ionized and neutral system. The electron affinity (or binding
energy of the negative ion) is similarly obtained as the difference in ground-
state energy between the neutral system and the negative ion.

In Table 2.3 the calculated total energies (E, in Hartrees) of the ground
states of Li, B, C, and O are shown for the positive ion, neutral atom, and
negative ion. The binding energies (Eb) are then calculated and compared to
the experimental values (Eexp). While the difference between the calculated
energies and experimental energies are not purely correlation effects, since it
also includes relativistic effects, the dominating contribution to the difference
is due to correlation, especially for the negative ions. It is clear that the cal-
culated binding energy of the negative ion is much further away from the ex-
perimental value compared to the binding energy of the atom. For four of the
negative ions (H−, Li−, B−, and O−), the Hartree-Fock method does not even
predict the system to be bound, i.e., the calculated binding energy becomes
negative. This is an important illustration of the impact of electron correlation
in negative ions, and why they are so complicated to perform computations on.
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Z System E (H) Eb (H) Eb (eV) Eexp (eV) Diff (|%|)
1 - - 0

H 1s 2S -0.5 0.5 13.6057 13.598433 * 0.05
H− 1s2 1S -0.48793 -0.01207 -0.3283 0.754195(19) [63] 144

3 Li+ 1s2 1S -7.23642
Li 1s22s1 2S -7.43273 0.19631 5.3419 5.391719 * 0.9
Li− 1s22s2 1S -7.42823 -0.00449 -0.1223 0.618049(22) [75] 120

5 B+ 1s22s2 1S -24.23758
B 1s22s22p 2P -24.52906 0.29149 7.9317 9.3227 * 15
B− 1s22s22p2 3P -24.51922 -0.00984 -0.2677 0.279723(25) [76] 196

6 C+ 1s22s22p 2P -37.29222
C 1s22s22p2 3P -37.68862 0.39640 10.7865 11.2603 * 4.2
C− 1s22s22p3 4S -37.70884 0.02022 0.5503 1.2621136(11) [28] 56

8 O+ 1s22s22p3 4S -74.37261
O 1s22s22p4 3P -74.80940 0.43679 11.8857 13.61805 * 13
O− 1s22s22p5 2P -74.78975 -0.01965 -0.5348 1.4611134(9) [35] 137

Table 2.3: Calculated total energies, E, for the positive ion, neutral atom and neg-
ative ion of Li, B, C and O using the Hartree-Fock method. The energy difference
between the positive ion and neutral atom is used to calculate the binding energy,
Eb, of the neutral atom and the difference between the neutral atom and negative
ion is the binding energy (electron affinity) of the negative ion. The calculated
binding energy is compared to the experimental values Eexp. For the atoms, the
experimental values labelled * are from NIST [77]. Note that the previously most
precise electron affinity of oxygen is cited and not the value presented in this the-
sis. The difference between the calculated values and the experimental values are
given in |%| as Diff.
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3. Experimental apparatus - The
DESIREE facility

The experiments presented in this thesis were performed at the DESIREE fa-
cility. DESIREE is an acronym for Double ElectroStatic Ion Ring ExpEriment
and it is a National Research infrastructure for atomic and molecular ion ex-
periments located at Stockholm University, Sweden. Below follows detailed
descriptions of the different parts of the facility with emphasis on the equip-
ment used in the thesis work.

3.1 The experimental facility

The experimental hall has two high voltage platforms where several different
types of ion sources are available for production of both positive and negative
ions. The ions are accelerated into a beam that is transported and injected into
either of the two storage rings. Depending on what type of experiment is per-
formed either or both rings can be used. The storage rings are placed inside a
large vacuum chamber with extremely high vacuum (∼ 10−14 mbar) and cryo-
genic temperatures (∼ 13 K). The ions can be studied over time, with storage
times reaching several hours in some cases. There is a common straight sec-
tion for both storage rings where interaction between positive and negative ions
can be studied. Along all straight sections, laser light can also be overlapped
with the ion beams for photoexcitation, photodissociation, photodetachment or
other types of interactions. A schematic of the facility is shown in Figure 3.1.

3.1.1 Ion production

A handful of different types of ion sources can be used to produce the ion
beams. Positive ions are usually created in an electron cyclotron resonance
(ECR) ion source, glow discharge ion source, by electrospray ionization, a
Baumann-type plasma source , or, a Nielsen-type plasma source. Negative
ions can be created by charge exchange from a positive ion beam, in a plasma
source, by electrospray ionization, or in the cesium sputter source. The cesium
sputter source is used for ion production in all experiments presented in this
thesis.
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a - High-voltage platform 100 keV

b - High-voltage platform 30 keV

c - Mass-selection magnet

d - Beam line

e - OPO laser systems

f - Titanium sapphire lasers

Figure 3.1: An overview of the DESIREE facility. The experiment hall accom-
modates the two ion production platforms, the 100 kV high-voltage platform and
the 30 kV high-voltage platform. The ion beam lines show how the ion beams are
guided to the vacuum chamber containing the storage rings. The OPO laser sys-
tems are located inside the experiment hall and the two titanium sapphire lasers
are located in the laser lab.

The cesium sputter source is a model called SNICSII (Source of Negative
Ions by Cesium Sputtering II) commercially available from National Electro-
statics Corp [78]. It produces negative ions by bombarding a cathode consist-
ing of a solid or gas sample by Cs+ ions [79]. A schematic of the ion source is
shown in Figure 3.2. The ion source operates at a vacuum of about 10−7 mbar.
The pressure might change a bit depending on the operating details. Cesium
is heated in an oven and Cs vapor flows from the oven into an area between
the sample cathode and a heated ionizing surface. The vapor condenses on the
ionizer surface, where it gets ionized to Cs+ ions. The Cs+ ions are then ac-
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celerated and focused onto the cathode by a negative potential. The cathode
consists of an aluminium or copper cylinder with a small hole drilled along the
cylinder axis. The hole is filled with a powder or solid substance, containing
the desired ion beam material. In some cases, a gas cathode is used where a
hole is drilled straight through the cathode, and a steady stream of gas is in-
jected through the hole. The cathode is cooled using water so that some of the
Cs vapor condenses on the surface. When the Cs+ ions impinge on the cath-
ode, atoms or molecules of the sample are sputtered away and may pick up
an electron when passing through the condensed layer of Cs on the surface of
the cathode, creating negative ions. This is possible due to the low work func-
tion of cesium, easily giving away its electrons. The negative ions are then
accelerated by the extractor, and focused into a beam.

Ionizer
Extractor

+4 kV

Cathode
-6kV

Cs oven

Cs vapor

Cs

Negative ion beam

Cs+

Ion beam 
material

Figure 3.2: A simplified schematic of the cesium sputter source used for ion
production. The actual voltages on the cathode and extractor may vary during
operation of the ion source.

Depending on the target material, the sputter source can produce stable
beams of several µA or even mA. The typical ion beam currents used in the
experiments are usually a few nA. A single cathode can last between a few
hours up to hundreds of hours before being depleted. The ion beam will con-
tain many different types of ions (some containing the sputter material, others
containing e.g cesium, oxygen, copper etc.) depending on the composition of
the target material and the source operating conditions. Therefore, mass selec-
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tion is required in order to reduce the beam to a single mass beam. Here, one
also needs to consider contamination from ions with similar masses. One im-
portant aspect is the natural occurrence of isotopes of the desired species. If a
naturally occurring isotope exists with one neutron less, a hydrogen can bond
with it, forming a hydride. If one wants to study e.g., 13C−, there is a risk of
contamination of the ion beam from 12CH−. The available mass filter (as de-
scribed below) does not have a resolution high enough to separate the hydride
from the desired ion which can cause problem in the experiment. This can in
some cases be solved by using the isotope with the lowest mass.

The ions produced in the sputter source are very hot due to the high kinetic
energies involved in the sputtering process and therefore occupy many differ-
ent quantum states. For for molecular ions, in addition to electronically excited
states, vibrational and rotational excitations are also populated. Furthermore,
when the ions are extracted out of the ion source, they will be accelerated by
slightly different energies due to the differences in the volume within the cath-
ode hole where they were created, which leads to a spread in the velocity (and
the energy) of the ions. This aspect is discussed further in Chapters 4 and 5.

3.1.2 Ion beam lines

Between the ion source and the storage ring chamber, are the ion beam trans-
portation lines. These are kept at a vacuum of around 10−7 −10−11 mbar with
lowest pressures closer to the storage rings. After the low energy high-voltage
platform is a set of collimation slits and a movable Faraday cup used to mea-
sure the ion beam current as shown in Figure 3.3. After focusing optics, there
is a 90◦ mass selection magnet. In this mass filter, ions of mass m and charge Z
moving with a velocity v will experience a force perpendicular to the magnetic
field B, and will travel a path with a radius R according to R = mv/BZ. Ions
with the same charge-momentum ratio will therefore travel through the magnet
along the same trajectory. In this way, the ions with the desired mass-to-charge
ratio can be selected. Depending on the size of the collimation slits before and
after the magnet, a resolution m

∆m (where m is the mass of the peak and ∆m is
the resolving power) ranging from about 200 to 400 can be achieved. After
mass selection, the ion beam is further focused and steered by electrostatic el-
ements. Several Faraday cups and collimators are placed along the beam line
in order to measure the ion current as the beam is guided towards the injection
lines. The ion beam is bunched by two deflector plates that are connected to a
high voltage switch to form short pulses of ions. This allows for a rough se-
lection of how many ions are then injected into the storage ring. The ion beam
is bent with a set of deflection plates, and steered into either of the two storage
rings for injection.
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Figure 3.3: The ion beam transportation from the cesium sputter source to the
storage rings. Ions are generated in the ion source and extracted to an ion beam.
The beam is mass selected using the mass-selecting magnet and bunched by two
deflector plates. The bunched ion beam is then transported and injected into one
of the storage rings. Along the beam line are focusing elements (not shown here),
slits, and Faraday cups.

3.1.3 Storage rings

The ions enter the DESIREE vacuum enclosure along either of the two injec-
tion lines shown in Figure 3.4. Both rings are 8.7 m in circumference, and
the outermost box containing them has dimensions of 0.8×2.5×4.5 m. The
storage rings are called the symmetric ring and the asymmetric ring due to
the placement of the focusing quadrupole doublets. In the symmetric ring,
the quadrupoles are placed symmetrically before and after the straight sections
whereas in the asymmetric ring the quadrupoles are placed closer to the first
straight section and further away to the common straight section as shown in
Figure 3.4. The 10◦ injection plates are set to deflect the ion beams into the
storage rings. Before the ions have made a full revolution in the rings, the volt-
age on the deflection plates are switched to guide the ions on the path through
the rings. In each ring, the ions are guided by four 10◦ deflector plates and two
160◦ bends. In the straight section where the two ion beams are overlapped,
the two 10◦ deflectors are common for both rings. Correction deflectors are
placed between the main deflectors and quadrupole doublets in the asymmet-
ric ring for additional control of the heavier ion beam in the case of double ring
experiments. Between each 10◦ deflector and the 160◦ bends, quadrupole dou-
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blets are placed, de-focusing and re-focusing the ion beam in the horizontal
and vertical directions. All four quadrupole doublets in the rings are routinely
operated at the same voltage settings to preserve the symmetry of the ion beam
trajectory through the rings.

Positive ions

Negative ions

Neutral particles

Charged fragmets

Symmetric ring
Asymmetric ring

RAEA

RAES

FD

ID

Quadrupoles

10° deflectors

RF bunchers

160° bends Pickups

Drift tubes

Detectors

Figure 3.4: A schematic of the two storage rings of DESIREE. Ions are injected
and stored in the symmetric and asymmetric ring using the 10◦ deflectors and
160◦ bends. The ion beam is focused using the quadupoles. The radio-frequency
(RF) bunchers and pickups are used for beam diagnostics. In the common straight
section, seven drift tubes are located for ion beam velocity control. Drift tubes
are also located at the other straight sections but this is not shown here. The four
detectors are: resistive anode encoder symmetric ring (RAES), resistive anode
encoder asymmetric ring (RAEA), imaging detector (ID), movable fragment de-
tector (FD).

At both ends of the common section, pickup electrodes are placed to mon-
itor the intensity and position of the ion beam. Between the pickup electrodes
are seven drift tubes. Each drift tube can be set to a voltage in order to slow
down or speed up the ions. These are used for velocity matching for experi-
ments where two ion beams are used. There are also drift tubes located along
the other stright section of both rings but these are not shown in Figure 3.4.
In addition, radio-frequency (RF) buncher electrodes are located in each of
the rings between one of the 10◦ deflectors and 160◦ bends. They are used to
bunch the beam or to read out the revolution frequency for beam diagnostics.
The experiments presented in this thesis were all performed in the symmetric
ring.

20



The main DESIREE chamber consists of two separate vacuum containers,
one placed inside the other with a thermal screen between. The outer chamber
is made of steel and has a removable top for maintenance access. A thermal
copper screen covered with super-insulation is placed between the inner and
outer chamber. The inner chamber is constructed using an aluminium alloy
and, similar to the outer chamber, the top can be removed for access to the
inside of the chamber. The thermal copper screen and inner chamber are cooled
by four cryostats with two stages. The first stages reach a temperature of about
60 K and cools the thermal screen, and the second stages reach about 8 K and
cool the inner chamber. The average temperature in the inner chamber reaches
about 13 K.

All ion optics, detectors, cryocoolers, electrical feedthroughs and other el-
ements are mounted on the bottom plate of the chamber so that the top can be
removed and all components can be accessed. The chambers have windows
to allow for laser access along the straight sections of the two rings, in both
co-linear and perpendicular geometries. The high vacuum is achieved through
a combination of pumping and the cryogenic cooling. The outer chamber is
pumped by two turbo-molecular pumps and the inner chamber is pumped by
four high-compression turbo pumps. In addition to the turbo pumps, the pres-
sure in the inner chamber is further reduced by four so-called non-evaporable
getters. There are also six titanium sublimation pumps in the inner chamber
that are used to further improve the vacuum. There are no vacuum gauges
capable of measuring the extremely low pressure in the inner chamber. It is in-
stead estimated by measuring the lifetime of a stored ion beam in one of the
rings. The decay rate is related to the pressure, since a contribution to the loss
mechanism of the beam is via residual gas collisions. This was estimated dur-
ing the first operation of DESIREE where a beam of C−

2 was stored in 2013.
A residual gas density of only about 104 H2 molecules per cm3, corresponding
to a pressure of 4×10−14 mbar at 13 K was estimated [44]. The operating con-
ditions have since then improved and the particle density and pressure is now
lower.

The ions stored in the symmetric ring can be neutralized via various pro-
cesses and the neutral products are detected by one of two detectors; the glass
plate resistive anode encoder (RAES) detector placed straight after the injec-
tion line or the imaging detector ID placed after the common section as shown
in Figure 3.4. The RAES detector consists of a glass plate coated with a single
layer of graphene that serves as a secondary electron emitter and prevents the
glass plate from charging up. The glass plate allows laser light (with photon
energies smaller than 6 eV) to pass through without creating unwanted pho-
toelectric electrons whilst a neutral particle hitting the glass plate causes elec-
trons to be emitted. The electrons are accelerated by an electric field toward
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three stacked microchannel plates (MCP) which amplifies the current that is
read out by an anode. The anode has one electrode in each of the four corners
to allow for both spatial and temporal readouts. The MCPs are costume made
for DESIREE by the company Photonis, and have much lower resistances than
other commercially available MCPs [80; 81]. This is needed for particle de-
tection at cryogenic temperatures. The detector has a saturation level of a few
thousand Hz and has a background count rate (from dark counts) of 5 Hz when
operated at 13 K. The imaging detector (ID) consists of three stacked MCPs
with a phosphor screen placed directly behind the plates. This converts the
electrical signal to fluorescent light. The light from the screen is then coupled
out of the chamber with a lens system and recorded by a photo-multiplier tube
(PMT) and a complementary metal–oxide–semiconductor (CMOS) camera.
This detector allows for high temporal and spatial resolution, and detection of
multiple particles with very short time between the hits. The detector back-
ground count rate for the ID is slightly higher than that of the RAES detector
because of its larger size.

When a pulsed laser system is used, the signal from the ID or RAES can
be measured in coincidence with a temporal gate to minimize the background.
This is possible since the ions have a well determined velocity and the neu-
tral atoms created by the laser will hit the detector at a known time after laser
interaction. This allows a weak signal to be easily distinguished from the back-
ground, and laser-ion beam overlap can hence be easily optimized. Other de-
tectors available are a movable fragment detector (FD) and a resistive anode
detector in the asymmetric ring (RAEA), see Figure 3.4.

3.2 Laser systems

The DESIREE facility has several different laser systems available. The four
systems used in the present experiments will be briefly described in this section
preceded by a short introduction to lasers.

A laser is a self excited oscillator where coherent radiation is generated by
stimulated emission in an active medium. It consists of three basic parts: the
active medium or gain medium, the optical resonator or laser cavity, and an
external source of power typically called the pump. More optical elements can
be added to the laser depending on the type of laser and what characteristics
of the output light are desired. The laser resonator consists of several mirrors,
between which the laser light propagates back and forth. The gain medium and
other optical elements are placed in the beam propagation path of the oscillator.
The role of the gain medium is to amplify the light by simulated emission. The
gain medium requires some external energy supplied, either by injection of
light into the resonator (optical pumping) or by an electrical current (electrical
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pumping). The pump excites electrons from the ground state to an excited state
in the medium.

Eg

E1

E2

Figure 3.5: Energy level diagram of a three-level laser. The pump excited elec-
tron from the ground state Eg to an excited state E1 (blue arrow). E1 quickly
decays to E2 (orange arrow) where a population inversion builds up since E2 has
a longer lifetime than E1. The decay from E2 to Eg (green arrow) is the laser tran-
sition.

In order for lasing to occur, population inversion must be achieved. This
can be done in many ways and here we will discuss the simplest case which
is a three-level system, shown in Figure 3.5. The excitation from the ground
state, Eg, to a higher lying quantum state, E1, is indicated by the blue arrow.
E1 is chosen to have a very short lifetime, quickly decaying to lower excited
state, E2, show as the orange arrow. E2 decays back to the ground state with
a much longer lifetime indicated by the green arrow. In this pumping process,
due to the long lifetime of E2, most electrons will end up in that state. This is
called population inversion. When an electron in the E2 state decays it emits
a photon through spontaneous emission. The photon can get absorbed by an
electron in the ground state and re-excite the electron back to E2. Another
option is that the photon stimulates another electron to decay from E2 which
emits a second photon. As long as more electrons are in state E2 compared to
the ground state, stimulated emission dominates over absorption and a lot of
photons with the same wavelength, phase, and direction will be emitted. This is
called light amplification by stimulated emission of radiation, or LASER. The
laser resonator is generally made of highly reflecting mirrors and a partially
transmissive mirror, called an output coupler, which extracts some of the laser
light as the output.
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3.2.1 Titanium sapphire lasers

Two different titanium sapphire lasers are used in the experimental work. In
the iridium experiment described in Chapter 4.1 and during the development
of the oxygen experiment, a Matisse titanium sapphire laser system from Sirah
Lasertechnik was used [82]. In the oxygen experiment leading to the results
presented in Chapter 4.4, a newer system from M Squared lasers called SolsTis
was used [83].

Matisse

The Matisse [82] is a tunable (670-1020 nm) continuous titanium sapphire
laser, with bandwidth smaller than 2 MHz, and is a powerful tool for precision
measurements. A schematic of the optical components of the laser is shown
in Figure 3.7. The optical components are enclosed in a protected shielding
as illustrated in Figure 3.6. The basic operational principle will be briefly
discussed in this section.

Manufactured by

CAUTION - LASER 
RADIATION WHEN OPEN 

AVOID EYE OR SKIN 
EXPOSURE TO DIRECTO OR 

SCATTERED RADIATION

Figure 3.6: A drawing of the Matisse laser enclosed in a protective shielding
box.

The pump laser beam is generated by a Millennia Pro 15s which is a fre-
quency doubled neodymium-doped yttrium aluminum garnet (Nd:YAG) high
power diode laser operating at 532 nm. The pump beam enters the laser head
and is aligned and focused through the titanium sapphire crystal using pump
mirrors PM1 and PM2 and folding mirrors FM1 and FM2. After the crystal the
beam is guided by FM2 to mirror M1. This mirror can be moved using a step-
per motor which allows for rough tuning of the cavity length which in turn acts
as a broad bandwidth wavelength selector. The beam is then reflected through
the piezo etalon (PE) and the Terbium-Gallium-Garnet (TGG) plate onto mir-
ror M3. The piezo etalon selects a single mode from the broad spectrum of
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Figure 3.7: A schematic of the Matisse laser system. The pump beam is gen-
erated by the Nd:YAG laser from which the 532 nm light is guided and focused
at the titanium sapphire crystal where the laser light is generated. The laser light
propagates through the cavity where it passes optical elements that allow for tun-
ing and bandwidth narrowing of the laser light.

the laser. The distance between the mirrors of the etalon is controlled using a
piezoelectric crystal which can be locked using a feedback control loop to en-
sure single mode operation of the laser. The TGG plate acts as a polarization
rotor when exposed to a strong magnetic field created by two magnets placed
around it. It rotates the polarization of the laser beam with a few degrees for
light propagating both ways around the laser cavity. After M3 the laser light
is reflected by mirror M2, which also rotates the polarization but, in this case,
the direction of the rotation depends on the propagation direction of the light.
For the counter clockwise propagating mode, the TGG and M2 rotation can-
cels out, and this mode is then allowed to propagate without any losses. For
the clockwise mode however, the polarization is changed and this mode will
lose intensity on the different Brewster surfaces of the laser cavity. This sys-
tem functions as an optical diode and assures that propagation in the counter
clockwise direction is the only possible direction. After M2, the beam is di-
rected onto the output coupler (OC) which allows a few percent of the beam to
exit the laser. The rest of the beam is reflected back to FM1, passing through
the birefringent filter (BF) and the thin etalon (TE). The BF serves as a broad
bandpass filter and it is rotated by a computer controlled stepper motor. It con-
sists of stacked quartz plates oriented at the Brewster angle with respect to the
propagating light. Depending on the orientation of the BF, only a narrow range
of wavelengths pass through with unchanged polarization and will propagate
through the laser cavity without further losses. Other wavelengths will suffer
from losses due to the Brewster angles of the cavity. The TE also serves as
a bandpass filter. This is a Fabry-Perot etalon that is mounted on a computer
controlled stepper motor that, when moved in relation to the beam, changes
the wavelength that can propagate through the cavity.

The laser is continuously tunable between 670-1020 nm with a maximum
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output power of 1.5 W. The bandwidth of the laser beam is smaller than 2 MHz
(this corresponds to <4×10−6 nm at 800 nm).

SolsTis

The SolsTis [83] continuous wave laser is a tunable narrow linewidth titanium
sapphire laser with full automation of the wavelength tuning. It is pumped by
a diode system (Equinox, also from M Squared [83]) at 532 nm with a power
up to 18 W. The maximum output of the SolsTis is 2.5 W. The optical system
of the SolsTis is completely sealed and no user modifications are needed to run
the system. The laser will therefore not be described in detail as not many de-
tails are available to the user. The wavelength output range is the same as for
the Matisse system and the bandwidth is < 100 kHz. Since the system is com-
pletely automated, the user operation is much simpler, allowing for quickly
setting up the desired wavelength or wavelength scan needed for an experi-
ment.

3.2.2 Wavelength measurement

The wavelength of the titanium sapphire lasers is measured by an external
wavemeter, which is a HighFinesse WS8 Fizeau interferometer [84]. Depend-
ing on the calibration source it has an absolute accuracy of 2-10 MHz. The
calibration of the wavemeter is set up in collaboration with the Trapped Ion
Quantum Technologies group at Stockholm University. In their setup, a Top-
tica TA pro diode laser that emits light at 674 nm is stabilized to the dipole-
forbidden transition 2S1/2 −→ 2D5/2 of the 88Sr+ ion [85]. This transition has
a frequency of 444.779 044 095 484 6(15) THz and the resulting linewidth of
the laser is about 1000 kHz which is sufficient to effectively calibrating the
wavemeter. The calibration wavelength of about 674 nm is far from the wave-
lengths of about 850 nm used in the oxygen experiment described in Chapter
4.4. This results in an accuracy of 10 MHz of the wavelength measurement in
this experiment.

3.2.3 OPO laser systems

Two OPO laser systems, operating at either 10 Hz or 1 kHz, are used in the
lifetime measurement experiments presented in Chapters 4.1, 4.2 and 4.3. The
laser system referred to as the 10 Hz OPO is a tunable laser system from
Ekspla [86]. The model name is NT342B and it consists of a Q-switched
Nd:YAG pump laser, second and third harmonics generators (SHG, THG), an
optical parametric oscillator (OPO) with extension and spectral cleaning mod-
ules. This laser system has a very broad tuning range of 193-2600 nm and
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it has a repetition rate of 10 Hz. The laser pulses are about 5 ns long with
a maximum pulse energy up to 50 mJ. The bandwidth is less than 5 cm−1

(150 GHz). The 1 kHz OPO laser system is a NT342 model from Ekspla [86]
and is pumped by a diode-pumped solid-state Nd:YAG laser. It operates on
very similar principles as the 10 Hz system and has a comparable bandwidth
of less than 5 cm−1. The wavelength tuning range is between 210-2600 nm
and the maximum pulse energy of 600 µJ, resulting in about about the same
time-averaged power as the 10 Hz system. A simplified schematic of the opti-
cal components of both the OPO laser systems is shown in Figure 3.8, and the
principle of operation of the system will briefly be discussed below.

ns pump laser

SHG

THG

OPO
crystals 

UV 
generation 

OPO
cavity

Figure 3.8: A simplified schematic of the OPO laser system. The pump beam
is generated by a pulsed Nd:YAG laser and frequency doubled and tripled before
it enters the OPO cavity where wavelength tuning is performed. Further tuning
optics for reaching near-UV and middle-UV light is located after the OPO cavity.

Both pump lasers are controlled by a Q-switch system where the power in
the cavity is accumulated as the population inversion builds up for a set time.
The population inversion is initiated by the rise of a trigger pulse, by the end of
which the Q-switch is opened and laser generation is made possible. A short
and intense laser pulse of 1064 nm is generated and coupled out of the pump
cavity. The laser pulse then propagates through a second harmonic genera-
tion (SHG) crystal that doubles the frequency of the pump beam, resulting in a
wavelength of 532 nm. A part of the pump beam propagates through the crystal
unchanged together with the frequency doubled beam through a third harmonic
generation (THG) crystal. This crystal uses sum frequency generation to com-
bine the pump beam and the frequency doubled beam to the tripled frequency
of the original pump, resulting in a wavelength of 355 nm. This wavelength
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is then used to pump the optical parametric oscillator (OPO) which provides
the wide tunability of the laser system. Before entering the OPO, the beam
passes through a quartz plate that reflects a small fraction of the beam onto a
photodiode that is used to monitor the pump energy.

The OPO cavity consists of a dichroic mirror, two rotatable OPO crystals,
an output mirror, a retroreflector prism and a half-wave plate (the technical de-
tails are true for the 10 Hz system and slightly different for the 1 kHz system
but the principles are the same). The dichroic mirror reflects the pump beam
into the cavity through the two OPO crystals. The OPO crystals are barium
borate (BBO) crystals that split the pump beam into two beams with different
wavelengths corresponding to two frequencies that add up to the fundamental
frequency (the wavelength of the pump beam). The output with higher fre-
quency is called the signal and the output with the lower frequency is called
the idler. The birefringence of a BBO crystal is dependent on the angle of
the fundamental beam to the optical axis of the crystal. By turning the crys-
tals, the signal and idler wavelengths are tuned. The rear mirror consists of a
retroreflecting crystal and a half-wave plate, and the output mirror is a partly
transmitting mirror that allows for some of the light to escape the laser cavity.
After the OPO output, the signal and idler beams can be separated by turning
a so-called Rochon prism that splits an incoming light beam into two beams
with a different outgoing angle that depends on the wavelength of the beams.
The signal beam from the OPO can be further frequency doubled to reach deep
UV wavelengths. Three different BBO crystals with special coating are used
in three different UV wavelength intervals; 210-250 nm, 251-302 nm and 303-
409.95 nm.
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4. Results

In this chapter, the results of the appended papers are discussed. Before that,
the general methodology used in the experiments is briefly introduced.

Photo-
detachment3

Negative ion

Neutral atom

Electron

Ion beam
injection

3Storage2

Detection4

Laser
beam

Laser beam

Laser
beam

Figure 4.1: A schematic of the experimental system. Ions are injected into the
storage ring (1) and stored using electrostatic deflectors (2). The ions are then
photodetached using a laser applied in either parallel or perpendicular alignment
(3). The neutral atoms created in the photodetachment process are detected by a
detector system located after the straight section (4). The detector system con-
sists of a glass plate covered with a layer of graphene which emits slow secondary
electrons when hit by neutral oxygen atoms. The secondary electrons are ampli-
fied and detected by using a stack of microchannel plates (MCP).

A typical measurement consists of one or several measurement cycles
where ions are injected and stored in the storage ring, as shown in Figure 4.1.
Each measurement cycle is (almost always) initiated by the injection of a sin-
gle bunch of ions into the storage ring. The bunch consists of a varying
number of ions depending on the ion beam current desired in the experiment.
The ion beam current used is often around 1 nA. As an example, this corre-
sponds to about 106 O− ions if the ion beam energy is 30 keV. After a few
thousand revolutions in the ring, the distribution of the ions is equal through-
out the ring due to the repulsion of the ions. The ions are then photodetached
by a pulsed laser applied perpendicular to the ion beam or by a continuous
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wave laser applied parallel to the ion beam. The photodetachment of an elec-
tron creates a neutral atom (or molecule) which is no longer confined within
the ring. It will travel straight forward and hit the detector where a signal is
recorded. The count rate is recorded as a function of the storage time or pho-
ton energy. At the end of the measurement cycle, the ions are dumped in a
Farady cup and the ion beam current is recorded.

Two types of measurements are presented in this thesis; lifetime and
threshold measurements. In the lifetime measurements, the photodetachment
signal is monitored as a function of time and the lifetime is obtained as the in-
verse of the decay rate. This is extracted by fitting the data to an exponential
decay. The measurement cycle length is selected to be at least several times
longer than the lifetime that is measured. By doing this, the decay rate
reaches a constant level at the end of the measurement cycle. This allows for
an accurate fit to the data. If the lifetime is in the same order of magnitude as
the storage lifetime of the ion beam, a single exponential function is not suffi-
cient to describe the measured decay rate and a more advanced model with
several exponential decays will have to be used [45].

The photodetachment threshold scans are performed to measure the bind-
ing energy of an excited state and two methods are used in the experiments
presented in this thesis. The first method uses a fixed photon energy during a
measurement cycle. The photon energy is then changed for the next measure-
ment cycle. A photodetachment spectrum is obtained by summing the number
of counts for each measurement cycle and plotting it as a function of photon
energy. By performing several scans over the photodetachment threshold, any
change in ion beam current or other long-term effects can be neglected. In the
second method, the photon energy is scanned during the measurement cycle.
This method requires a long lifetime of the state that is investigated. If this is
not the case, the lifetime can affect the shape of the threshold.

The four different experiments presented are based on these methods with
adaptions made for each individual experiment. Paper I is summarized in Sec-
tion 4.1 where the measurements of the lifetimes of the excited states of Ir−

are presented together with a short discussion about the theoretical calcula-
tions performed by Sacha Schiffmann and Jon Grumer included in the paper.
In Section 4.2 the results of Paper II are presented where the E2 lifetime of
the excited state in Bi− was measured. Section 4.3 presents the results from
Paper III where the lifetime of the electronically excited state in CH− was mea-
sured. The main results of this thesis are summarized in Section 4.4 where the
electron affinity of 16O and 18O are measured. Paper IV presents the 16O elec-
tron affinity whereas the results concerning the isotope shift are yet to be pub-
lished. More details about the high-precision electron affinity measurements
are found in Chapter 5.
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4.1 Ir−

Experimental results Theory
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Figure 4.2: Energy levels of Ir−. The ground state X4 energy and binding ener-
gies of the A2 and B3 are from reference [33] and the C2 state is experimentally
observed for the first time in the current experiment. The theoretical calculations
are also illustrated where the dashed lines are from the valence-valence (VV)
correlation model and the solid lines are obtained using the expanded VV + core-
valence (CV) model.

The first measurements of the lifetimes of the excited states of Ir− were
performed using selective photodetachment of ions stored in DESIREE. The
Ir− ion has previously been studied using photodetachment spectroscopy and
photoelectron spectroscopy [33; 87–90]. In the most recent work, Lu et al.
measured the electron affinity to be 1.564 057(11) eV [33]. They also mea-
sured the 3P2 level to be bound with 516.176(20) meV and the 3F3 level to
be bound with 878.709(41) meV with respect to the ground state of Ir−. The
terms labelling the excited levels used in the previous studies are outcomes of
a calculation by Thøgersen et al. [87] but in our study we found that the states
are heavily mixed which prevents identification of single LS terms. The total
angular momentum quantum number J is, however, still a good quantum num-
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ber and we therefore choose to identify the states using the labels XJ for the
ground state and AJ , BJ , and CJ for the excited states. The energy level di-
agram for Ir− is shown in Figure 4.2 where our experimental results together
with the previous experimental values by Lu et al. are shown. The 3P2 and 3F3
levels correspond to the B3 and A2 levels, respectively. The energy level dia-
gram also includes the theoretical predictions from Paper I where a third exited
level, C2 is found to be bound. This level is also detected experimentally and
the lifetime of all levels are measured.

Beam injection

Ir-

 

OPO laser

CW laser

Neutral Ir Detector

Figure 4.3: Schematic of the experimental setup. A beam of Ir− ions with 10
keV energy is injected and stored in the ring. Photodetachment is performed
either collinearly along the straight section of the ring or perpendicularly in the
center of the straight section.

A beam of Ir− ions is produced in the cesium sputter source [78] and ac-
celerated to 10 keV before injected into the symmetric ring of DESIREE, as
shown in Figure 4.3. Ion beam currents in the range of 1-40 nA are used. Pho-
todetachment is achieved by applying laser light in two different alignments
according to Figure 4.3. The continuous titanium sapphire laser (Matisse) is
used in a counter-propagating direction along the straight section of the injec-
tion line. The 1 kHz OPO system produces the laser light applied perpendicu-
lar to the ion beam in the middle of the straight section of the ring. The photon
energies used for selective photodetachment are shown in Figure 4.4.

The storage time of the ion beam is measured using a photon energy of
1.591 eV, corresponding to arrow number 1 in Figure 4.4. The titanium sap-
phire laser is chopped with a 10 % duty cycle and the laser power of a few mW
is low enough to not significantly reduce the ion beam lifetime. A single
exponential decay is observed in Figure 4.5, and a lifetime of the beam of
1230(100) s is determined.

The excited states are probed with photon energies lower than that of the
ground state binding energy. The level with lowest binding energy, C2, is
probed using a photon energy of 0.6702 eV (arrow 4 in Figure 4.4). The pho-
todetachment signal in Figure 4.6 results from photodetachment of ions in this
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Figure 4.4: Energy level diagram of the excited states of Ir−. The vertical scale
indicates energies relative to the ground state of the neutral atom. Four arrows
are used to illustrate the photon energies used in the experiment. Arrow number 1
corresponds to 1.591 eV, arrow number 2 corresponds to 1.459 eV, arrow number
3 corresponds to 0.886 eV, and arrow number 4 corresponds to 0.670 eV.

state. This state had not been observed in any of the previous studies involving
Ir− ions and had not been predicted to be bound by any previous calculations
[33; 87–90]. The lifetime of the state is found by an exponential fit to the
data, resulting in 0.172(35) s. The binding energy of this level is predicted to
be very small (0.1434 to 0.0783 eV, see Table 4.1) and the range of photon
energies available are far from what is needed to locate the photodetachment
threshold.

The second excited state, B3, is photodetached using a photon energy of
0.886 eV (corresponding to arrow 3 in Figure 4.4). The resulting photode-
tachment signal in Figure 4.7 is the sum of the decay from states B3 and C2.
However, the count rate from state C2 in Figure 4.6 is ∼ 10 times smaller.
Thus, the decay in Fig 4.7 is mainly from the B3 state. A small contribution
from the C2 state will not affect the measured lifetime within the precision of
the experiment. The lifetime is measured to be 0.133(10) s.

The lowest lying excited state, A2, shows no time dependence different
from that of the storage time of the entire ion beam. In Paper I we estimated
a lower limit of the state as the storage time. A better estimation can be done
by comparing the decay rate of the storage time measurement with the decay
rate of the excited state measurement according to the method used by e.g.,
Müll et al. when estimating a lower limit of excited states in Si− [46]. The
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Figure 4.5: Detected neutral yield resulting from photodetachment of all bound
states of Ir−, using a photon energy of 1.591 eV (arrow 1 in Figure 4.4). The
signal is recorded for one ion storage cycle of 3000 s, and the data is binned using
50 s bins. The background is measured between each laser pulse, and is fixed
when making an exponential fit to the data giving a storage time of 1230(100) s.

Figure 4.6: Photodetachment signal recorded using a photon energy of 0.670 eV
(arrow 4 in Figure 4.4). The signal is collected during multiple injections in the
storage ring and is normalized to the gate size (2 µs), the laser power, the number
of measurement cycles, and ion beam current. An exponential fit is made to the
data resulting in a lifetime of 0.172(35) s.
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Figure 4.7: Photodetachment signal from using a photon energy of 0.886 eV
(arrow 3 in Figure 4.4). The signal is collected during multiple injections in the
storage ring and is normalized to the gate size (2 µs), the laser power, the number
of measurement cycles, and ion beam current. An exponential fit gives a lifetime
of 0.133(10) s.

Figure 4.8: Photodetachment yield as a function of photon energy. A fit to the
Wigner law, using l = 1 is performed yielding a threshold value of 1.045(2) eV.
The photodetachment signal is normalized to the laser power.

measurements used for our estimation of the lifetime of the A2 state were done
at a different point in time compared to the rest of the results presented here.

35



The measured storage lifetime of the ion beam was 879(143) s, giving a decay
rate, Γbeam, of 1.14(19) ×10−3 s−1. The lifetime for A2 state was measured
to be 848(45) s giving a decay rate ΓA2 of 1.18(6)×10−3 s−1. From this we
obtain

Γr = Γbeam −ΓA2 = (4.16±19.54)×10−5s−1 (4.1)

Using a 90% confidence level to obtain the upper limit (as is done in Reference
[46]) gives us Γr > 3.21×10−4s−1. This results in a lower limit for the lifetime
of τr > 5100 s.

The binding energy of the A2 state is also investigated. This is done by
scanning the photon energy over the photodetachment threshold. The ions are
stored for 30 s, and the photodetachment signal is recorded for 8 s, starting
22 s after the ions are injected. Each measurement cycle, the photon energy is
changed and the resulting photodetachment spectrum is shown in Figure 4.8.
A fit to the Wigner law (Equation 2.1) with l = 1 gives a threshold value of
1.045(2) eV. This is in reasonable agreement by the study by Lu et al. where
the binding energy of this state was measured to be 1.048 88(2) eV [33].

In addition to experimental investigation, the study also involved theoret-
ical calculations of the binding energies and lifetimes of the excited states.
A fully relativistic multiconfiguration Dirac-Hartree-Fock (MCDHF) method
implemented in the General-purpose Relativistic Atomic Structure Package,
GRASP2018, is used [74]. Since the computations were done by collaborators
the results will only be briefly discussed here. In Table 4.1 the calculated en-
ergy levels and their binding energies are given. The electron configuration of
the negative Ir ion is [Xe]4 f 145d86s2 3F4. Two different computational models
are used; one where only correlation between two of the outermost (valence)
electrons in the 5d or 6s shells are being substituted, called valence-valence
(VV). The other model includes also substitutions from the 4 f core orbital, al-
lowing for more of the correlation effects to be captured, this model is called
valence-valence + core-valence (VV+CV). As is shown in Figure 4.2, the cal-
culations predict four bound states in Ir−. The calculated binding energies
agree well with the experimental results as compared in Table 4.1.

The most interesting outcome of the calculations is the prediction of four
bound states in Ir−, as shown in Figure 4.9. The figure shows that we can match
the four bound states from the calculations with our experimentally observed
states labeled X4, A2, B3 and C2. These states all belong to the [Xe]4 f 145d86s2

electronic ground configuration of Ir−. The transition rates of the excited states
are also calculated and the corresponding lifetimes are presented in Table 4.2.
The computed lifetimes are in good agreement with the observed lifetimes.
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Label J π LS-composition Eb [eV] Eexpt
b [eV]

VV correlation model

X4 4 + 3F (87%)
−1.56436(15)a

−1.564057(11)c

A2 2 + 1D (43%) + 3F (24%) + 3P (19%) −0.9742 −1.045(2)b

−1.04788(2)c

B3 3 + 3F (90%) −0.7386 −0.68635(5)d

−0.68535(4)c

C2 2 + 3P (46%) + 3F (43%) −0.1434

/ 0 + 3P (77%) + 1S (12%) 0.0884
/ 1 + 3P (89%) 0.2762

VV+CV correlation model

X4 4 + 3F (87%)
−1.56436(15)a

−1.564057(11)c

A2 2 + 1D (42%) + 3F (24%) + 3P (20%) −0.9270 −1.045(2)b

−1.04788(2)c

B3 3 + 3F (90%) −0.6939 −0.68635(5)d

−0.68535(4)c

C2 2 + 3P (47%) + 3F (42%) −0.0783

/ 0 + 3P (79%) + 1S (10%) 0.1855
/ 1 + 3P (89%) 0.3478

a[90] bThis work c[33] d[87]

Table 4.1: Energies of the bound states of Ir−. The four bound states and
the first two unbound states are included. The calculated excitation energies
are converted into binding energies by using the experimental electron affinity
−1.564057(11) eV [33]. The LS-composition of each level is also shown.

State (decay mode) τMCDHF τexpt

A2 (E2) > 2500 s > 5100 s
B3 (M1) 112(11) ms 133(10) ms
C2 (M1) 161(8) ms 172(35) ms

Table 4.2: Computed (MCDHF) and measured lifetimes of the three excited
bound states of Ir−.

In conclusion, in the experimental study of the excited levels of Ir− we
successfully measured the lifetimes of the two levels with the lowest bind-
ing energy. The C2 level has a lifetime of 172(35) ms, in agreement with
the computed 161(8) ms value. The second excited state, B3, has a lifetime
of 133(10) ms, also in agreement with the theoretically predicted value of
112(11) ms. We determine that the most tightly bound level, A2, display a
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lifetime longer than the storage time of the ion beam and only a lower limit of
5100 s is determined. This is supported by the calculated estimate of a life-
time of longer than 2500 s. The binding energy of the A2 is measured to be
1.045(2) eV, in agreement with the recent measurement by Lu et al. [33].

4.2 Bi−
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Figure 4.9: Energy level diagram for Bi− showing E2 radiative decay (dashed
arrow) from the Bi− 3P0 excited state to the 3P2 ground state. The photon energy
used to probe the excited state is indicated by arrow set 1, and corresponds to a
photon energy of 0.886 eV (1400 nm). Both bound states are probed using arrow
set 2 corresponding to 0.954 eV (1300 nm).

The bismuth negative ion is the first ion where an E2 transition was di-
rectly observed in 2021 by Walter et al. [91]. An indirect observation of an
E2 transition was, however, reported before that, in 2016, at DESIREE by
the measurement of the lifetime of one of the excited states in Pt− [70]. In
the experiment by Walter et al., two-photon resonant detachment was used to
measure the excitation from the 3P2 ground state to the 3P0 excited state. The
transition between 3P2 and 3P0 has |∆J| = 2, and is strictly forbidden for E1
or M1 processes, but is allowed to decay via an E2 transition. The transition
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energy was measured to be 569.27(3) meV, close to the theoretical value of
570.9 meV from the same study. The lifetime of the E2 transition was also
calculated to be 16.5(7) s. A previous calculation resulted in a transition en-
ergy of 624.0 meV and a lifetime of 15.20 s [23]. While this lifetime is close
to that reported by Walter et al. it can be re-scaled using the experimentally
measured transition energy giving 24.05 s which is substantially different from
the result of Walter et al. [91]. These differences motivated an experimental
determination of the lifetime.

The energy level structure of Bi−, as shown in Figure 4.9, only involves
the two bound states observed in the previously discussed experiment. The
electron affinity has already been measured to be 942.369(13) meV [92].

Figure 4.10: Photodetachment signal from the excited state of Bi−. A photon
energy of 0.886 eV and a laser power of 8.2 mW is used. An exponential fit to
the signal gives a decay rate of 0.1190(51) s−1.

Bi− ions are created using the cesium sputter source and accelerated to
10 keV before being injected into the storage ring. The pulsed laser from
the 1 kHz OPO system is applied perpendicular to the ion beam along the
straight section of the injection line, in the same way as in the Ir− experiment
(see Figure 4.3). The ion beam lifetime is first measured by probing with a
photon energy of 0.954 eV, corresponding to the arrows labeled 2 in Figure 4.9,
detaching ions in both the ground state and excited state. The corresponding
decay results in an exponential lifetime of 1190(350) s. This is much longer
than the expected lifetime of the excited state, and will not have to be taken
into account when measuring the lifetime. Ions in the excited state are probed
using a photon energy of 0.886 eV (arrow set 1 in Figure 4.9). The resulting
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decay when using an average laser power of 8.2 mW is shown in Fig 4.10.

Figure 4.11: The measured decay rate as a function of average laser power going
from 0.02 mW to 11.5 mW. A first order polynomial is fitted to the data in order
to extract the radiative decay rate, Γ0, which yields Γ0 = 0.0624(17) s−1. This
gives a lifetime of τ0 = 1

Γ0
= 16.0(5) s. The inset in the bottom right shows a

zoomed-in view in the low power region, close to the intersection with the decay-
rate axis.

The decay rate Γtot is a sum of different effects according to

Γtot = Γ0 +Γlaser +Γother, (4.2)

where Γ0 is the radiative decay rate of the excited state, Γlaser is the decay
rate due to the photodetachment process itself and Γother represents other ef-
fects determining the undisturbed storage lifetime of the ion beam. Γother is
accounted for by dividing the signal with a linear function that is fitted to the
background which is recorded in between the laser pulses. The background
depends mainly on the storage time of the ion beam. Therefore a linear ap-
proximation is sufficient over the 80 s measurement cycle. The effect of the
laser, Γlaser, is investigated by performing a sequence of measurements with
varying laser power. The decay rate as a function of laser power is shown in
Figure 4.11. In contrast to the Ir− experiment where there was no indications
that the measured decay rates were affected by the photodetachment process,
a clear dependence with respect to the laser power is observed. The power de-
pendence of the decay rates are fitted using a first order polynomial y = ax+b,
and the unaffected decay rate is given by b = Γ0 by extrapolation to zero laser

40



power. The obtained decay rate is 0.0624(17) s−1 corresponding to a lifetime
of τ = 1

Γ0
= 16.0(5) s.

Comparing the measured lifetime to the previous calculation of 16.5(7) s
by Walter et al. [91], the experimental value is in agreement with the theo-
retical prediction. Compared to Su et al.’s re-scaled lifetime of 24.05 s [23],
there is a significant difference to our measured value. These differences dis-
play the importance of experimental studies such as these to further guide the
computations in the right direction.
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Figure 4.12: Energy level diagram of the electronic structure of CH and CH−.
The first vibrational and rotational states are indicated in green and blue for the
electronic ground state. The photon energy of 1.16 eV used for photodetachment
of the electronically excited state (and the first vibrationally excited ν = 1 state
of the ground state) is represented by the orange arrows.

The CH− ion has previously been studied both in experimental and theoret-
ical investigations. The electron affinity was measured by Feldmann [93] us-
ing photodetachment threshold spectroscopy, reporting a value of 0.74(5) eV.
Kasdan et al. [94] used photoelectron spectroscopy on CH−, reporting a very
different value of 1.238(8) eV. Recently, another photoelectron spectroscopy
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study performed by Goebbert [95] measured an electron affinity of 1.26(2) eV,
supporting the results of Kasdan et al.. Several different calculations have
been performed , reporting values for the electron affinity which range be-
tween about 1.0-1.3 eV (e.g., [96]).

The electronic structure of CH− is simple, with two observed bound states,
one being the ground state with 3Σ− symmetry, and the other an excited level
with 1∆ symmetry, as shown in Figure 4.12. The binding energy of the excited
state was measured by Kasdan et al. to be 0.845(12) eV above the ground state.
The lifetime of the excited state was measured to be 5.9(8) s by Okumura et al.
[97] using laser photodetachment of CH− stored in a radio frequency ion trap.
In the same study, a lifetime of 1.75(15) ms was also observed and assigned to
the first excited vibrational level of the electronic ground state. The 1∆ lifetime
has also been calculated by Lengsfield et al. using the Breit-Pauli approxima-
tion [98]. The resulting lifetime of 6.14(1.20) s agrees with the experimental
result. Another calculation by Srivastava et al. [99] in which a similar method
was applied resulted in a lifetime of 5.63 s. In contrast to the contradictory the-
oretical calculations of the Bi− excited level, the theoretical predictions agree
with each other and with the experimental result. The experiment was, how-
ever, performed in a radiofrequency trap kept at room temperature and a pres-
sure of about 10−9 mbar leaving room for an improved accuracy by having
longer storage times and a much lower background contribution from residual
gas collisions when using DESIREE to repeat the measurement.

In Paper III, we investigate the radiative lifetime of the a1∆ state by pho-
todetachment of CH− ions and find a considerably longer lifetime than pre-
viously reported. The storage time of the ion beam is first measured using a
photon energy of 1.240 eV that will photodetach both the ground state and
all excited states. The ions are stored for 1000 s, and an exponential lifetime
of 300(50) s is obtained. For the measurement of the 1∆ lifetime, the ions are
stored for up to 100 s. The 10 Hz OPO system is used, and the laser beam is ap-
plied at a 90◦ angle in the center of the common straight section of the storage
ring. A photon energy of 1.160 eV is used and this will not only photodetach
ions in the a1∆ state but photodetachment is also possible from vibrationally
excited states of the ground state. These lifetimes are, however, in the order of
milliseconds [97] and do not contribute significantly to the photodetachment
signal. The possibility to also photodetach ions in high-lying rotationally ex-
cited states also exists but energy conservation would require large changes of
rotational quantum numbers, which makes photodetachment from these states
highly improbable.

The photodetachment signal from 476 storage cycles of 100 s is collected
and binned with 2 s wide bins. The count rate is divided by the rate of neutrals
which is measured on the detector after the other straight section of the ring.
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Figure 4.13: Photodetachment signal from ions in the a1∆ state (blue). An ex-
ponential fit (black) to the decay results in a lifetime of 14.5(2) s.

This is done to account for the ion beam lifetime in a similar way as done in the
Bi− experiment. An exponential fit to the decay shown in Figure 4.13 result in
a lifetime of 14.5(2) s. A shift of 0.4(4) s is added to the exponential lifetime to
account for the potentially different cross sections for the a1∆ and the ground
state resulting in a lifetime of 16.9(5) s. The need for this shift is a direct result
of the much shorter storage time of the ion beam in contrast to experiments
on Ir− and Bi−, where the storage times of the ion beam were longer than
1000 s. The short storage time is in part attributed to a higher collisional cross
section of CH− and a potential difference in cross section of the ground state
and a1∆ could affect the measured lifetime. For a detailed description of this
correction, I refer to the appendix in Paper III.

In conclusion, the lifetime of the a1∆ state is determined to be 16.9(5) s.
Compared to both the previous experimental value of 5.9(8) s by Okumura et
al. [97] and the two theoretical values of 6.1(1.2) s [98] and 5.63 s [99], our
measured lifetime is about 2.5 times longer. Our measured decay displays
a clear single exponential dependence over 100 s of storage. The measured
decay rate in a room temperature trap such as the one used by Okumura et al.
might be influenced by rotational states and since the ions were only stored for
5 s, the influence of such states might not have been detectable. This could be
a possible explanation for the difference between the two experimental results.
Our experiment shows the importance for reliable measurements of radiative
decay rates for molecular anions where the challenging theoretical calculations
need experimental results as guidance.
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4.4 O−

The main work leading up to this thesis was focused on the development of
a novel method for high-precision measurements of electron affinities. The
method is demonstrated by the measurement of the electron affinity of 16O− in
Paper IV and of 18O− which is not yet published. In addition to the electron
affinity, the fine-structure splitting of the 2P ground state is also measured.
The outline of the method is first introduced followed by the results for the
two isotopes. More details about the experiments are found in Chapter 5.

The high-precision method is based on photodetachment threshold spec-
troscopy which is also the method applied to measure the binding energy of
the A2 level of Ir− described in Chapter 4.1. Experiments using laser pho-
todetachment threshold spectroscopy have previously been limited by a severe
background caused by photodetachment from excited states in the negative
ions. In the case of Ir−, the background from ions in the B3 and C2 excited
states is removed by disregarding the signal in the beginning of the storage cy-
cle of the measurement. Since the lifetimes of these states are 133(10) ms and
172(35) ms, the photodetachment signal after 10 s is completely free from any
signal attributed to ions in these states. For more long-lived states (> 50 s), it is
not viable to wait for the radiative decay to take place. Instead, a high-power
laser can be used to photodetach ions in the excited state, leaving only ions in
the ground state left in the ring. After that, the photon energy is scanned over
the threshold region with a low laser power in order to avoid depletion of the
beam during the scan. This method is used to perform measurements of the
electron affinity of 16O and 18O. It can be expanded and applied to measure
electron affinities of all atomic elements and molecules that have negative ions
with long-lived excited states.

The negative oxygen ions are created using the cesium sputter source with
a SnO cathode for the 16O− ions and a gas cathode with enriched 18O2 gas for
the 18O− ions. A beam energy of 30 keV is used. The timing scheme of a mea-
surement cycle is shown in Figure 4.14. At the start of the measurement cycle,
the detector is turned to a low-operation mode by reducing the voltages on the
glass plate and the front of the MCP to zero. This is done to protect the detector
from saturation by the incoming large amount of neutral oxygen atoms hitting
the glass plate. This procedure takes a few seconds since the voltages needs to
be decreased slowly. After that, the ions are injected into the storage ring and a
2.5 W power laser of is used in a co-linear configuration to photodetach ions in
the excited state. The photon energy is about 0.170 meV lower than the pho-
todetachment threshold of the ground state. After 20 s, the power of the laser
is significantly reduced, and the photon energy is changed to an energy just be-
low (about 0.005 meV) the photodetachment threshold. This photon energy is
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Figure 4.14: Timing scheme of the measurement procedure. The timing of the
laser, attenuator and detector is shown together with a real-time example of the
neutral yield on the detector. There is still signal even though the detector is in
low operation mode for the first ∼ 30 s. This is due to the high number of neutral
atoms generated by the depletion of the ions in the excited state.

the center of the threshold scan with a range of about 20 GHz (corresponding
to about 0.080 meV). The photon energy is then scanned over the photodetach-
ment threshold four times, where each scan takes about 30 s. At the end of the
measurement cycle, the remaining ions are dumped in a Faraday cup to mea-
sure how many ions are left in the ring. The full measurement cycle is 165 s
long. After one measurement cycle, a mirror is inserted in the laser beam path
(see Figure 4.15), changing the propagation direction of the laser with respect
to the ion beam. A new measurement cycle is started and the photon energies
are adjusted to account for the difference in the Doppler shift of the two direc-
tions. This shift is not known with a high accuracy since there is an uncertainty
in the ion beam energy. It is instead accounted for by performing the experi-
ment with the two laser directions and geometrically averaging the threshold
values of the two directions. The threshold values are obtained by fitting the
thresholds to a convolution between the Wigner law and a Gaussian distribu-
tion to represent the energy-spread of the ion beam. The fitting procedure is
discussed in detail in Chapter 5.4.

The geometrical mean of of two threshold values Ep
EA (parallel or co-

propagating laser configuration) and Ea
EA (anti-parallel or counter-propagating

laser configuration) is calculated according to [100]
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In this way, the Doppler shift is removed and the electron affinity is obtained.
The four fitted threshold values from one co-propagating measurement to-
gether with the four threshold values from one counter-propagating set are
then geometrically averaged. The first scan in a co-propagating measurement
is averaged with the first scan in a counter-propagating measurement etc. From
one set of measurements four geometrically averaged Doppler-free threshold
values are thus obtained.

The uncertainty of the obtained electron affinity values are a result of prop-
agation of errors from the obtained fitted threshold uncertainties which are in
turn the standard deviation from the individually fitted thresholds. The re-
sults from several measurements are then combined as the weighted arithmetic
mean and an electron affinity of a low statistical uncertainty is obtained.

Laser

Calibration
laser

Wavelength
meter

Ion
trap

Adjustable
attenuator

Motorized
flip mirror

Ion storage ring

 

Saturation
spectroscopy

Figure 4.15: The optical setup of the experiment. The main laser, calibration
laser, wavelength meter, cesium spectroscopy, attenutator, flip mirror and overlap
with the ion-beam are shown.

The optical setup of the experiment is depicted in Figure 4.15. The laser
used for photodetachment is the SolsTiS laser and during the measurements,
the laser photon energy is continuously measured using the HighFinesse WS8-
2 wavemeter, both described in Chapter 3.2.1. During the measurements, the
wavemeter is re-calibrated to the calibration source every two minutes.

4.4.1 16O−

The energy level structure of 16O− is shown in Figure 4.16. The only bound
excited metastable state, 2P1/2, is the upper fine-structure level of the 2P3/2
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Figure 4.16: Energy-level scheme of O−. The ground state has the electron con-
figuration 1s22s22p5 2P3/2 and a binding energy corresponding to the electron
affinity of neutral oxygen of 1.461 112 97(9) eV as measured in the current ex-
periment. The only bound excited state is the 2P1/2 level with a binding energy
of 1.439 157 53(29) eV was also measured in the current experiment. The photon
energy arrows labelled a represent the photon energy needed to only photodetach
ions in the excited state whereas the arrows labelled b represent the photon en-
ergy sufficient to photodetach from both the ground state and excited state.

ground state. The fine-structure splitting has previously been determined ex-
perimentally to be 21.9557(33) meV [101]. The lifetime of this state is the-
oretically predicted to be two hours [102]. This emphasizes the need to use
selective photodeatachment to achive a single-state ion beam, simply waiting
for the ions in the excited state to decay radiatively is not an option.

The co- and counter-propagating thresholds are obtained according to the
procedure described previously. An example of a co-propagating threshold
together with the fitted function is shown in Figure 4.17. The photon energy
is shown relative to the threshold value of 1.464 042 45(99) eV. The size of
the statistical uncertainty of one individual threshold is similar to those of the
previous experiments by Chaibi et al. [35] and Neumark et al. [103]. After
geometrically averaging the values for a co-and counter-propagating threshold,
a smaller statistical uncertainty is achieved by repeating the procedure several
times, and calculating the weighted average of the obtained electron affinity
values.

The procedure is also repeated for different scan laser powers to investigate
if the laser affects the ion-beam energy distribution and thus also the threshold
value. Five different scan laser powers are used for this; 322, 158, 115, 78, and
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Figure 4.17: Example of a threshold measured with the laser propagating parallel
to the ion beam. Here, the data shown in blue is binned using 300 MHz bins and
a fit using a convolution between the Wigner law and a Gaussian distribution is
shown in black.

Figure 4.18: Dependence of the electron affinity threshold as a function of ap-
plied scan laser power. The error bars reflect the statistical uncertainties. The
dashed line is the weighted average of the three data sets with the lowest power
and the gray area indicates the uncertainty of of 0.062 µeV due to the laser power.
average

50 mW. The resulting electron affinity values as a function of scan laser power
are shown in Figure 4.18. The 322 mW value shows a clearly higher electron
affinity value. The three lowest powers below 150 mW are used for the final
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electron affinity in order to avoid the laser power affecting the measurement.
The number of total thresholds included in the final analysis are 156 using
115 mW laser power, 32 using 78 mW laser power, and 40 using 50 mW laser
power, resulting in a total of 228 thresholds illustrated in Figure 4.19. The
weighted arithmetic mean of the 228 thresholds gives an electron affinity of
1.461 112 972(45) eV corresponding to an uncertainty of 11 MHz. Here, the
uncertainty is purely the statistical 1σ standard deviation.
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Figure 4.19: All 228 threshold values used for the final electron affinity deter-
mination in blue and the uncertainties obtained from the fit is given as the error-
bars. The weighted arithmetic mean of the thresholds gives an electron affinity
of 1.461 112 972(45) eV. The electron affinity is illustrated by the dashed black
line and the statistical uncertainty (45 neV) is the gray area.

The final uncertainty includes the uncertainty in the photon energy mea-
surement from the wavemeter and any systematic effects present in the experi-
ment. The uncertainty in the measured photon energy is given by the manufac-
turer as 0.041 µeV (10 MHz). A small uncertainty of 0.062 µeV (15 MHz) is
added to exclude any remaining photodetachment effect on the ion-beam en-
ergy spread while scanning over the threshold. The size of this error is half the
difference between the 115 mW and 158 mW electron affinity illustrated by
the two points in Figure 4.18. The statistical uncertainty 0.045 µeV (11 MHz)
together with the wavemeter and photodetachment uncertainties 0.041 µeV
and 0.062 µeV (10 MHz and 15 MHz) are added in quadrature giving a to-
tal uncertainty of 0.087 µeV (21 MHz). This results in an electron affinity of
1.461 112 972(87) eV.

The results are compared to previous experimental electron affinity mea-
surements in Figure 4.20. Our electron affinity agrees well with the previous
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measurements by Chaibi et al. and by Pendergrast and Yukich. [35; 104]. The
measurement by Neumark et al. of 1.461 109 6(7) eV [103] is about 3.4 µeV
away from our value which is significantly larger than their given uncertainty
of 0.7 µeV.

Present work

Pendergrast et al.

Neumark et al.

Chaibi et al.

Electron affinity (eV)

Figure 4.20: Comparison of the experimental result of the present measurement
with a selection of older measurements of the electron affinity [35; 103; 104].

In addition to the electron affinity, the photodetachment threshold corre-
sponding to the binding energy of the upper fine-structure level 2P1/2 is also
investigated. The number of ions in the excited state present in the ion beam is
smaller than the number of ions in the ground state. This, in combination with
a smaller photodetachment cross-section [105] gives a small photodetachment
signal just above the photodetachment threshold. Therefore, a slightly higher
laser power of 215 mW is used to obtain sufficiently good statistics. The mea-
surement requires no depletion, and the photon energy scans are started 10 s
into the storage cycle. The threshold region is scanned three times before
changing to the opposite laser propagation direction and repeating the mea-
surement. 30 threshold scans in both laser configuration directions give a re-
sulting threshold value of 1.439 157 53(20) eV. An additional uncertainty of
0.21 µeV (50 MHz) is added due to the high laser power. The uncertainty of
the photon energy measurement by the wavemeter does not affect the final un-
certainty here as the two thresholds are so close that any deviation will be sim-
ilar for the two. The resulting uncertainty is then 0.29 µeV (70 MHz). This
gives a binding energy of the excited state of 1.439 157 53(29) eV. Together
with the measured electron affinity the fine-structure splitting is calculated to
be 21.955 44(30) meV. This is in agreement with the previous measurement of
21.9556(17) meV [30] and the uncertainty is reduced by a factor of 5.5 in our
measurement.
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4.4.2 18O− and isotope shift

The electron affinity for the 18O isotope is obtained in a similar manner as for
the 16O isotope. A total of 152 thresholds using 115 mW laser power are used
for the determination of the electron affinity as shown in Figure 4.21. The
weigthed average of the thresholds result in an electron affinity of
1.461 103 706(67) eV. Similarly to the 16O electron affinity uncertainty, addi-
tional uncertainties of 0.041 µeV (photon energy measurement uncertainty)
and 0.062 µeV (laser power uncertainty) are added, giving a final 18O
electron affinity of 1.461 103 71(10) eV.

Figure 4.21: All 152 threshold values used for the final electron affinity deter-
mination in blue and the uncertainties obtained from the fit is given as the error-
bars. The weighted arithmetic mean of the thresholds gives an electron affinity
of 1.461 103 706(67) eV. The electron affinity is illustrated by the dashed black
line and the statistical uncertainty (67 neV) is the gray area.

The isotope shift of the electron affinity is obtained by subtracting the 18O
electron affinity by the 16O electron affinity, here only the statistical uncer-
tainties are included since both the laser power uncertainty and photon energy
uncertainty are the same for the two isotopes. This results in an isotope shift of
−9.266(81) µeV. With a normal mass shift of +5.5799 µeV (see Chapter 2.2),
this gives a specific mass shift of −14.846(81) µeV. The residual isotope shift
(the total isotope shift minus the normal mass shift) is dominated by the spe-
cific mass shift since the field shift is assumed to be smaller than the given
uncertainties, as discussed in Chapter 2.2.

A previous measurement of the 18−16O electron affinity shift was done by
Blondel et al. using the photoelectron microscope [30]. They report a value of
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Study Method Shift (µeV)
Present Experiment -9.266(81)
Blondel et al. [30] Experiment -9.2(2.2)
Godefroid et al. [31] Theory -7.104

Table 4.3

−9.2(2.2) µeV, in agreement with our value. A calculated 18−16O isotope shift
was done by Godefroid and Fischer reporting value of −7.104 µeV [31]. Our
results are compared to the previous measurement and calculation in Table 4.3.

The binding energy of the upper fine-structure level 2P1/2 of the 18O− iso-
tope is also investigated. Similarly as with the threshold for this level in 16O−,
the laser power used is 215 mW. A total of 27 threshold scans are used to ob-
tain a binding energy of 1.439 147 06(17) eV. With the additional uncertainty
of 0.21 µeV (50 MHz) due to the high laser power, the final binding energy
becomes 1.439 147 06(27) eV. Using the electron affinity for the 18O isotope,
the fine-structure splitting is calculated to be 21.956 65(29) meV. Our 16O−

fine-structure splitting of 21.955 44(30) meV in combination with the 16O−

splitting of 21.956 65(29) meV gives an isotope shift of the fine-structure split-
ting in the 2P ground term of +1.21(26) µeV. Here, the uncertainty is smaller
since the laser power uncertainty cancel for the two isotopes. There are, to my
knowledge, no previous measurements or theoretical predictions of an isotope
shift of the fine-structure splitting of any negative ion. By using our mea-
sured binding energy for the upper fine-structure level the normal mass shift
is calculated as +5.664 µeV (see Chapter 2.2). Thus, the specific mass shift
is −4.45(26) µeV. Again, the residual isotope shift is dominated by the spe-
cific mass shift since the field shift is assumed to be smaller than the given
uncertainties.
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5. Details of the O− experiment

The precision measurement of the electron affinity as a test case for the method
of depletion threshold spectroscopy has been the main focus of the work lead-
ing up to this thesis. Several test measurements (including a total of 11 beam-
time weeks) lead to the development of the methodology and the investment
of new equipment out of which some will be discussed in detail in this chapter.

5.1 Depletion-free threshold

Figure 5.1: Example of a measurement cycle with excited state depletion (blue)
and without depletion (green). The depletion free measurement is not completely
free of depletion due to some laser leakage through the laser shutter which is
closed for 55 s. Photon energy scans with 0.1 meV range and 15 s duration are
used.

One of the keys to reaching the high precision of the threshold
spectroscopy is through the depletion of the excited state. To illustrate the im-
portance of this, two sets of measurements are done, shoqn in Fig 5.1. The
first measurement is shown in blue, where the excited state is depleted using
the 2.5 W laser power for 30 s. The laser power is then turned down to
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158 mW and the threshold is scanned over repeatedly using 0.1 meV wide
scans and a scan time of 15 s. A second measurement is done where (almost)
no depletion takes place, this is shown in green. The laser is blocked for the
55 first seconds using a shutter, which accidentally did not close completely
and let some laser light through. This means that some depletion did take
place and is responsible for the higher signal 30-40 s before the attenuator re-
duces the laser power. After 55 s, the shutter is fully opened, and a laser
power of 322 mW is applied. There is a large signal from the excited state
present responsible for a large background below the electron affinity thresh-
old. This background decreases during the measurement cycle due to a very
effective depletion of the excited state, since the photodetachment cross sec-
tion is much higher than for the ground state this far above the threshold for
the excited state. In a single-pass setup, the background from the excited state
would completely dominate the measured spectrum over this narrow scan.
This shows that by removing the excited state, we increase the signal-to-noise
ratio by several factors.

5.2 Ion beam energy drift
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Figure 5.2: A set of 40 fitted threshold values. A drift from higher to lower
threshold values is displayed. The series of threshold scans are measured during
about one hour.

During the development of the experiment, most test measurements were
performed using the Matisse laser described in Section 3.2.1. While it is a
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high performing system in many ways, the process of setting up a wavelength
scan is a time- and work-consuming procedure that can take up to 30 mins.
Therefore, there is no possibility to quickly change between co- and counter-
propagating scans. We instead measured several measurement cycles with one
laser direction and then changed to the other direction after about an hour of
measurements. One example of the threshold values of a long measurement
of co-propagating scans is shown in Figure 5.2 . The threshold scans are per-
formed during a series of measurement cycles where the time-difference be-
tween the first scan and the last scan is about one hour. Here, a slight drift
of about 600 MHz in the fitted threshold value is apparent. An ion beam en-
ergy of 10 keV was used during these measurements and the shift of 600 MHz
corresponds to a change of about 43 eV of the ion beam energy. Changes in
the ion beam energy can occur over time when operating the sputter source.
In order to perform a high-precision measurement, it is therefore necessary to
quickly alternate between the two laser propagation directions and, therefore,
to quickly change the laser frequency and set up a new scan. This was made
possible by the use of the SolsTis laser described in Section 3.2.1.

5.3 Wavelength meter control measurement

The frequency (or wavelength) of both Ti:Sapph lasers is measured using the
WS8-2 wavemeter. For each count on the detector, the laser frequency is read
out from the wavemeter which operates at about one kHz during the measure-
ments. The calibration of the wavemeter is repeated every 2 minutes. The
success of the calibration of the wavemeter is tested two times during the mea-
surement week, and once a few months before the measurements. This is done
by performing saturated absorption spectroscopy on cesium vapor. Saturated
absorption spectroscopy is a technique used in experimental physics to deter-
mine transition frequencies of atoms or molecules. The precision to which
these transitions can be determined is limited only by the natural line-width
of the transition. It is a well-established technique described in detail in many
quantum physics text books (e.g., [106]) and will, therefore, only be described
in short here.

In saturated absorption spectroscopy, the absorption lines from transitions
are observed. These transitions are typically broadened by the Doppler effect
from the kinetic motion of the atoms at room temperature. This effect is can-
celled in the spectroscopy where two laser beams, that are set up to propagate
in opposite directions through a gas cell and overlap each other inside the cell,
are used. The beams originate from the same laser, to make sure that they have
the same frequency. One beam is called the pump beam and is more intense
than the other one, called probe beam. The intensity, and hence, also the ab-
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sorption, of the probe beam is monitored by a photodiode. If the frequency of
the laser is slightly off the transition frequency, due to the opposite directions
of the two beams, the beams will be absorbed by atoms moving either toward
or away from the beam. If the frequency of the laser is at the transition energy,
both the pump and the probe will address the same atoms which have a veloc-
ity perpendicular tot he two laser beams. The strong pump beam will more all
electrons from the ground state to the excited state and saturate this transition.
The probe beam will therefore not be absorbed as much and a dip in the ab-
sorption spectrum (or peak in the case of a transmission spectrum) is observed
when scanning the laser frequency over the transition energy. The width of this
dip will optimally be limited only by the natural line-width of the transition.

Figure 5.3: Example of transmission spectrum obtained from the saturation
spectroscopy. The peaks corresponds to the transitions 2S1/2 (F=4)−→ 2P3/2
(F=3,4 and 5) and the corresponding cross-over peaks. The black box illustrates
the data shown in Figure 5.4.

The transitions observed by using this method are often hyperfine reso-
nances and in the case of cesium we observe the transition between the 2S1/2 −→
2P3/2 level hyperfine splittings of these levels. Cesium was chosen since these
transitions have an energy very close to the photon energies used in the elec-
tron affinity measurements of oxygen. There are three allowed transitions from
each of the two hyperfine levels of the ground state. The transmission spectrum
will, however, show six peaks for each ground-state level. The extra peaks are
so-called cross-over peaks. These are a result of the atoms observing the pump
and probe beam resonant with two different transitions. The cross-over peaks
occur at a frequency exactly between two transitions.
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An example of the transmission spectrum from cesium is shown in Fig-
ure 5.3. The fully Doppler-free spectrum is obtained by subtracting the
Doppler profile on top of which the Doppler-free peaks are located. The
Doppler-free peaks are fitted to a series of Lorentzian peaks where the dis-
tance between each individual peak is known with sub-MHz accuracy [107].
An zoomed-in example of the biggest peak in the spectrum is shown in Fig-
ure 5.4. The peak corresponds to the cross-over peak between the 2S1/2
(F=4)−→ 2P3/2 (F=4) and 2S1/2 (F=4)−→ 2P3/2 (F=5) transition. The dashed
black line indicates where the peak center is expected to be, and the fitted
center is 7.3(1) MHz shifted from this position. The spectroscopy is
performed at different occasions before and during the electron affinity exper-
iments presented in Chapters 4.4.1 and 4.4.2 and a shift of 7 MHz (or
0.029 µeV) is always present. This shift is subtracted from the measured laser
frequencies in the experiments.

Figure 5.4: The cross-over peak between the 2S1/2 (F=4)−→ 2P3/2 (F=4) and
2S1/2 (F=4)−→ 2P3/2 (F=5) transition. The measured spectrum is in blue and the
fitted peak is the green line. A shift of 7.3 MHz from the expected peak center
(black dashed line) is found.

5.4 Data analysis and fitting

The data from the threshold scans consists of a time readout from when a par-
ticle is registered at the detector together with a frequency reading from the
wavelength meter. The data is first binned in time (i.e. time vs frequency and
time vs number of events) in order to identify the frequency scans. The times
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for the beginning and end of the scans are then used when binning the data
in frequency to obtain the photodetachment thresholds, where the number of
events in each wavelength bin is given as a function of photon energy. The
detected number of events in one bin is assumed to follow a Poisson distribu-
tion, and the uncertainties are the square root of the number of counts in each
bin. The data is then fitted using a convolution between the Wigner law (Equa-
tion 2.1) with l = 0 (the case for O−) and a Gaussian distribution representing
the energy spread of the ion-beam. The convolution between two functions
a(t) and b(t) is analytically expressed as

(a∗b)(t) =
∫

∞

−∞

a(τ)b(t − τ)dτ. (5.1)

The numerical solution implemented in the fitting routine is a step-wise con-
volution according to

(a∗b)(t) =
∞

∑
−∞

a(τ)b(t − τ). (5.2)

Here, a(t) is the Wigner law expressed as

w(E) = A(
√

E−Eth)θ(ν ,Eth)+C, (5.3)

where A and C are constants, E is the photon energy, Eth is the threshold energy
and θ is a step function defined as 1 above the threshold and 0 below the
threshold. b(t) is the Gaussian distribution expressed as

g(E) =
1√

2πσ
exp

(
−E2

2σ2

)
, (5.4)

where 2
√

2ln2σ is the full width at half maximum of the energy distribution.
For each photon energy E, the convolution is calculated over an interval [E-
x,E+x], where the total range (2x) is the same as the photon energy scan. The
number of points in the range is set to 3001 (it needs to be an odd number for
technical reasons). The number of points is chosen to be small enough for the
fitting routine to be quick, and large enough to provide accurate fitting. This
accuracy is investigated by simulating data where the threshold value is known,
and using the fitting routine where the number of sample points is varied. For
each sample point number, 1000 thresholds are simulated. A Poisson noise
is added to the simulated data by multiplying each data point with a randomly
generated number from 0 to 1 drawn from a Poison distribution. The average of
the 1000 threshold fits is then subtracted from the known value and shown as a
function of sample points in Fig 5.5. Two levels of noise are used; "full noise",
which is similar to the noise of the experimental data, is the blue dots and
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10% noise is the orange dots. The deviation form the known threshold value
depends on the statistical quality, i.e., the noise level, of the simulated data.
For a lower number of sample points (< 500), the fitting routine is less stable
and takes many iterations to converge. By looking at the 1000 individual fitted
threshold values in Figure 5.6a, a periodic pattern is clear. In Figure 5.6 the
width of the Gaussian distribution is shown as a function of threshold values
for two different sample number sizes: 101 in 5.6a, and 1001 in Figure 5.6b.
The spread of the points is larger for the 101 sample points compared to the
1001 sample points. The number of sample points used for the fits of the
experimental data of the 16O− and 18O− experiments was 3001. From the
current investigation, this is enough sample points for the fitting routine to
work reliably.

Figure 5.5: The deviation of the threshold from the simulated threshold as a
function of number of sample points used in the convolution. The blue data set
has ten times more simulated noise than the orange data set.

A result of the low signal below the threshold in the experimental data
is that some data points will be zero. This is a problem when the threshold
fit is performed, since each data point is weighted by the square-root of the
signal strength. This can be solved by binning the data harder but that leads
to a loss of resolution and a decreased precision of the final electron affinity.
Instead of binning the data with wider bins, an iterative re-weighting routine
is used where the weight of the zero points are replaced by 1 in the first fit
iteration. For the second fit iteration, the square root of the obtained fit value
in that point is used for the weights. This is then repeated until the threshold
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(a) 101 sample points (b) 1001 sample points.

Figure 5.6: Obtained threshold values, Eth, as a function of energy spread, σ , as
obtained by a fit of a convolution between the Wigner law (Equation 5.3) and a
Gaussian distribution (Equation 5.4).

value converges and the minimum allowed change in the fitted threshold value
is set to 10 MHz. Making it smaller increases the time it takes to perform fits
significantly and does not change the value of the final electron affinity value.
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6. Summary and conclusions

In this thesis, I have presented experimental work performed using photode-
tachment of negative ions stored in the electrostatic storage ring experiment
DESIREE. The work can be divided in two parts. First, measurements of
lifetimes of electronically excited states in Ir−, Bi− and CH− are presented.
Secondly, I have developed a novel method for high-precision electron affinity
measurements and applied it to measure the electron affinity of 16O and 18O.

The lifetime of the excited state in Bi− was measured to be 16.0(5) s. In
this measurement the metastable fraction was low and we needed to use a high
laser power which in turn affected the deacy rate itself. This was dealt with by
varying the laser power and plotting the deacay rate as a function of applied
laser power. By extrapolating to zero the unaffected decay rate was obtained,
giving us the radiative lifetime of the state. We compare our results to two
previous calculations [23; 91]. Our measured value of 16.0(5) s is in agreement
with the calculated value of 16.5(7) s by Walter et al. but in disagreement with
the energy-scaled lifetime of 24.05 s by Su et al. The two calculations were
done using a coupled-cluster method (Walter et al. [91]) and a relativistic
multiconfiguration Dirac-Hartree-Fock method (Su et al. [23]). Results like
ours and can assist to further improve racies in these types of calculations.

For the CH− ion we measured the lifetime of the electronically excited
state to be 14.9(5) s. This is significantly different from previous experimental
and theoretical values. Okumura et al. has previously measured this lifetime to
be 5.9(8) s, which is about three times shorter than our measured lifetime [97].
The two theoretical studies by Lengsfied et al. and Srivastava et al. resulted in
lifetimes of 6.14(1.20) and 5.63 s respectively [98; 99]. Our strikingly different
lifetime is hopefully of use and guidance for new calculations. Studies of the
rotationally excited states of CH−, similar to those already done at DESIREE
on OH−, have also been done and the results are currently under analysis [50].
More complicated molecules are also being studied at DESIREE and I have
been working with projects involving e.g., carbon clusters such as C−

60. Bigger
molecular system often leads to more complicated measurements and studies
of diatomic negative ions have, therefore, also been of importance to develop
and optimize the methods used in these experiments.

The most important outcomes of the work presented in this thesis are the
high-precision measurements of the electron affinities of 16O and 18O. The
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development of a new method, where ions in the excited state are depleted
before performing a photodetachment threshold scan, has been my main fo-
cus. We use this method to perform measurements on 16O− ions resulting in
an electron affinity of 1.461 112 972(87) eV. The improvement in accuracy is
of an order of magnitude compared to the previous measurement by Chiabi
et al where 0.9 µeV accuracy was achieved. The uncertainty is also 7 times
smaller than the previously most accurately known electron affinity of any el-
ement [35]. We also measure the fine-structure splitting in the 2P term to
be 21.955 44(30) meV, again improving the accuracy compared to the pre-
vious measurement [30]. The larger uncertainty in the measurement of the
fine-structure splitting is mainly due to a smaller number of measurements. A
similar uncertainty as obtained in the electron affinity measurement is possible
if the measurements are repeated more times. The computational accuracies of
both electron affinities and fine-structure splittings are in general far from the
ones reached in the experiment.

The experiments are repeated for the 18O isotope, resulting in an electron
affinity of 1.461 103 71(10) eV and a fine-structure splitting of
21.956 65(29) meV. By taking the difference between the 18O and 16O iso-
topes, the isotope shift is obtained. The 18−16O isotope shift in the electron
affinity is -9.266(81) µeV. This can be compared to the previous experimental
isotope shift of -9.2(2.2) eV by Blondel et al. and a calculation by Godefroid
and Fischer of -7.104 µeV. The new level of accuracy achieved by our experi-
ments is expected to cause a renewed interest in isotope shift calculations and
experiments. The isotope shift measured in an experiment includes both the
mass shift and the field shift. For heavier elements, the field shift is important
to known since it is used to determine the charge distribution in nuclei.
Hence, nuclear structure investigations are dependent of accurate calculations
of the mass shift. Current state-of-the-art relativistic atomic structure
methods, such as the multiconfiguration Dirac-Hartree-Fock approach imple-
mented in e.g., GRASP2018 [74] and its recent update of the isotope shift
treatment (RIS 4) [108] could be used to perform more accurate predictions.
Combined experimental and theoretical studies are needed to understand the
isotope shifts. Our newly developed method can now be applied to other
elements to perform electron affinity measurements and isotope shift mea-
surements. This can be done for lighter elements where electron correlation is
dominating the isotope shift and for heavier elements where the field shift is
the dominating contribution.

The isotope shift of the 18−16O fine-structure splitting in the 2P term is also
measured to be +1.21(26) µeV. Here, no previous calculations or measure-
ments are available to compare our results with. DESIREE can now be used
to routinely perform more measurements of isotope shifts of electron affinities
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and transition energies or fine-structure splittings. This can hopefully lead to
renewed interest both in the field of negative ion spectroscopy and its many
applications.

The main conclusion of this work is that the high-precision measurement
method that I developed during my five years working as a PhD student at DE-
SIREE works well. Its success has been demonstrated by the measurement of
the electron affinity of 16O and 18O with an uncertainty of 21 MHz for 16O.
This uncertainty is very close to the lower limit of 10 MHz set by the wave-
lengthmeter. By performing more measurements with varying laser power, it
is possible to map the power dependence to the limit where it will not affect
the uncertainty of the measurement. In addition with more repetitions of the
measurement, to achieve a smaller statistical uncertainty, a final uncertainty
limited only by the wavelength measurement could, in practice, be achieved.
The measurements of the electron affinity of the two isotopes of oxygen are,
not only, the hitherto most accurate electron affinity measurements of any el-
ement, but also give the most precise measurement of the isotope shift of an
electron affinity. There are now plans to use the method to, e.g., measure the
electron affinity of the three naturally occurring isotopes of silicon. The ground
state of the 29Si isotope is split into two hyperfine-structure levels and to re-
solve this splitting, a high precision similar to the one obtained in the present
work is needed. Furthermore, depletion of excited states is important for many
of the double ring experiments planned at DESIREE. In these types of exper-
iments, where mutual neutralization between positive and negative ions are
studied, it is of great advantage to have beams of negative ions populating the
ground state only.

In addition to the electron affinity measurements, I have performed mea-
surements of lifetimes of excited metastable states of several negative ions.
Measurements like these are important to understand the atomic structure of
negative ions and to further push the theoretical understanding of these sys-
tems. These types of measurements are now routinely performed at DESIREE
much thanks to the the efforts by me and others to improve and understand
how to perform these types of measurements. One interesting upcoming mea-
surement of lifetimes will be performed on La−, which is often mentioned as
the most promising laser cooling candidate, during the spring of 2022.
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Populärvetenskaplig sammanfattning

Negativa joner spelar en viktig roll i många vetenskapliga sammanhang. De-
ras egenskaper spelar stor roll inom kemin där många egenskaper är relaterade
till bindningsenergin hos den extra elektronen, även kallat elektronaffiniteten.
De förekommer också naturligt i rymden där de bland annat influerar skapan-
det och nedbrytningen av molekyler och påverkar opaciteten i stjärnatmosfä-
rer. De används inom accellerator-massspektroskopi och är framförallt viktiga
inom datering med hjälp av den välkända kol-14-metoden. Det finns också för-
hoppningar om att de kan användas för så kallad laserkylning av antiprotoner
som kan hjälpa forskare att ytterligare förstå egenskaperna hos antimateria.

I den här avhandlingen presenteras mätningar gjorda med tekniken laser-
fotoavskiljning som använts för att undersöka negativa joner. Negativa joner
är system som skiljer sig från neutrala atomer och positivt laddade joner. De
bindingskrafter som håller ihop elektronerna hos en negativ jon är svagare och
de är därför mycket känsliga system. De är dessutom unika i avseendet att
elektronkorrelation nästan helt bestämmer hur dess kvantmekaniska egenska-
per ser ut. Elektronkorrelation, som är interaktion mellan elektroner, är mycket
komplext och svårt att modellera och teoretiskt utföra beräkningar på. Det är
därför mycket viktigt att genomföra experiment på negativa joner för att få en
djupare förståelse för hur korrelation fungerar.

I avhandlingen presenteras mätningar på negativa joner av syre (O), iridi-
um (Ir), Vismut (Bi), och metylyliden (CH) som producerats i en cesiumjon-
källa och lagras i den kryogena lagringsringen DESIREE. Jonstrålen överlap-
pas med laserljus och den extra elektronen hos jonerna fotoavskiljs med hjälp
av laserljus med justerbar våglängd. I denna process skapas en fri elektron och
en neutral atom eller molekyl. De neutrala partiklarna detekteras och kan mä-
tas som funktion av lagringstid och fotonenergi. Det extremt låga vakumet i
DESIREE gör det möjligt att lagra jonerna i flera tusen sekunder för att un-
dersöka exciterade tillstånd med mycket långa livstider. Mätningar av sådana
livstider hos exciterade tillstånd i Ir−, Bi− och CH− presenteras i avhandling-
en.

Dessutom presenteras en helt ny metod för att mäta elektronaffiniteter
med en högre precision än vad som tidigare uppnåtts. Detta mäts i avhand-
lingen genom tröskelspektroskopi där fotonenergin hos laserljus skannas över
elektronaffinitetströskeln och de neturala atomer som bildas detekteras som en



funktion av fotonenergi. Innan det sker använder vi en laser med hög laseref-
fekt för att rensa jonstrålen på exciterade joner som bidrar till en stor bakgrund
nedanför elektronaffinitetströskeln. Eftersom att jonerna kan lagras i över 500
sekunder i DESIREE hinner vi tömma jonstrålen på exciterade joner och se-
dan skanna över elektronaffinitetströskeln utan att jonstrålens intensitet mins-
kat avsevärt. Detta i kombination med en noggrann mätning av fotonenergin
ger ett högupplöst spektrum där tröskelenergin kan bestämmas med en väldigt
hög noggrannhet. Denna metod appliceras på två isotoper av syre; 16O och
18O, där elektronaffiniteten för 16O mäts med en noggrannhet 7 gånger bätt-
re än alla tidigare mätningar av elektronaffinitet hos något ämne. Genom att
mäta detta för två isotoper av syre kan man också extrahera ett isotopskifte av
elektronaffiniteten. Isotopskiftet är ett värde som inte bara är intressant inom
atomfysik utan också inom kärnfysik där det kan användas för att förstå hur
atomkärnan ser ut.
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