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Abstract

Negative ions are unique quantum systems whose structures and dynam-
ics are significantly influenced by electron correlation effects. Due to their
weakly bound nature and the absence of long-range Coulomb potentials,
these systems often lack optically allowed transitions, making high-resolution
spectroscopic studies compared to those of neutral systems challenging.
Therefore, negative ion research has traditionally focused on bound-
continuum measurements, primarily determining electron affinity (EA) val-
ues with techniques such as laser photodetachment threshold spectroscopy
(LPTS). However, accurately determining the EA for ions with electrons
detached into a p-wave continuum has been limited by the slow onset of the
photodetachment just above the threshold and inherently smaller photode-
tachment cross sections.

This thesis addresses these challenges by refining a combined method of
LPTS and resonance ionization spectroscopy (RIS), enabling state-selective
measurements of partial photodetachment cross sections. A novel detection
scheme to differentiate signal from background was implemented, greatly
improving the measurement selectivity and overall experimental resolution.
The enhanced LPTS-RIS approach was demonstrated through improved EA
measurements of cesium (Cs) and rubidium (Rb), significantly surpassing
previous LPTS accuracies for determining p-wave detachment thresholds,
thereby validating the method for future studies of more complex atomic
systems.

Extending these experimental investigations to radioactive negative ions
requires efficient production techniques. This thesis successfully demon-
strated the feasibility of using charge exchange reactions to produce ra-
dioactive negative ions with uranium. A complementary theoretical study
explored electron capture and energy loss processes in atom-ion collisions,
highlighting critical factors that influence trajectory effects. By incorpo-
rating electron-nuclear coupling within the framework, the developed theo-
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retical approach provides deeper insights essential for refining negative ion
production models.

Most importantly, this work introduces an entirely new spectroscopic
technique for probing previously inaccessible forbidden bound-bound tran-
sitions in negative ions. Leveraging the unique capabilities of a cryogenic
ion storage ring, the first isotope shift (IS) measurement of an electric dipole
forbidden transition was conducted using the tin anion (Sn−). The sensi-
tivity of IS studies to electron correlation effects, particularly through the
specific mass shift component, underscores the potential of this method.

This work shows that a combined experimental and theoretical approach
can overcome key limitations in negative ion spectroscopy, making it pos-
sible to probe systems and transitions that were previously out of reach.
By extending high-precision methodologies to heavy ions and radioactive
isotopes, developing simple yet sophisticated theoretical models, and pio-
neering studies of forbidden transitions, this thesis significantly expands the
scope of negative ion research and opens new avenues for exploring atomic,
nuclear, and quantum many-body physics.
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this work, I acquired foundational skills essential for atomic physics ex-
perimentation including the alignment of laser systems, optimization
of ion beam parameters, configuration of data acquisition and tim-
ing electronics, and detector setup. I also gained practical experience
working with high-vacuum systems, frequency calibration procedures,
and signal processing techniques.
Due to the limited availability of the dye laser, which was on loan, the
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complete the experiment. In addition to contributing to the prepa-
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preparation of the manuscript. The drafting process was a collabora-
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arose with the OPO. Together with Annie and Ludi, I spent close to
a year working with the technician to restore the system. Despite our
efforts, the OPO could not be returned to working condition during
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demonstrated the feasibility of the method using uranium-238. This
result was an important outcome, as the successful detection of U−

provided critical validation of the charge exchange method for heavy
ions.
I was responsible for all aspects of the experiment, including writing
and submitting the Letter of Intent, coordinating the setup, and lead-
ing the experimental shifts. I also wrote the resulting publication.
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projectiles interacting with atomic hydrogen, in order to benchmark
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Chapter 1

Introduction

At the end of the 19th century, it was believed that atoms were tiny, indivisi-
ble vortices in the ether [1]. This idea persisted until J.J. Thomson’s ground-
breaking experiments on cathode rays proved that atoms contained smaller,
negatively charged particles, which he called "corpuscles," now known as elec-
trons [2]. Searching for the positively charged counterparts to corpuscles,
Thomson began to study canal rays. By observing the nature of "positive
electricity," he confirmed these rays were composed of particles, later un-
derstood to be positive ions [3]. This work demonstrated that atoms could
form charged species, leading to the discovery of isotopes, the development
of mass spectrometry [4], and, in turn, supporting the existence of negative
ions by logical extension.

Despite this realization, negative ions remained largely unexplored among
the rapid advancements in atomic and quantum physics at the turn of the
20th century. With the exception of a few studies [5, 6], it wasn’t until 1939
that the interest in these systems was ignited, when Rupert Wildt proposed
that hydrogen anions were responsible for absorbing and scattering radia-
tion within a stellar atmosphere [7]. His explanation suggested that negative
ions played a crucial role in the Sun’s ability to support life on Earth. This
marked a turning point for the study of negative ions and inspired decades
of research to reveal their intricate quantum properties and fundamental
roles in nature.

Negative ions are significantly different from their neutral and positively
charged counterparts due to their weak binding potential. Unlike neutral
atoms, which experience long-range Coulomb attraction, negative ions are
bound by an induced dipole potential that scales as 1/r4 at large distances.
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This arises from the polarization of the atomic core by the additional elec-
tron, resulting in a shallow binding potential that typically supports few
or no bound excited states. In negative ions, electron-electron correlation
effects are notably enhanced, which govern their structure and dynamics
[8–10].

The electron affinity (EA) is the key measurable quantity when studying
negative ions, which is a fundamental atomic property that refers to the
energy released when an electron is added to a system to form a negative ion.
It is typically determined through photodetachment spectroscopy, where a
photon of sufficient energy removes the extra electron from the anion. Near
the detachment threshold, the photodetachment cross section follows the
Wigner threshold law, which describes the energy dependence of the cross
section on the angular momentum of the ejected electron [11]. For an s-wave
electron (l=0), the cross section exhibits a sharp onset, whereas for a p-wave
(l=1), the threshold behavior is much more gradual.

The first EA measurements were obtained through photodetachment
cross-section studies in H−, D−, and O− [12, 13], confirming that nega-
tive ions exhibit unique structural and electronic properties. Since then,
most stable negative ions have EA values measured with an accuracy of
∼0.1 meV [14–18].

While the EA can be measured using multiple techniques, laser photode-
tachment threshold spectroscopy (LPTS) has emerged as a powerful method,
particularly for high-resolution measurements of s-wave detachment thresh-
olds [16]. However, this method has significant limitations when applied to
p-wave detachment, where the cross sections are typically an order of magni-
tude smaller and exhibit a slower onset compared with s-wave detachment.
To improve the p-wave resolution for the LPTS method, an approach in-
tegrating LPTS with resonance ionization spectroscopy (RIS) was initially
proposed in [19, 20] to allow for partial photodetachment cross-section stud-
ies. This method has been applied to both EA measurements and doubly
excited state investigations [20–26].

Other prominent techniques, such as laser photodetachment microscopy
(LPM) [27], laser photodetachment electron spectrometry (LPES) [15], and
slow-electron velocity-map imaging (SEVI) [28, 29], also have advantages in
specific cases. Notably, SEVI especially excels for p-wave measurements due
to event-based photoelectron detection and photodetachment channel selec-
tivity [18]. This method has provided high-resolution studies for negative
ions in the transition [30–32], lanthanide [33], and actinide [34, 35] regions,
which notably have complex electronic configurations. However, a recent
study found that electron-imaging methods have possibly led to systematic

3

overestimations of the EAs of 28 elements by around 25 µeV [36]. This high-
lights the importance of the direct measurement of LPTS and extending the
method to be universally applied to any element on the periodic table.

Although advancements in EA measurement techniques have been fruit-
ful, many heavy and radioactive elements have EA values that remain exper-
imentally unknown. The first EA measurement of a radioactive isotope was
performed on iodine-128 [37], but such studies remain scarce. A primary
limitation is that traditional surface ionization production at radioactive
ion beam facilities is ineffective for elements with low EAs [38, 39]. In these
cases, charge exchange could be an alternative method for radioactive nega-
tive ion production [40]. This approach relies on a target from which the ion
projectile can capture electrons and has been investigated in stable elements,
ranging from helium to gold, using alkali metal vapor targets [41–44].

Atomic collisions and inelastic processes have been experimentally and
theoretically studied for decades, providing key insights into fundamental
atomic interactions and chemical reactions [45]. Beyond their role in neg-
ative ion production, these studies have been particularly interesting for
applications in plasma and fusion research [46], astrophysics [47, 48], and
medicine [49, 50]. Developing theoretical models for atomic collision studies
plays an essential role in understanding highly correlated and relativistic
systems [51].

Theoretical input is especially valuable for predicting cross sections, tran-
sition probabilities, isotope shifts, and hyperfine structures [52], enabling
insights into areas where experimental data remain inaccessible. This is
particularly crucial for understanding negative ion structure and dynamics,
where nearly all bound anionic states are optically forbidden, making direct
spectroscopic measurements challenging [53, 54]. This challenge has resulted
in most negative ion studies focusing on bound-continuum transitions since
optically allowed bound-bound transitions are rare. The only known excep-
tions are Os− [55], Ce− [56], La− [57], Th− [34], and U− [35], which all
have bound states of opposite parity to the ground state, rendering them
optically accessible via electric dipole (E1 ) transitions.

These rare systems open the door to new applications, particularly in
the search for laser cooling schemes in negative ions. Such schemes are of
great interest, especially for their potential use in sympathetic cooling of
antiprotons [58]. To achieve efficient laser cooling, transition frequencies
must be known with high precision. Since different isotopes introduce slight
variations in these frequencies, isotope shift (IS) measurements are essential
for validating and optimizing cooling strategies.

Investigating IS in highly correlated systems also offers a unique oppor-
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tunity to probe many-body interactions that go beyond the current insights
into nuclear charge distributions and electron-nucleus interactions [59–61].
Recognizing the importance of IS studies in negative ions, an initial measure-
ment was performed on a bound-bound transition within Os− [62]. While
some magnetic dipole (M1 ) [63, 64] and electric quadrupole (E2 ) [64, 65]
anionic transitions have been observed, there has yet to be a systematic IS
shift study with such a transition.

Having briefly presented the field, it’s clear that significant progress has
been made since the time of Thomson. However, there remain significant re-
search gaps, which will be addressed in this thesis. Beginning with the LPTS
and RIS combined method, while this has been successfully used, the ac-
curacy remains considerably lower than ground-state measurements for EA
values due to the small partial cross sections. Using a previously developed
spectrometer that enables state-selective detection [66], the method will be
improved and refined to achieve similar, if not better, accuracy and precision
in EA values. The first tests will be conducted on the alkali metal group,
with elements such as cesium and rubidium, which have well-established
EAs. Ultimately, the goal is to scale this method to francium, which is the
last alkali metal with an unmeasured EA, and elements in the transition,
lanthanide, and actinide groups, where valence electrons commonly occupy
s- and d-shells, while maintaining high resolution.

Establishing the LPTS-RIS method as a viable option for systems with
strong relativistic effects is only part of the challenge. The production of
heavy negative ions, which are typically radioactive and characterized by low
EAs, remains an open problem. While charge exchange has proven to be a
viable method, it has yet to be systematically investigated both experimen-
tally and theoretically for heavy radioactive ions. Additionally, theoretical
predictions for heavy negative ion formation cross sections are limited. In
available models, the role of nuclear motion has not been well accounted
for, leading to uncertainties in cross sections for electron capture and target
energy loss. Understanding these trajectory effects is vital for the continued
development of accurate physical models of collision-based negative ion for-
mation, especially when moving towards systems with increasing relativistic
effects.

Lastly, since it has been demonstrated that E1 forbidden transitions
can be accessed, the next step is to extend these studies. IS measurements
have never been performed on an E1 forbidden transition in a negative
ion due to small transition rates and large background signals. The long
timescale required for such transitions to occur makes them impractical for
linear, single-pass experiments. However, utilizing a cryogenic storage ring

5

may provide the necessary conditions to render forbidden transitions more
accessible.

With the overall goal of this thesis being to move towards higher pre-
cision measurements, comparable to experiments with systems bound by
Coulomb potentials, this work is guided by the hypothesis that significant
advancements in negative ion spectroscopy can be achieved through refined
experimental and theoretical methods. The work presented here seeks to
shift the standard approach to negative ion spectroscopy from photodetach-
ment to bound-bound anion transitions. This is accomplished by refining the
LPTS-RIS method for determining p-wave thresholds with improved accu-
racy (Papers I & II), developing a reliable production method for heavy and
radioactive negative ions with charge exchange (Papers III), modeling the
charge exchange process from a theoretical perspective to understand elec-
tron capture dynamics and trajectory effects in ion-atom collisions (Paper
IV), and introducing a novel approach for IS studies with forbidden transi-
tions in negative ions (Paper V). Together, these efforts validate the under-
lying hypothesis and aim to push the boundaries of precision spectroscopy
in anionic systems and pave the way for exploring previously inaccessible
negative ion species in the years to come.
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Chapter 2

Fundamentals of Atomic
Negative Ions

In most atomic systems, electron-electron interactions can be treated as
small perturbations because they are weaker than the dominant Coulomb
attraction between the electrons and nucleus. The independent particle ap-
proach, which is the cornerstone of mean-field theories, reduces a many-body
problem to many effective one-body problems by approximating all inter-
actions in a system to an average field. In atomic structure modeling, this
means that each electron moves independently within an average potential
created by the nucleus and the fields of all the other electrons in the atom
[67, 68].

While mean-field approximations simplify computations, they fail to ac-
curately model systems where electron-electron correlation effects are sig-
nificant. Negative ions are a prime example, as their weak polarization
interactions, scaling as 1/r4, make correlation effects essential for their sta-
bility. As a result, mean-field theories like the Hartree-Fock (HF) method
generally are not sufficient for describing negative ions [69].

The HF method is a self-consistent field approach that includes exchange
interactions, enforcing the Pauli Exclusion Principle, but does not fully ac-
count for the dynamics of electron correlation [70]. For this reason, the
method incorrectly predicts that H− is not bound, and it generally strug-
gles to describe anions like O−, which require significant correlation energy
for stability [14, 71–73]. Exceptions arise for anions with half-filled or closed-
subshell electronic configurations, such as C− and F−, which are easier to
predict without additional correlation corrections due to the inherent shell
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structure stability [72, 73].
This chapter will explore the importance of correlation effects in the

structure and stability of negative ions and how these effects govern their
dynamics, highlighting why restricted mean-field theories break down in
anionic systems.

2.1 Atomic structure
This section explores the fundamental atomic structure and the unique
characteristics of negative ions, which arise from their binding potential
and strong electron correlation effects. These properties can be quantified
through the electron affinity, which also provides insight into the overall sta-
bility of the system, as correlation and stability are closely linked. Finally,
isotopic effects are discussed, highlighting their influence on spectroscopic
measurements and their sensitivity to subtle nuclear effects.

2.1.1 Binding potentials
While all atomic systems share similar structural principles, the nature of
the binding potential significantly influences the energy level structures.
Electrostatic potentials are highly complicated but can be simplified us-
ing a multipole expansion of the atomic charge distribution. In neutral
atoms and positive ions, electrons experience a long-range Coulomb poten-
tial, which originates from the monopole term in the multipole expansion.
At large distances from the nucleus, this potential behaves as 1/r, meaning
that when the interaction extends over an infinite distance, it supports an
infinite number of bound states.

In contrast, negative ions do not exhibit monopole interactions. Instead,
the first term in the multipole expansion is a dipole term, arising from the
polarization of the atomic core due to the electric field of the approaching
electron E⃗(r), whose magnitude scales as 1/r2. This effectively reduces the
nuclear screening effects, thereby creating an electric dipole moment in the
atom

p⃗ = αE⃗(r), (2.1)

where α is the atomic polarizability. The potential energy required to induce
a dipole in an atom placed in an external electric field E⃗ is given by

V = −
∫ E⃗

0
p⃗ · dE⃗′ = −

∫ E⃗

0
αE⃗′ · dE⃗′ = −1

2αE2. (2.2)
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The resulting attractive induced dipole potential can therefore be expressed
as

V (r) = −1
2α · E(r)2 = − α

2r4 , (2.3)

which is valid for r ≫ rcore. For simplicity, the potential can be approx-
imated as scaling with the polarizability and 1/r4. Unlike the Coulomb
potential, this shallow, short-range potential does not support many bound
states. As a result, negative ions rarely possess bound excited states, and
when they do exist, they are typically of the same parity as the ground state.
However, many excited states of negative ions exist in the continuum rather
than as true bound states of the system. Additionally, the atomic polariza-
tion enhances electron-electron interactions, leading to strongly correlated
electron behavior.

2.1.2 Electron correlation
Electron correlation describes how electrons repel and adjust their positions
in response to each other to reduce the probability of close-range interac-
tions. When an additional electron is added to a system, the redistribution
of charge density changes how the core electrons electrostatically repel each
other. This makes correlation effects more enhanced in negative ions than
in other systems [74].

Theoretically, electron correlation can be defined as the difference be-
tween the exact energy of the Hamiltonian and the HF results for that
Hamiltonian [75]. Several sophisticated correlation-driven models have been
developed to account for these effects, such as multiconfiguration (MC) and
configuration interaction (CI) techniques [76] (e.g. MC Dirac-Hartree-Fock
(MCDHF) [77]), relativistic coupled cluster approaches [78], or a combina-
tion of methods [79].

Electron correlation significantly influences the observable properties in
negative ions, such as their binding energies, resonance structures, and life-
times of excited states, often leaving discrepancies between theoretical and
experimental values if not carefully treated [80, 81].

2.1.3 Electron affinity and stability
The electron affinity (EA) is defined as the energy difference between the
ground states of the neutral atom and the negative ion, as seen in Fig. 2.1.

The EA provides direct insight into electron correlation, which strongly
influences the stability of negative ions. The EA varies significantly across
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Figure 2.1: Energy level diagram of an atom (A) and a negative ion
(A−). The dashed lines represent a possible bound state, located below
the detachment threshold, as well as doubly excited states situated in the
continuum. The first doubly excited state forms a shape resonance, being
bound just above the second excited state in A. The second doubly excited
state forms a Feshbach resonance as it energetically lies below the third
excited state in A.

the periodic table due to differences in electron configurations and nuclear
screening effects. Elements with nearly complete valence shells, such as the
halogens, possess high EAs due to the extra stability gained with the electron
addition. Additionally, elements like oxygen that have high electronegativity
also have high EAs. This means that these ions are considered to be the
most correlated and stable systems.

On the other hand, elements such as noble gases that have closed-shell
electronic configurations exhibit negative EA values. This means that the
energy must be added to the system rather than released, resulting in un-
stable formations with no ground state configurations [82]. In some cases,
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the element cannot form a stable negative ion but can exist in metastable
forms such as He− [83] and Be− [84].

Looking closer at the alkaline earth metals, neither beryllium nor mag-
nesium can form stable negative ions. This is due to the filled s-shell and
that it is energetically unfavorable for the electron to bind to the system in
the higher p-shell. Reaching calcium, it barely forms a negative ion with
the smallest EA value on the periodic table of 24 meV [19].

2.1.4 Coupling schemes and term structure
In atomic systems, electrons occupy discrete energy levels characterized by
the principal quantum number n, which determines the overall size of the
orbital, and the orbital angular momentum quantum number l, which defines
the shape of the orbital.

When multiple electrons are present, their individual angular momenta
couple to form total angular momentum values that define the energy term
structure of the atom. In most negative ion systems, LS coupling (also
known as Russell-Saunders coupling) is the dominant scheme. Here, the
total orbital angular momentum L and total spin angular momentum S are
obtained by summing the individual electron contributions. These quantities
define the atomic term symbol 2S+1L, which characterizes the energy level
within a given electronic configuration.

In heavier atoms or highly charged systems, spin-orbit interactions be-
come more significant, favoring an alternative coupling scheme called jj cou-
pling. Here, each electron’s spin and orbital angular momenta are first
combined to form an individual total angular momentum j, and these are
then summed to obtain the total angular momentum J of the system. This
leads to a different term structure than LS coupling and can significantly
impact energy levels and transition probabilities. While some negative ion
systems have been found to exhibit jj-like behavior, the majority are still
well described within the LS coupling framework [81].

In LS-coupled schemes, energy terms undergo further splitting due to
spin-orbit coupling, forming the fine structure (FS). The FS splitting de-
pends on the total angular momentum of the electrons J, given by

J = L + S, (2.4)

where J takes values |L − S|, |L − S|+1, ..., L + S. In neutral atoms, FS
splittings occur across the infinite range of excited states that form the
Rydberg series, which converges toward the ionization threshold. However,
in negative ions, the small binding energies restrict the number of bound
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excited states, leading to a truncated and sparse FS spectrum. In some cases,
such as in La− [57], higher FS components may even lie in the continuum,
rendering them quasibound states of the system.

If the nucleus has a nonzero spin I, the FS can further split due to the
interaction between the nuclear magnetic moment and the magnetic field of
the orbiting electron, called the hyperfine structure (HFS). The HFS split-
ting is determined by the total angular momentum of the atom F, expressed
as

F = I + J, (2.5)
with F following |I − J |, |I − J |+1, ..., I + J .

2.1.5 Isotopic effects
The FS and HFS provide a sensitive framework for probing subtle changes
in atomic energy levels. When comparing different isotopes of the same ele-
ment, variations in nuclear mass and charge distribution lead to small shifts
in these energy levels, known as isotope shifts (IS). These energetic differ-
ences offer insights into both the electronic structure and the underlying
nuclear properties.

The IS is composed of mass and field shift contributions. The mass shift
(MS) arises due to changes in the mass of the nucleus, which affects the
motion of the orbiting electrons. This can further be broken down into a
normal mass shift (NMS), which is a purely kinematic effect that results from
the reduced mass effect between the electrons and nucleus, and a specific
mass shift (SMS), which arises directly from electron-electron correlation
effects. The field shift is caused by variations in nuclear charge distributions
between isotopes, influencing the energy levels of electrons, especially near
the nucleus. This shift tends to dominate in heavier elements where nuclear
size and volume increase and relativistic effects become substantial [59]. The
total IS is given by

∆νA,A′
= kMS

mA′ − mA

mA′mA
+ Fδ⟨r2⟩A,A′

. (2.6)

Because the EA is essentially a measurement of electron correlation, the
IS in EA values provides a highly sensitive tool for studying electron corre-
lation in relation to nuclear charge distributions. These measurements are
particularly sensitive to electron correlation because the SMS also directly
reflects electron correlation [85, 86]. In neutral systems, IS in HFS transition
energies has been an established high-resolution method for probing nuclear
size and shape [60]. These studies offer two to three times higher resolution
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compared with IS(EA) measurements. Up to now, such techniques have
not been generally accessible for negative ions due to the lack of allowed
bound-bound transitions, with the exception of the IS(Os−) study [62].

2.2 Dynamics
In this section, we will look into the key mechanisms that govern the in-
teractions of negative ions with external fields. While negative ions exhibit
distinct behaviors under static magnetic and electric fields such as Zee-
man splitting and the Stark effect [10], this work focuses on the dynamic
interactions with electromagnetic fields. Photodetachment, electron-atom
scattering, their resulting resonant states, and optical transitions within the
anion will be highlighted.

2.2.1 Electron photodetachment
When a negative ion interacts with a photon of sufficient energy, an electron
can be detached from the system if it overcomes both the attractive dipole
potential of the atomic core and the centrifugal barrier. Once detached, the
electron experiences an effective potential that can be approximated by

Veff(r) ≈ l(l + 1)
2r2 − α

2r4 . (2.7)

This expression highlights that the orbital angular momentum l plays a
significant role in the photodetachment process. In particular, at large dis-
tances from the nucleus, the centrifugal barrier dominates the effective po-
tential. Under these conditions, the Wigner law was derived [11], which
describes the photodetachment cross section near the detachment threshold
as

σ ∝ (Eγ − Eth)l+1/2, (2.8)

where Eγ is the photon energy and Eth is the detachment threshold energy.
The impact of angular momentum on the near-threshold behavior of the
cross section is illustrated in Fig. 2.2.

In most photodetachment studies, only one channel contributes to the
total cross section. However, in some cases, there can be multiple open
channels, each contributing to the total cross section. If the signal from
just one specific channel is measured, a partial cross section is obtained,
as discussed in Papers I and II. This allows for the contribution from a
particular transition to be isolated, rather than the total response of the
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Figure 2.2: Photodetachment cross-section behavior near the energetic
detachment threshold (Eth) for s, p, and d-waves following the Wigner
law given by Eq. (2.8).

system. There are also differential cross sections, which give information
about the scattering angle of the photoelectrons. This is not explored in
this thesis.

2.2.2 Electron-atom scattering and resonances
Detachment and excitation processes of negative ions can be contextualized
with electron-atom scattering dynamics, where emerging resonant struc-
tures are common due to electron-electron and electron-nucleus interactions.
When an excited atom captures or attempts to release an electron, a dou-
bly excited state can be formed. These are quasi-bound states that exhibit
resonances upon formation and decay, classified as either shape or Feshbach
resonances based on their physical origin.

Shape resonances occur when the centrifugal barrier and induced dipole
potential temporarily trap an electron, exhibiting a strong angular momen-
tum dependence. These states energetically exist above the parent state
and are very short-lived, decaying via tunneling. Feshbach resonances, on
the other hand, arise from multi-electron interactions where one electron is
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excited to a metastable state situated below the parent state. Since the en-
ergy of this state is below the parent state, the electron cannot escape freely
and must instead decay through autodetachment, resulting in a longer life-
time compared to shape resonances. However, these states are still very
short-lived in the context of the overall scattering process [87, 88].

Negative ion resonances have been extensively studied in a wide range of
systems, from He− to Ca− and heavy alkali metals [10, 89], as well as from
inner-shell photodetachment [90]. That said, the studies in this thesis do
not reach the energy range where these channels would significantly affect
the photodetachment cross section.

2.2.3 Optical transitions and lifetimes
Electrons can be excited to higher energy levels through interactions with
electromagnetic fields, where the electric interaction dominates over the
magnetic interaction, as described by the Lorentz force law, F⃗ = q(E⃗ +
v⃗ × B⃗). As a result, the most probable transition to occur is the electric
dipole transition (E1 ), otherwise referred to as an optically allowed transi-
tion. The E1 transition requires a change in wavefunction parity between
the initial and final states. This, along with angular momentum selection
rules, determines if the transition is allowed. Higher-order transitions such
as electric quadrupole (E2 ) and magnetic dipole (M1 ) and quadrupole (M2 )
are considered forbidden because they are highly improbable. However, they
can still occur due to state mixing and relativistic effects [91].

The role of parity becomes particularly significant in negative ions. Since
bound excited states in negative ions are often fine-structure excitations
within the same electronic configuration as the ground state, they typically
share the same parity. This means that E1 transitions cannot occur and
that negative ions have to rely on forbidden transitions for radiative decay,
which have longer lifetimes than E1 transitions, ranging from µs to hours.

The M1 transition is usually the main contributor and is easy to predict
due to transition energy and angular momentum dependence in purely LS
coupled systems [92]. For example, this is the case for ions homologous to
O− [81]. In more complex anion systems that have several bound terms
within the ground configuration, such as the pnictogen group, transition
probabilities are altered due to term mixing and additional E2 contributions
[54].
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Chapter 3

Experimental Methods

Having established the fundamentals of negative ions, we can now turn to
how these systems are studied in a laboratory setting. Negative ions natu-
rally exist in aqueous solutions, accompanied by counterions (e.g., Na+ for
Cl−, K+ for F−), which make direct studies challenging due to solvation and
electrostatic screening [93]. They are also found in plasma environments,
where frequent collisions and high particle densities limit their stability,
making anions difficult to preserve and extract. While photodetachment-
based probe diagnostics are effective for measuring negative ion density in
plasmas [94, 95], most high-precision studies rely on ion beam techniques.

Ion beams allow for precise manipulation of negative ions, enabling en-
ergy tuning, mass selection, and electrostatic steering from the source to the
laser-ion interaction region. These capabilities make them especially suited
for experiments that probe subtle interactions, such as electron correlation
effects, which can be challenging to resolve.

Although precision atomic physics measurements are often performed us-
ing ion traps, optical lattices, and magneto-optical traps [96], these methods
are less commonly applied to negative ions. While anions can be effectively
trapped [97], they are often difficult to detect due to their lack of cycling
transitions, so ion beams remain the standard for bound-continuum pho-
todetachment spectroscopy.

This chapter details the experimental methods used in this thesis, giv-
ing an overview of the experimental facilities where the measurements were
conducted, the different techniques for negative ion production, the spec-
troscopic methods developed, the specific laser systems, and the detectors
used to translate the physical interactions into measurable signals that are

17
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preserved for subsequent analysis. Finally, the application of these methods
will be connected to the relevant studies, where the results are discussed in
Chapter 5.

3.1 Experimental facilities

3.1.1 GUNILLA
The Gothenburg University Negative Ion and Laser Laboratory (GUNILLA)
features a dedicated collinear ion beam apparatus for the study of stable
negative ions using high-resolution laser spectroscopy techniques, particu-
larly laser photodetachment threshold spectroscopy (LPTS). The collinear
geometry provides high sensitivity and precision for electron affinity (EA)
measurements [98, 99].

The negative ions are produced using a Middleton-type cesium sputter
ion source (PS-120 Peabody Scientific) [100]. After extraction, the ions are
accelerated to 6 keV and subsequently mass-separated using a 90° sector
field magnet with a resolution of approximately 500 (m/∆m). This ensures
the selection of a pure ion species before entering the experimental region,
guided by ion beam optics.

The spectrometer used in these studies is the Rydberg Atom Detector for
Anion Research (RADAR), which enables state-selective measurements by
collinearly overlapping ion and laser beams while combining Laser Photode-
tachment Threshold Spectroscopy (LPTS) and Resonance Ionization Spec-
troscopy (RIS). This is shown in Fig. 3.1. A key component of RADAR is
the field ionization (FI) unit, which consists of 11 parallel plates that grad-
ually generate an electric field gradient for Rydberg atom ionization, based
off the semi-empirical expression, E ≈ 3 · 1010/(n∗)4 V/m, where n∗ is the
effective quantum number. This setup selectively ionizes Rydberg atoms,
causing a decrease in kinetic energy. In contrast, collisionally produced pos-
itive ions, which contribute to the background, remain unaffected and retain
their original kinetic energy. Both sets of positive ions are deflected with
an electrostatic energy analyzer. The resulting energy difference causes the
two signals to follow different trajectories, allowing spatial separation and
detection using a position-sensitive, microchannel plate (MCP) detector [66].

The GUNILLA facility is also equipped with many lasers which cover
a broad spectral range of wavelengths from the ultraviolet to infrared re-
gions. The relevant lasers to this work are a tunable dye laser and optical
parametric oscillator (OPO), both pumped with a tunable solid-state laser.
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Figure 3.1: A schematic of the RADAR spectrometer. Negative ions
are deflected into the interaction region by a quadrupole deflector where
they interact with laser beams. Resulting Rydberg atoms can be field
ionized, separated from background, and detected with a position-sensitive
detector.

3.1.2 DESIREE

The Double ElectroStatic Ion-Ring ExpEriment (DESIREE) is a cryogenic
ion beam storage ring facility located at Stockholm University. DESIREE
enables high-precision studies of negative ions and molecular interactions
by providing an ultra-cold, low-pressure environment allowing for long ion
storage times. The entire apparatus, shown in Fig. 3.2, is maintained at
a temperature of 13 K. This dramatically reduces background collisions,
which is crucial for precision spectroscopy and fundamental studies of weakly
bound systems [101].

The facility consists of two rings, one asymmetric and one symmetric.
The asymmetric ring has two-fold symmetry, and the symmetric ring has
four-fold symmetry, which can be used to overlap beams of different energies
to study mutual neutralization. In studies for lifetimes of negative ions,
only the symmetric storage ring is used, which is comprised of four 10°
electrostatic deflectors, two 160° cylindrical deflectors, and four quadrupole
doublets, which guide, steer, and focus the ion beam for stable long-term
storage. The symmetric ring is able to store ions with energies of up to 35
keV.

Among the available ion sources at DESIREE, negative ions for our
studies were produced using a National Electrostatics Corp. cesium sputter
ion source (SNICS II) [102]. The lasers from DESIREE used for our studies
include two OPOs with repetition rates of 10 Hz and 1 kHz. Lastly, signal
detection at this facility is carried out with a resistive anode encoder coupled
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3.1.3 ISOLDE

The Isotope mass Separator On-Line facility (ISOLDE) is a radioactive ion
beam (RIB) facility, located at CERN [103]. It specializes in the production,
manipulation, and study of short-lived radioactive isotopes. The facility
operates by impinging high-energy proton beams from the CERN Proton
Synchrotron Booster (PSB) onto targets, inducing nuclear reactions that
produce a variety of isotopes [104]. These reaction products are then ionized,
extracted, and mass-separated to produce high-purity radioactive ion beams.

One of the experimental setups at ISOLDE is the Collinear Resonance
Ionization Spectroscopy (CRIS) experiment, designed for high-precision stud-
ies of nuclear structure and fundamental interactions [105]. The CRIS beam-
line is primarily used for neutral atom spectroscopy, employing a charge ex-
change cell (CEC) to neutralize the positive ion beam. In the work for this
thesis, the same CEC was used to produce negative ions.

3.2. NEGATIVE ION PRODUCTION TECHNIQUES 21

3.2 Negative ion production techniques
There are several established methods for the direct production of negative
ions, which can be categorized into volume production, where negative ions
are produced in a plasma medium, and surface production, which includes
negative surface ionization and sputter-type sources [39, 40, 106].

The efficiency of these methods scales with the EA of an element, follow-
ing the general principle that elements with high EAs are more effectively
produced. This is particularly relevant in surface ionization, a method com-
monly employed for radioactive negative ion production at RIB facilities
such as ISOLDE. Surface ionization is highly effective for elements in the
halogen group, where LaB6 is often used due to its relatively low work func-
tion (∼2.6-2.9 eV) [38]. However, this method does not efficiently produce
negative ions with EAs lower than the work function of the target material,
resulting in yields that are too low for measurements. Efforts to develop tar-
get materials with lower work functions are ongoing [107], but alternative
production techniques are still required to reliably produce negative ions
with low EAs, which are often heavy and radioactive species.

Negative ions can also be produced indirectly through charge exchange,
a process in which an initial positively charged ion beam collides with a
neutral target and captures an electron. To form a negative ion, this process
must either occur twice sequentially or involve the simultaneous capture of
two electrons in a single collision. Charge exchange production has been
extensively studied using alkali metal vapor targets, producing negative ions
of elements from Z=2-79 [41–44].

In the studies presented in this thesis, the two main methods for negative
ion production are sputtering, which is the technique used at GUNILLA
and DESIREE, and charge exchange, which is being developed for use at
RIB facilities such as ISOLDE. The following sections will discuss these two
methods in detail.

3.2.1 Sputtering
Sputtering for negative ion production involves bombarding a target with
ions while simultaneously forming a condensed layer on its surface, which
effectively reduces the work function and increases the probability of elec-
tron attachment. Cesium (Cs) is commonly used due to its low ionization
potential (IP) and high vapor pressure. The process begins with a heated
reservoir of Cs, which is vaporized at temperatures between 100 and 150°C.
The vaporized Cs atoms flow through a tube and are ionized upon contact
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with a tantalum surface ionizer maintained at 1300°C. The resulting Cs+

ions are accelerated to 3 keV towards a solid aluminum or copper cathode
containing the target material for sputtering.

Upon impact, the Cs+ ions sputter atoms from the cathode, while the
cathode itself is water-cooled to condensate the residual, non-ionized Cs.
The sputtered atoms and molecules can then capture an electron, forming
negative ions. This is facilitated by the absorbed Cs, which induces a sur-
face dipole from the electronic redistribution, resulting in a reduced work
function of the cathode [108].

Interestingly enough, the exact mechanism behind negative ion forma-
tion in sputter-type sources remains unknown. It is suggested that the
cathode material influences the source of electrons for capture. In metallic
cathodes, a Cs plasma forms on the surface, implying that the sputtered
atoms capture free electrons in the plasma. However, in carbon cathodes,
electron attachment is likely attributed to the tunneling effects when the
work function is reduced [109].

Studying the energy distribution of the produced negative ions provides
deeper insights into the underlying sputter mechanisms. Due to the inher-
ently stochastic nature of this technique, the system is not in thermody-
namic equilibrium. As a result, the beam exhibits a broad energy distri-
bution, which scales with the mass of the target, extraction voltage, and
ion source geometry [110]. This can be approximated by the Sigmund-
Thompson model,

f(E) ∝ E

(E + Us)3 , (3.1)

where E is the energy of the sputtered product and Us is the surface binding
energy [111, 112].

The energy spread of the beam can be reduced by accelerating ions in
a homogeneous electric field, leading to a velocity compression effect which
can be summarized as ∆v ∝ 1/

√
E. This compression mechanism leads to

a more collimated and focused beam, improving its utility in high-precision
applications [113].

3.2.2 Charge exchange
Charge exchange relies on an initial positive ion beam colliding with an
electron donor or target medium, often an alkali metal vapor, to facilitate
electron capture. The process begins with a beam of singly charged posi-
tive ions (X+) directed into a charge exchange cell (CEC), where a target
is heated to produce a vapor. Alkali metals are commonly used as the
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target due to their low IPs, simple electron configurations, and high va-
por pressures, making them efficient electron donors. The focus will be on
asymmetric charge exchange, where the projectile and target are different.

During this interaction, the positive ion first undergoes a single electron
capture, represented by

X+ + Y → X + Y + + ∆E1, (3.2)

where the ion captures an electron from the target and becomes neutralized.
The energy defect of the reaction is given by ∆E1 = IP (X) − IP (Y ).

By increasing the vapor pressure in the CEC, the probability for a second
electron capture reaction increases, leading to the formation of a negative
ion through the reaction

X + Y → X− + Y + + ∆E2. (3.3)

In this case, the energy defect is given by ∆E2 = EA(X) − IP (Y ). To
optimize negative ion production, the energy defects from both reactions
should be as small as possible. In the first reaction, ion beam neutralization
is most efficient when the projectile and target elements have similar IPs,
ensuring high atomic population of the ground state. However, in the second
reaction, it is almost always the case that IP (Y ) is larger than EA(X),
making this an inherent limiting factor in charge exchange negative ion
production.

While increasing the target density enhances the probability of electron
capture, excessive pressure can lead to an undesired third collision, where
the newly formed negative ion is destroyed. As a result, target density is
a critical parameter that must be optimized to achieve maximum negative
ion yield.

Beyond target density, projectile beam energy also plays a significant
role in optimizing negative ion production. If the collision energy is suffi-
ciently high so that the adiabatic representation is no longer relevant, the
interaction can be treated in the sudden approximation. In this regime, the
collision time is approximately τ ≃ a/v, where a is the effective interaction
distance and v is the projectile velocity. For charge exchange to occur effi-
ciently, the collision time must match the electron transition time, given by
h/|∆E|. Equating these time scales leads to an expression for the optimal
projectile beam velocity

v ≃ a|∆E|
h

. (3.4)

From this, an optimal projectile energy can be estimated [114]. Importantly,
the relevant energy defect should correspond to the second (limiting) reac-
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tion in the charge exchange process, which constrains the overall efficiency
of negative ion production [40].

Despite the effectiveness of charge exchange for producing negative ions
of essentially any element, this method results in beam quality degradation
that is more prevalent than in other production techniques. The collisional
nature of this process introduces unwanted charge states, requiring beam
separation, as well as large angular and energy spreads in the beam. This can
be addressed by optimizing the mass of the target so that it is as similar as
possible to that of the projectile. Assuming kinetic energy conservation from
a two-body collision, this relationship is given by the classical derivation of
kinetic energy transfer,

E2,max = 4M1M2

(M1 + M2)2 E1, (3.5)

where M1 and E1 are the mass and energy of the projectile beam, and M2
is the mass of the target [40]. Therefore, by selecting an appropriate target,
beam divergence and energy spread can be minimized, improving transport
efficiency.

Charge exchange is a versatile and highly effective method for negative
ion production, especially for the heaviest elements where the aforemen-
tioned methods fall short. While the work in this thesis has taken significant
steps in addressing the challenges and optimization of the charge exchange
process, further advancements are necessary.

3.3 Laser spectroscopy techniques

Laser spectroscopy can be performed in both collinear and perpendicular
laser-ion beam geometries. The collinear configuration is often preferred
due to the longer interaction time, which enhances the signal, and higher
spectral resolution, achieved through reduced Doppler broadening as the ve-
locity spread of the ions is compressed by acceleration [98, 113]. In contrast,
cross-beam geometry exhibits larger Doppler broadening effects because the
transverse velocity spread is not compressed. However, it’s preferred in
cases requiring high-concentrated photon density and spatially isolated in-
teraction regions, such as for efficient multi-photon absorption [65], pre-
cise photoelectron velocity mapping [29], and controlled laser modulation in
animated-beam experiments for absolute cross sections measurements [115].

3.3. LASER SPECTROSCOPY TECHNIQUES 25

3.3.1 Laser photodetachment threshold spectroscopy
Laser photodetachment threshold spectroscopy (LPTS) is a method for de-
termining EA values. In this technique, the photon energy is tuned in a
narrow range around the photodetachment threshold, where the cross sec-
tion follows the Wigner threshold law. Because negative ions often lack
optically allowed transitions, LPTS provides one of the few experimental
approaches for investigating their fundamental properties.

The LPTS measurements in this thesis utilize a collinear ion-laser beam
geometry, which introduces large Doppler shifts in the observed frequencies.
This can be corrected by performing experiments in both co- and counter-
propagating directions and computing the geometric mean to eliminate the
velocity-dependent shift.

The statistical uncertainty in this method primarily arises from the en-
ergy spread of the ion beam and the linewidth of the laser. While laser-ion
beam divergence can contribute to the uncertainty by affecting spatial over-
lap, the impact is significantly reduced in collinear measurements compared
with cross-beam setups.

3.3.2 Resonance ionization spectroscopy
Resonance ionization spectroscopy (RIS) is a highly selective technique used
to excite and ionize systems through resonant transitions. When combined
with LPTS, RIS enhances the precision of EA measurement, particularly
for systems with slower photodetachment cross-section onsets (Papers I &
II). This method enables state-selective measurements by isolating a spe-
cific electronic transition, allowing partial photodetachment cross-sections
to be measured. Additionally, RIS has been instrumental in studying dou-
bly excited states [25] and threshold behaviors [26] in alkali metal negative
ions.

3.3.3 Pump-probe spectroscopy
Pump-probe spectroscopy is a time-resolved technique used to investigate
electron dynamics in atomic and molecular systems. It utilizes two laser
pulses, which act to excite the system and then subsequently monitor the
evolution over time. A variation of this method instead uses a depletion
pulse to empty excited electronic states, which has been used to measure
the lifetimes of metastable states in negative ions [116] as well as for the
most precise EA measurement to date [117].
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separation, as well as large angular and energy spreads in the beam. This can
be addressed by optimizing the mass of the target so that it is as similar as
possible to that of the projectile. Assuming kinetic energy conservation from
a two-body collision, this relationship is given by the classical derivation of
kinetic energy transfer,

E2,max = 4M1M2

(M1 + M2)2 E1, (3.5)

where M1 and E1 are the mass and energy of the projectile beam, and M2
is the mass of the target [40]. Therefore, by selecting an appropriate target,
beam divergence and energy spread can be minimized, improving transport
efficiency.

Charge exchange is a versatile and highly effective method for negative
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steps in addressing the challenges and optimization of the charge exchange
process, further advancements are necessary.

3.3 Laser spectroscopy techniques

Laser spectroscopy can be performed in both collinear and perpendicular
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spectral resolution, achieved through reduced Doppler broadening as the ve-
locity spread of the ions is compressed by acceleration [98, 113]. In contrast,
cross-beam geometry exhibits larger Doppler broadening effects because the
transverse velocity spread is not compressed. However, it’s preferred in
cases requiring high-concentrated photon density and spatially isolated in-
teraction regions, such as for efficient multi-photon absorption [65], pre-
cise photoelectron velocity mapping [29], and controlled laser modulation in
animated-beam experiments for absolute cross sections measurements [115].
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3.3.1 Laser photodetachment threshold spectroscopy
Laser photodetachment threshold spectroscopy (LPTS) is a method for de-
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narrow range around the photodetachment threshold, where the cross sec-
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approaches for investigating their fundamental properties.
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geometry, which introduces large Doppler shifts in the observed frequencies.
This can be corrected by performing experiments in both co- and counter-
propagating directions and computing the geometric mean to eliminate the
velocity-dependent shift.
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to be measured. Additionally, RIS has been instrumental in studying dou-
bly excited states [25] and threshold behaviors [26] in alkali metal negative
ions.

3.3.3 Pump-probe spectroscopy
Pump-probe spectroscopy is a time-resolved technique used to investigate
electron dynamics in atomic and molecular systems. It utilizes two laser
pulses, which act to excite the system and then subsequently monitor the
evolution over time. A variation of this method instead uses a depletion
pulse to empty excited electronic states, which has been used to measure
the lifetimes of metastable states in negative ions [116] as well as for the
most precise EA measurement to date [117].
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Building on the deplete-probe method, this thesis introduces deplete-
pump-probe spectroscopy to study negative ion dynamics with enhanced
selectivity. First, a depletion laser removes electrons from excited states,
ensuring high ground state population. Next, a pump laser selectively re-
excites a specific state, allowing for isolated and targeted studies. Finally, a
probe laser detaches the electron, enabling a direct measurement.

This method is particularly valuable for systems with multiple metastable
states, as it allows for individual state separation and measurement depend-
ing on the available lasers. By controlling which states are re-excited and
subsequently probed, depletion-pump-probe spectroscopy provides a power-
ful tool for investigating complex electron dynamics in negative ions with
higher precision.

3.4 Laser systems
3.4.1 Solid-state lasers
Neodymium-doped yttrium aluminum garnet (Nd:YAG) is a crystal com-
monly used as a lasing medium for solid-state lasers. They can serve as
pump lasers due to their high-intensity output and strong transition at 1064
nm. In our experiments, a pulsed configuration is typically preferred, which
is achieved by operating in Q-switch mode. This involves blocking the cavity
until the crystal reaches optimal population inversion. Q-switch mode can
increase power output by up to four orders of magnitude, which is essential
for higher-order harmonic generation [118].

For the experiments, the Nd:YAG lasers came integrated with the OPOs.

3.4.2 Optical parametric oscillators
Optical parametric oscillators (OPO) are tunable light sources that rely
on optical gain from parametric amplification in a nonlinear crystal rather
than stimulated emission. The OPO generates two frequency components
from the pump laser, the signal and the idler, depending on phase-matching
conditions in the nonlinear crystal. One of these waves, usually the signal,
is selectively amplified by the optical cavity, resonating and increasing in
intensity with each pass through the crystal [119].

At GUNILLA, there is one EKSPLA OPO integrated system with a
repetition rate of 10 Hz (NT342C). At DESIREE, there are two EKSPLA
OPO integrated systems with repetition rates of 10 Hz (NT342C) and 1
kHz (NT242). The NT342C offers a tuning range of 192 to 2600 nm, pulse
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duration of 3-5 ns, and linewidth of ≤ 5 cm−1 (150 GHz). The NT242, with
a tuning range of 210 to 2600 nm, has similar specifications as the 10 Hz
system but delivers pulse energies that are two orders of magnitude lower.

3.4.3 Tunable dye lasers
Dye lasers are widely used in spectroscopy due to their broad tunability and
high spectral resolution. They operate using organic dye as the gain medium
and require a pump laser, such as an Nd:YAG laser, to induce fluorescence
[120].

The Sirah PrecisionScan dye laser used for the EA studies mentioned
operates in the wavelength range of 370 to 920 nm, depending on the dye
and dispersion option chosen. The linewidth is reported to be 0.075 cm−1

(2 GHz).

3.4.4 Continuous-wave diode lasers
Continuous-wave diode lasers are particularly useful for investigating effects
that are challenging to resolve, such as isotope shifts and hyperfine struc-
tures, due to their narrow linewidth and excellent frequency stability.

A Toptica Photonics CTL 1550 continuous-wave diode laser, with an
instantaneous linewidth of 0.3 kHz and an average micro motor step size of
0.5 pm, was used for investigating Sn−.

3.5 Detectors
3.5.1 Neutral particle detectors
In experiments where an electron is photodetached from a negative ion,
the residual neutral atom can be detected using a neutral particle detector
(NPD). Since neutral atoms do not respond to electric or magnetic fields, de-
tection relies on secondary electron emission. When a neutral atom collides
with a conductive target, it can induce the release of secondary electrons.
These emitted electrons are then collected and amplified using a channel
electron multiplier (CEM), enabling indirect detection of the neutral atom
and, in turn, the determination of photodetachment cross sections.

To be compatible with the collinear laser-ion geometry, the conductive
target must also be optically transparent to allow laser passage. However,
conductivity and transparency are opposing material properties, making
the choice particularly challenging. A graphene-coated quartz plate offers a
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practical compromise, with the monolayer of graphene providing sufficient
conductivity and the quartz ensuring optical transparency [121].

3.5.2 Microchannel plate detectors
The microchannel plate (MCP) detector is capable of detecting individual
particles, including electrons, ions, and photons. It consists of a thin plate
made of an array of microscopic capillaries or channels, each functioning
as an electron multiplier. When a charged particle impinges on the MCP
surface, it initiates a cascade of secondary electron emissions, which are
amplified as they travel through the channels.

For position-sensitive detection, the MCP is often coupled with a delay
line anode, as used at GUNILLA, or a resistive anode encoder, as used at
DESIREE where they are custom made to have significantly lower resis-
tance for particle detection at cryogenic temperatures. In both systems, the
signal from the MCP propagates in opposite directions along the wires. By
measuring the time delay between the signals at both ends of the wire, the
precise position of the detected event can be determined [122]. Alternatively,
the MCP can be paired with a phosphor screen and the fluorescence can be
detected using a camera, providing a visual map for the detected particles.

3.5.3 Time-of-flight detection
Time-of-flight (ToF) detection in MagneTOF detectors uses a combination
of electric and magnetic fields to control the trajectories of secondary elec-
trons emitted from the impact of a charged particle. Since the emission
time and angle of these electrons vary depending on the impact location,
the applied external fields are used to compensate for their trajectories.
This ensures that all secondary electrons are directed to the detector with
uniform transit times [123].

3.6 Application of methods
3.6.1 Alkali metal electron affinity measurements
Papers I and II detail the measurements of the EAs of Cs and Rb at the
GUNILLA facility, using the RADAR spectrometer for Rydberg atom ion-
ization and spatially resolved detection. The experiment combines LPTS
with RIS, where a dye laser serves as the first step, which scans over the
photodetachment threshold, and a 10 Hz OPO is used for the subsequent
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resonance ionization, as shown in Fig. 3.3 for Cs. Detection is performed
using an MCP detector, which provides spatially resolved signal readout.
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Figure 3.3: Partial energy level diagram (not to scale) for Cs− and Cs.
A photon (λ1) from a frequency tunable laser is absorbed by a Cs− ion
(red arrows). Subsequently, the ion can decay into three different neu-
tral states via electron emission (dashed arrows). The neutral Cs atom
in the 6p 2P3/2 excited state then absorbs another photon (λ2) at a fixed
wavelength for resonant excitation to the Rydberg state, 25d 2D5/2 (green
arrow). Finally, the Rydberg atom underwent a field ionization (FI) pro-
cess (curved arrow), creating a positive ion.

3.6.2 Radioactive negative ion production
Paper III describes the production of 238U− at the ISOLDE facility using the
charge exchange production method. Here, a beam of 238U+ was produced
using a pre-irradiated uranium carbide target in a resonant ionization laser
ion source. The uranium ion beam was accelerated to an energy of 40 keV,
then mass selected by the high-resolution separator and cooled and bunched
in a gas-filled radio frequency quadrupole linear Paul trap (ISCOOL) [124].
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After the 238U+ beam reached the CRIS experimental setup, the ions
entered the potassium-filled CEC. Potassium was chosen for the charge ex-
change target vapor due to its lower first IP compared to the other available
option, sodium. The CEC was resistively heated with cartridge heaters
and a Variac variable transformer AC power supply (200V) to a maximum
relative temperature of ∼140°C.

After production, the negative ions were electrostatically separated from
the positive and neutral charge states and detected with a MagneToF single
ion detector. There was a maximum transmission efficiency for positive
ions of ∼5% to the end of the CRIS beamline from ISOLDE, meaning a
few nA reached the entrance of the CEC which is more than enough to
conduct experiments. This was determined by Faraday cup measurements
after ISCOOL and MagneToF detector measurements in single ion counting
mode placed after the bend. The experimental setup is shown in Fig. 3.4.
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Figure 3.4: The cooled and bunched positive ion beam (red) from
ISOLDE was guided to the CRIS experimental setup and into the charge
exchange cell (CEC) where solid potassium (K) was inserted from the top
and heated until gas phase was reached. With increasing pressure, two
separate electron capture reactions between the projectile beam and the K
atoms in gas phase (yellow) occurred to produce negative ions (green). The
remaining positive ions that did not capture any electrons and the neu-
tral atoms (blue) that only underwent one electron capture reaction were
dumped while the negative ions were electrostatically bent towards the
ion detector, which was connected to the data acquisition system (DAQ).
The CEC was heated by the AC power supply and the temperature was
read with thermocouples from the CEC end and center, with the center
temperature values recorded for the measurement. Finally, the transmis-
sion efficiency measurements were taken between the Faraday cup (FC)
and the ion detector for positive ions.
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3.6.3 Isotope shift and lifetimes studies in the tin anion
Paper V reports the isotope shift (IS) measurements and lifetimes of the ex-
cited states in stable Sn− preformed at DESIREE. For the IS measurements,
a two-step laser ionization scheme in collinear geometry was employed fol-
lowing the depletion-pump-probe method. In the first step, an OPO at 1200
nm was used to deplete the electronic population in the Sn−(2DJ) excited
states. The second step involved using a continuous-wave diode laser in an
anti-collinear geometry to drive the bound-bound Sn−(4S3/2) → Sn−(2D5/2)
transition. The same laser also acted as the probe step, which neutralized
the atom. This process is shown in Fig. 3.5.

For the lifetime measurements, the same depletion-pump-probe method
was used to selectively measure the lifetime of the Sn−(2D5/2) state. Because
there were two states with lifetimes of similar magnitude, it was advanta-
geous to measure the longer-lived state separately to precisely determine the
lifetime and use it as a fixed fitting parameter in data that measured the
decay of both states.

In both cases, detection of neutral Sn resulting from photodetachment
was achieved using a graphene-coated quartz plate as the secondary electron
emitter, and then the signal was amplified using a stack of three MCP
detectors and detected with the coupled resistive anode encoder.
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Figure 3.5: Energy level diagram of the Sn anion and the applied laser
transitions. The circled numbers represent the step: 1 corresponds to the
excited state depletion, 2 is the selective state repopulation, and 3 is the
final detachment into the continuum.

Chapter 4

Theoretical Methods

Before presenting the results, the theoretical framework used to investigate
trajectory effects in atomic collisions will be discussed. Traditionally, many
theoretical approaches have relied on a straight-line approximation. How-
ever, recent advancements have demonstrated that accounting for electron-
nuclear coupling in ion-atom collisions can significantly alter predictions of
energy loss, particularly at low collision energies [125]. This highlights the
necessity of reevaluating conventional trajectory approximations.

In this work, we solve the time-dependent Schrödinger equation using a
lattice representation (LTDSE) to assess the impact of different trajectory
models, comparing straight-line approximations with dynamically coupled
electron-nuclear trajectories based off of the time-dependent electron-nuclear
dynamics (END) approach [126]. The computational methodology employs
a finite-difference Crank-Nicholson approach, which enables tracking of elec-
tron capture probabilities and energy deposition. Implementing this ap-
proach allows us to evaluate the limitations of classical, semi-classical, and
perturbative models, particularly in systems involving bare ion projectiles
such as H colliding with atomic hydrogen (Paper IV).

4.1 Numerical methods
4.1.1 Finite-difference method
The finite-difference method (FDM) is a numerical technique for approx-
imating differential equations by discretizing a continuous problem into a
system of linear equations over a finite space. This allows for differential
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operators to be replaced by algebraic expressions, simplifying the computa-
tional solution.

The general form of the FD approximation can be derived from the
Taylor series expansions of a function f(x, t) about a point x0. Expanding
the function to the second order in ∆x gives

f(x0 ± ∆x, t) = f(x0) ± ∂f

∂x

∣∣∣∣
x0

∆x + 1
2

∂2f

∂x2

∣∣∣∣
x0

∆x2 + O(∆x3). (4.1)

By retaining only the first-order term, these expressions yield the forward-
difference approximation

∂f

∂x

∣∣∣∣
x0

= f(x0 + ∆x) − f(x0)
∆x

+ O(∆x2), (4.2)

and the backward-difference approximation

∂f

∂x

∣∣∣∣
x0

= f(x0) − f(x0 − ∆x)
∆x

+ O(∆x2), (4.3)

assuming a sufficiently small step size ∆x.
To approximate the second-order derivative, the expansions in Eq. (4.1)

can be added to eliminate the first-order term, given by

f(x0 + ∆x, t) + f(x0 − ∆x, t) = 2f(x0, t) + ∂2f
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Rearranging this expression yields the centered FD approximation for the
second-order derivative as
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On a discrete numerical grid, xk denotes the k-th grid point, with uniform
spacing ∆x = xk+1−xk and k ∈ {1, . . . , N −1}. The second-order derivative
at xk can then be approximated using Eq. (4.5)
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This is the standard FD scheme used in numerical solutions of partial dif-
ferential equations.
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4.1.2 Crank-Nicolson method
The Crank-Nicolson method (CNM) is a time integration scheme used to
approximate the evolution of time-dependent differential equations [127].
In the context of the time-dependent Schrödinger equation (TDSE), CNM
approximates the unitary-time evolution operator Û propagation over a dis-
crete time step ∆t. This is an implicit method that is second-order accurate
in time and is often combined with FDM for spatial discretization due to its
simplicity and computational efficiency.

The TDSE in one dimension can be written as

ih̄
∂

∂t
ψ(x, t) = Ĥψ(x, t), (4.7)

where the time-independent Hamiltonian Ĥ is composed of kinetic and po-
tential energy operators:

Ĥ = T̂ + V̂, (4.8)

Ĥ = − h̄2

2µ

∂2

∂x2 + V (x). (4.9)

The exact solution to the TDSE over a time interval of length ∆t is formally
given by Û, defined as

Û = e−iĤ∆t/h̄, (4.10)

such that
ψ(x, t + ∆t) = Ûψ(x, t). (4.11)

Since T̂ and V̂ do not commute, i.e. [T̂, V̂] ̸= 0, the exponential operator
cannot be trivially factorized. To address this, Û can be approximated
using the Strang splitting technique [128], ensuring that the overall scheme
is second-order accurate in time

e−iĤ∆t/h̄ ≃ e−iT̂∆t/2h̄e−iV̂∆t/h̄e−iT̂∆t/2h̄. (4.12)

Because V̂ is multiplicative in position space, the exponential acts exactly
on the wavefunction, resulting in

ψ̃n(x) = e−iV̂ ∆t/h̄ ψn(x), (4.13)

where ψn(x) is the wavefunction at time t = n∆t. However, because T̂
involves spatial derivatives, the exponential cannot be applied in the same
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operators to be replaced by algebraic expressions, simplifying the computa-
tional solution.

The general form of the FD approximation can be derived from the
Taylor series expansions of a function f(x, t) about a point x0. Expanding
the function to the second order in ∆x gives

f(x0 ± ∆x, t) = f(x0) ± ∂f

∂x

∣∣∣∣
x0

∆x + 1
2

∂2f

∂x2

∣∣∣∣
x0

∆x2 + O(∆x3). (4.1)

By retaining only the first-order term, these expressions yield the forward-
difference approximation

∂f

∂x

∣∣∣∣
x0

= f(x0 + ∆x) − f(x0)
∆x

+ O(∆x2), (4.2)

and the backward-difference approximation

∂f

∂x

∣∣∣∣
x0

= f(x0) − f(x0 − ∆x)
∆x

+ O(∆x2), (4.3)

assuming a sufficiently small step size ∆x.
To approximate the second-order derivative, the expansions in Eq. (4.1)

can be added to eliminate the first-order term, given by

f(x0 + ∆x, t) + f(x0 − ∆x, t) = 2f(x0, t) + ∂2f

∂x2

∣∣∣∣
x0

∆x2 + O(∆x3). (4.4)

Rearranging this expression yields the centered FD approximation for the
second-order derivative as

∂2f

∂x2

∣∣∣∣
x0

= f(x0 + ∆x) − 2f(x0) + f(x0 − ∆x)
∆x2 + O(∆x3). (4.5)

On a discrete numerical grid, xk denotes the k-th grid point, with uniform
spacing ∆x = xk+1−xk and k ∈ {1, . . . , N −1}. The second-order derivative
at xk can then be approximated using Eq. (4.5)

∂2f

∂x2

∣∣∣∣∣
xk

=
fn

k+1 − 2fn
k + fn

k−1
∆x2 + O(∆x3). (4.6)

This is the standard FD scheme used in numerical solutions of partial dif-
ferential equations.

4.1. NUMERICAL METHODS 35

4.1.2 Crank-Nicolson method
The Crank-Nicolson method (CNM) is a time integration scheme used to
approximate the evolution of time-dependent differential equations [127].
In the context of the time-dependent Schrödinger equation (TDSE), CNM
approximates the unitary-time evolution operator Û propagation over a dis-
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way. Instead, T̂ is discretized using the CNM over a time step ∆t, yielding
the implicit equation

�
1 + i∆t

2h̄
T̂

�
ψn+1(x) =

�
1 − i∆t

2h̄
T̂

�
ψ̃n(x). (4.14)

The CN kinetic energy term i∆t
2h̄ T̂ acts on the wavefunction through the

second spatial derivative, which can be discretized using the second-order
centered FD approximation. Applying Eq. (4.6) at a grid point xk = k∆x
gives

i∆t

2h̄
T̂ψn

k ≈ − ih̄∆t

4µ(∆x)2

�
ψn

k+1 − 2ψn
k + ψn

k−1
�

, (4.15)

where we define the coefficient

ν = ih̄ ∆t

4µ (∆x)2 . (4.16)

Finally, the CN discretization for the kinetic evolution step takes the form

(1 + 2ν) ψn+1
k − ν ψn+1

k+1 − ν ψn+1
k−1 = (1 − 2ν) ψn

k + ν ψn
k+1 + ν ψn

k−1, (4.17)

and the wavefunction at the next time step ψn+1 can be vectorized and
written in matrix form as

A+ψn+1 = A−ψn, (4.18)

where A+ and A− are symmetric tridiagonal matrices

A± =




1 ± 2ν ∓ν 0 · · · 0

∓ν 1 ± 2ν ∓ν
. . .

...

0
. . . . . . . . . 0

...
. . . ∓ν 1 ± 2ν ∓ν

0 · · · 0 ∓ν 1 ± 2ν




.

After this derivation, it can be seen that the CNM approximates the
exact exponential evolution of the kinetic operator with a time-centered,
implicit, and symmetric finite-difference scheme. It offers unconditional sta-
bility by preserving unitarity and avoids time step restrictions, allowing for
larger time steps while maintaining accuracy.
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4.2 Nuclear trajectories

4.2.1 Coupled trajectory

A time-dependent electron-nuclear dynamics (END) approach [126] is em-
ployed for coupling the electron and nuclei dynamics. The time-dependent
Schrödinger equation governing the behavior of an electron in the presence
of N nuclei is expressed as

i
∂

∂t
Ψ(r, t) =

[
− 1

2∇2 −
N∑

i=1

Zi

|r − Ri(t)|

]
Ψ(r, t), (4.19)

where Ψ(r, t) is the time-dependent wave function, Zi is the charge of the
i-th nuclei, and Ri denotes the trajectory of the heavy i-th nuclei coupled to
the electron. The dynamics of the coupling are described by the equations
[129]:

Ṙi = 1
Mi

Pi(t)

Ṗi = Zi⟨Ψ| (r − Ri)
|r − Ri|3

|Ψ⟩ − (4.20)

N∑
k ̸=i

ZkZi
(Rk − Ri)
|Rk − Ri|3

,

where i ranges from 1 to N number of heavy nuclei. In our specific case, we
set N = 2.

To solve Eq. (4.20), we make use of the fourth-order Runge-Kutta
method (RK4) coupled to Eq. (4.19). RK4 is a numerical method that is
used for solving ordinary differential equations given the initial value prob-
lem

dy

dt
= f(t, y), y(t0) = y0. (4.21)

The next value for y can be solved using

yn+1 = yn + h

6 (k1 + 2k2 + 2k3 + k4), (4.22)
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where the intermediate steps are defined as:

k1 = f(tn, yn) (4.23)

k2 = f

(
tn + h

2 , yn + h

2 k1

)
(4.24)

k3 = f

(
tn + h

2 , yn + h

2 k2

)
(4.25)

k4 = f(tn + h, yn + hk3), (4.26)

and h is the step size [130, 131].

4.2.2 Straight-line trajectory
For scenarios involving straight-line trajectories, we simplify our approach
by fixing the position of the target nucleus at R1 = 0 and defining the
position of the projectile as

R2 = b + vt. (4.27)

Here, b = bx̂ represents the impact parameter and v = v0ẑ is the collision
velocity. In this case, the projectile momentum P2 = M2v remains constant
throughout the collision process where v =

√
2mE.

4.3 Lattice definition
With the numerical methods and trajectories established, the numerical
lattice framework is introduced, where the CN approach is applied [132].
Ionization is addressed by implementing a masking function that absorbs
ionized electrons at each time step on the grid boundary [133]. In Fig.
4.1, the masking function acts over the box Ω at the edge of the numeri-
cal grid in the space between the blue and black boxes. It is expressed as
M(r) = M(x)M(y)M(z), where M(z) is given by

M(z) =
{

cos1/8
(

π|z−zb+L|
2L

)
, |zb − z|< L

1, otherwise.
(4.28)

Here, zb indicates the boundary along the z-axis, either at zmin or zmax,
and L is the absorbing width of the region Ω. The expressions are similar
for the x and y cases.
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The computational grid is defined as [−18, 18]x×[−18, 18]y×[−30, 45]z a.u.,
with a grid step of 0.4 a.u.. We select a time step of 0.01 a.u., which strikes
a balance between accuracy and computational efficiency. It is also long
enough to achieve a clear separation between the target and projectile at
the end of our simulation. The collision time is defined as t0 = 2z0/v0,
where v0 is the initial velocity of the projectile and z0 is the initial projectile
distance to the target. With this, Eq. (4.20) is solved with the fourth-order
Runge-Kutta method coupled to Eq. (4.19). For the straight trajectories,
we simply advance R2 according to Eq. (4.27).

To prevent numerical instabilities when nuclei Ri pass near a grid point
r, we arrange our impact parameter grid so that both projectile and target
trajectories align with points at the center of adjacent squares in the xy-
plane [132]. The impact parameter b is varied from 0.0 to 14.0 a.u. in
increments of 0.4 a.u.. Initially, we position the projectile along the z-axis
at a distance of z0 = −30 a.u., as illustrated in Fig. 4.1.

We perform calculations for collision energies in the laboratory frame of
the projectile, Ep, ranging from 0.1 keV/u up to 900 keV/u. To account for
polarization effects on the hydrogen electronic cloud due to initial placement
at z0 = −30 a.u. and x = b, we compute the initial wave function using
an imaginary time technique for each configuration [132], which allows for
ground state convergence. Finally, we set an absorbing width L = 4.0 a.u.,
ensuring effective electron absorption without interfering with the collision
region, Γ [133].
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Figure 4.1: Aq+H collision rendering. In A, the sphere represents the
1s hydrogen electron density, b is the collision impact parameter of an
ion Aq with q the initial charge, located initially at a distance z0, and v0
is the initial collision velocity. The space between the inner (blue) and
outer (black) boxes represents the ionization absorbing region, Ω. The
box for z > 15 a.u. determines the electron capture by the projectile and
is denoted by Γ. The black and red lines correspond to the straight-line
and the electron-nuclei coupled trajectories, respectively, for b = 1.2 a.u.
impact parameter. In B, an inset of the collision region around the target
electronic density (dotted blue cloud) is shown. The purple line is the
target recoiling trajectory in the electron-nuclei coupled scheme.

Chapter 5

Results

This chapter summarizes the results from each study conducted in this the-
sis, with detailed descriptions available in the appended papers. The first
section focuses on high-resolution electron affinity (EA) measurements of
cesium (Cs) and rubidium (Rb), performed using a combination of laser
photodetachment threshold spectroscopy (LPTS) and resonance ionization
spectroscopy (RIS) at GUNILLA (Papers I & II). These results push the
precision limits of bound-continuum measurements in negative ions, particu-
larly in cases where elements with photodetached s-shell electrons introduce
challenges.

Expanding the scope of negative ion studies, this thesis also investi-
gated an alternative negative ion production method for low-yield, heavy,
and radioactive elements, focusing on uranium (U) at ISOLDE (Paper III).
Developing efficient production techniques is essential for extending bound-
continuum and bound-bound measurement methods to radioactive anions,
which remain far less studied than their stable counterparts.

Since experimental studies on radioactive anions are inherently difficult,
theoretical modeling becomes invaluable. The next section presents atomic
collision theory, where the time-dependent Schrödinger equation in a numer-
ical lattice (LTSDE) was solved to investigate trajectory effects in charge
exchange and energy loss for bare ion projectiles colliding with atomic hydro-
gen (Paper IV). This study lays the groundwork for modeling heavy negative
ion production through electron capture reactions, a necessary step toward
extending high-precision negative ion spectroscopy to unexplored elements.

Further breaking into the undiscovered, the final section explores elec-
tric dipole (E1 ) forbidden bound-bound transitions in the tin (Sn) anion,

41
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using the depletion-pump-probe method at DESIREE (Paper V). These
measurements enabled high-precision isotope shift (IS) and state lifetime
measurements, marking a significant milestone in negative ion spectroscopy
by making forbidden transitions in negative ions experimentally accessible.

5.1 Electron affinity measurements
This section summarizes the results from Papers I and II, which describe
the most precise EA measurements to date for cesium (Cs) and rubidium
(Rb), obtained using a method combining LPTS and resonance ionization
spectroscopy (RIS). These refined EA measurements represent the first suc-
cesses of the state-selective approach and provide benchmarks for theoretical
models that account for electron correlation. Additionally, these studies es-
tablish a framework for future high-precision EA measurements, particularly
at radioactive ion beam facilities. Francium is an obvious first candidate, as
its EA remains experimentally unmeasured.

5.1.1 Cesium
A typical threshold measurement is shown in Fig. 5.1, where only the pho-
todetachment cross section from the 6p 2P3/2 state was measured. When
fitting the data, a deconvolution technique was applied to account for the
influence of the bandwidth of the laser and the velocity spread of the ions.
Refer to Paper I for an in-depth explanation of this technique.

To cancel out the Doppler shift effect to all orders, measurements were
alternated between co- and counter-propagation schemes and then the ge-
ometric mean was calculated. To extract the EA, the difference in energy
between the ground state (6s 2S1/2(F=3)) and the excited 6p 2P3/2 (F=2)
state of the neutral Cs atom was subtracted from the Doppler corrected
geometric mean. The EA of Cs was determined to be 0.471 598 3(38) eV.

This result is a significant improvement over previous measurements, re-
ducing the uncertainty by an order of magnitude, as shown in Fig. 5.2.
The comparison shows that the improved value is slightly lower than the
widely cited 0.471 64(6) eV reported by Hotop and Lineberger [15]. How-
ever, our measurement accounted for the hyperfine splitting in the residual
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For a proper comparison, the Hotop and Lineberger value was corrected
for the hyperfine splitting, which accounted for 21 µeV. Additionally, this
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Figure 5.1: The number of registered events following the Doppler
shifted partial photodetachment that leaves the neutral atom in the ex-
cited 6p 2P3/2, F = 2 state, as a function of the photon energy. The
ion beam and the laser used for photodetachment were merged in a co-
propagating scheme. The fit was obtained with a discrete convolution
between the Gaussian normalized function and the Wigner function and
is shown as a solid line. The optimized parameters were then used in the
Wigner function to obtain a deconvoluted s-wave Wigner function that is
shown as a dashed line. The threshold for this measurement is 1.926 842
4(51) eV. The inset shows an expansion around the threshold where the
hyperfine structure of the excited state are resolved.
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Figure 5.2: EA(Cs) experimental value from this work compared with
the values from Welander et al. [66], Hotop and Lineberger (H. & L.) [15],
the H. & L. value corrected for the hyperfine splitting (HFS corrected) of
21 µeV, and Scheer et al. [134].
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certainties through Doppler shift corrections, increasing confidence in the
result.

5.1.2 Rubidium
Given its similar electronic structure to Cs, extending this methodology
to Rb provided an opportunity to improve the EA value with comparable
accuracy. Probing only the 5p 2P3/2 state in the residual neutral atom,
the EA of Rb was measured to be 485.887(6) meV. The co-propagating
threshold can be seen in Fig. 5.3. The EA was extracted in the same way
as Cs, except the use of the convolution fit function resulted in a spread of
the width of the Gaussian profile by over an order of magnitude between
individual threshold scans, likely caused by a lack of closely spaced data
points around the onset of the threshold. Therefore, the data was fitted
with a fixed value for the width of the Gaussian, determined from the Cs
experiment. The same laser and ion source conditions were used in both
experiments, where the laser linewidth is the dominating contributor to the
broadening, so it is justified to use the same value as an approximation for
the overall broadening. Details of this analysis can be found in Paper II.

Previously, the EA of Rb was reported to be 485.916(21) meV [135],
meaning the present measurement reduced the uncertainty by a factor of
three. Again, our measured EA value is slightly lower than the previous
determinations, though the discrepancy remains within the experimental
uncertainties. This difference can also be attributed to the hyperfine split-
ting in the residual 85Rb atom, accounting for 7.32 µeV.

5.2 Radioactive negative ion production with
charge exchange

Studying negative ions first requires sufficient production, which is typically
achieved using surface ionization in a Cs sputter ion source. This method is
highly effective for stable elements with sufficiently high EA values. How-
ever, challenges arise when dealing with elements that have low EAs or
are inherently available in limited quantities; both of which are common
characteristics for radioactive species. Therefore, an alternative production
method for such negative ions must be developed to enable further studies.

This section explores Paper III, which details the use of electron capture
reactions for 238U− production in a charge exchange cell. The focus is on
optimizing the conditions for sequential charge exchange reactions, which
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Figure 5.3: The relative photodetachment partial cross section as a
function of the relative photon energy where the neutral Rb atom is left in
the 5p 2P3/2 state. The data was obtained in a co-propagating geometry
and fitted using the Wigner law. The fit is represented by a solid line.

are required to produce negative ions from an initial beam of positive ions.
Since positive ions are more easily and commonly produced at radioactive
ion beam facilities, understanding this process is essential for expanding
studies to radioactive negative ions, especially in heavy systems.

Figure 5.4 presents the results of 238U− production in a charge exchange
cell, where a 40 keV beam of 238U+ ions served as the projectile and potas-
sium vapor as the target. The efficiency of this process was found to be
highly dependent on the target vapor density, which was controlled by heat-
ing the potassium source to ∼140°C.

The results show that negative ion production increased with target va-
por pressure until a saturation point was reached at around 134°C, after
which further heating led to a decrease in ion yield. This was caused by
an additional collision, which destroyed the negative ion. Hence, optimizing
target density in the charge exchange cell is crucial for maximizing negative
ion production.
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Figure 5.4: Temperature dependence of negative uranium-238 ion pro-
duction in a charge exchange cell as measured with a MagneToF detec-
tor. A 40 keV projectile beam of positive uranium-238 ions collides with
potassium vapor to first undergo a single electron capture reaction. As
the temperature in the cell increases, so does the probability for a second
electron capture reaction until the curve saturation point at ∼134°C. As
temperature continues to increase, the cross section of a third collision also
increases in which the produced negative ions are subsequently destroyed.
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5.3 Modeling ion-atom collision dynamics

The previous section discussed experimental ion-atom collisions for negative
ion production, highlighting the importance of understanding electron cap-
ture in such collisions. To complement this study, a theoretical framework
was developed to further understand the inelastic processes in these colli-
sions. This section reviews Paper IV, which presents a theoretical study on
the role of nuclear trajectories in charge exchange and energy loss processes.
This study establishes the LTDSE method with bare ion projectiles with
charge Z =1-4 incident on atomic hydrogen in an energy range of 0.1 to 900
keV/u.

Many previous theoretical studies have investigated these systems, but
few have considered how nuclear motion affects inelastic processes. Most
studies use straight-line approximations, which are inherently not energy
conserving. For this reason, this study compares straight-line trajectories
with an electron-nuclear coupled approach to assess the impact on charge
exchange and energy loss.

In Fig. 5.5, charge exchange cross sections are found to be trajectory-
independent, showing excellent agreement with available experimental and
theoretical data. This suggests that electron capture is predominantly gov-
erned by electronic interactions rather than nuclear motion, which simplifies
theoretical modeling in these systems.

In contrast, projectile energy loss exhibits a strong trajectory depen-
dence, as shown in Fig. 5.6. The straight-line approximation significantly
overestimates energy loss at low collision energies due to the forced linear
path, which does not account for effects in the target such as nuclear recoil
and polarization from the ion projectile. At very high energies, electronic
stopping cross sections from electron-nuclear coupled trajectories align well
with experimental measurements, confirming the validity of the model in
this regime.

These results highlight the importance of considering nuclear motion
in collision dynamics, particularly at low energies where polarization effects
and nuclear recoil contribute significantly to stopping cross sections. Moving
forward, this approach will be expanded to multi-electron targets using a
Thomas-Fermi potential, allowing the study of negative ion formation and
charge exchange dynamics in complex atomic systems.
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Figure 5.5: Electron capture cross sections for (A) H+, (B) He2+, (C)
Li3+, and (D) Be4+ colliding with H(1s), as a function of the ion projectile
energy. Our results from the electron-nuclei coupled trajectories are shown
with a solid red line and the straight-line trajectories are shown with a
dashed black line. See Paper IV for references.
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Figure 5.6: Stopping cross sections for atomic hydrogen targets by inci-
dent (A) H+, (B) He2+, (C) Li3+, and (D) Be4+ ions, as a function of
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5.4 Bound excited states in the tin anion
Isotope shifts in atomic spectra provide valuable insights into the interplay
between nuclear and atomic structure, offering a means to probe nuclear
charge distributions, electron-nucleus interactions, and electron-electron cor-
relations. Sn is an excellent candidate for IS investigations due to its ten
stable isotopes, the most of any element, allowing for a systematic study
across a broad range of neutron-to-proton ratios. Sn− is particularly inter-
esting, as it possesses a bound excited state. While this is an E1 forbidden
transition, the access to a cryogenic storage ring facility opens new avenues
for high-resolution spectroscopy of negative ions.

This section summarizes the findings of Paper V, which presents the first
IS measurement of an optically forbidden transition in Sn−, along with life-
time determinations of the 2DJ states. The study represents a significant
advancement in anion spectroscopy, demonstrating the feasibility of mea-
surements of optically forbidden transitions in negative ions using a newly
developed method. Although the analysis is still in progress and the re-
ported values are preliminary, these results already set new benchmarks for
theoretical models and establish a foundation for future studies of nuclear
and atomic structure using anionic systems. With the increasing develop-
ment of cryogenic ion storage techniques and high-resolution spectroscopy,
this work paves the way for a new era of negative ion studies.

5.4.1 Isotope shift in the Sn−(4S3/2) → Sn−(2D5/2)
transition

The excitation energy from the ground state to the 2D5/2 state in 120Sn−

was measured to be 6512.4183(2) cm−1. This was determined from the
centroids of 40 independent measurements, each obtained from the Voigt
fit of the resonance profile. A weighted average was calculated using the
inverse square of the individual fitting uncertainties as weights. The given
uncertainty is purely statistical, obtained by combining the weighted fit error
and the standard deviation of the mean in quadrature. Fig. 5.7 shows a
typical spectral resonance and Voigt profile fit for 120Sn−.

When comparing with the work of Scheer et al. [64], we find that our
measured resonance is approximately 50 times narrower. This improvement
in spectral resolution is due to significantly reduced Doppler and pressure
broadening, enabled by the cryogenic environment of DESIREE, extended
interaction times, and a reduced laser linewidth by three orders of magni-
tude.
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Figure 5.7: Example spectral resonance of the bound-bound 4S3/2 →
2D5/2 transition in 120Sn−. The data is fit with a Voigt profile (solid red
line), yielding a center frequency of 6512.41727(1) cm−1, indicated by the
dashed gray line. Error bars, which are barely visible, represent square
root of the signal.

The absolute frequency of the Sn−(4S3/2) → Sn−(2D5/2) transition was
measured for all stable even-mass isotopes. The most abundant isotope,
120Sn (∼33% natural abundance), was used as the reference in determin-
ing the IS. The IS frequencies were calculated relative to 120Sn, following
δνA,A′ = νA − νA′ . A total of ten sets of data were collected, with each set
containing an average of one resonant transition frequency per isotope for
116−124Sn. Due to their low natural abundances, 112Sn and 114Sn (0.97%
and 0.66%, respectively) were each measured twice over many hours, as more
time was required to accumulate sufficient statistics. The reference isotope,
120Sn, was measured an average of three times per set to reduce statistical
uncertainty. The shift δνA,120 = νA − ν120 was extracted individually for
each isotope, where ν120 was typically taken as the average of the two ref-
erence frequencies if measurements were made both before and after. The
IS values were then averaged across all data sets, and the associated uncer-
tainties were calculated as the standard error of the mean. These results are
summarized in Fig. 5.8.
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5.4 Bound excited states in the tin anion
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transition, the access to a cryogenic storage ring facility opens new avenues
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The excitation energy from the ground state to the 2D5/2 state in 120Sn−

was measured to be 6512.4183(2) cm−1. This was determined from the
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in spectral resolution is due to significantly reduced Doppler and pressure
broadening, enabled by the cryogenic environment of DESIREE, extended
interaction times, and a reduced laser linewidth by three orders of magni-
tude.
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Figure 5.7: Example spectral resonance of the bound-bound 4S3/2 →
2D5/2 transition in 120Sn−. The data is fit with a Voigt profile (solid red
line), yielding a center frequency of 6512.41727(1) cm−1, indicated by the
dashed gray line. Error bars, which are barely visible, represent square
root of the signal.
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116−124Sn. Due to their low natural abundances, 112Sn and 114Sn (0.97%
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120Sn, was measured an average of three times per set to reduce statistical
uncertainty. The shift δνA,120 = νA − ν120 was extracted individually for
each isotope, where ν120 was typically taken as the average of the two ref-
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tainties were calculated as the standard error of the mean. These results are
summarized in Fig. 5.8.
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Figure 5.8: Measured isotope shifts δνA,120 = νA − ν120 for the 4S3/2
→ 2D5/2 transition in Sn−. Error bars represent the standard error of
the mean. The reference isotope 120Sn is shown as a hollow circle for
context. Linear fits are shown including (dashed red line) and excluding
(dashed blue line) 112Sn data point, with the goodness of fit evaluated
using reduced χ2 and R2 statistics.

The data exhibit a linear trend with increasing mass number. However,
the 112Sn data point deviates noticeably from this trend. To quantify this,
linear fits were performed with and without mass 112, and the goodness of fit
was assessed using reduced χ2 and R2 statistics. When all isotopes were in-
cluded in the fit, the reduced χ2 and R2 were 21.74 and 0.9453, respectively,
indicating poor agreement with the linear model given the uncertainties.
Excluding mass 112 in the fit yields 0.18 and 0.9993 for the reduced χ2 and
R2, respectively. This suggests that the results of 112Sn significantly deviate
from the linear trend seen in the rest of the data and motivate its exclusion
from further analysis to extract the mass and field shift factors.

These results enable a detailed analysis of the sensitivity of anions to
changes in nuclear charge radii and specific mass shifts. To investigate the
feasibility of such a procedure, we perform a King plot analysis based on the
linear dependence of the IS on nuclear mass and charge radius, given by

∆νA,A′
= νA − νA′

= kMS
mA − mA′

mAmA′
+ Fδ⟨r2⟩A,A′

, (5.1)
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where kMS can be further split into specific and normal mass shift com-
ponents, kSMS + kNMS. By normalizing both sides of the equation by the
reduced mass coefficient µA,A′ = mA−mA′

mAmA′
, we obtain

δνA,A′
(µA,A′

)−1 = k + Fδ⟨r2⟩A,A′
(µA,A′

)−1. (5.2)

This transformation removes the dominant mass dependence and allows
for a more direct extraction of the constants. To compare the anionic transi-
tion measured in this work with well-known electronic transitions in neutral
Sn, as reported in Ref. [136], we construct King plots to relate the iso-
tope shifts of two different transitions across the isotope chain. Since the
transitions share the same nuclear configurations for a given isotope, this
eliminates the dependence on the nuclear charge radii. The resulting linear
relationship between the two transitions can be described as

δνA,A′

i (µA,A′
)−1 = a · δνA,A′

j (µA,A′
)−1 + b, (5.3)

where

a = Fi

Fj
, (5.4)

b = ki − a · kj . (5.5)

An example King plot is shown in Fig. 5.9, where our transition in
the anion is plotted against the 5s2 5p2 3P2 → 5s2 5p 6s3 3P2 transition in
neutral Sn. We are encouraged to find that, despite some scatter in the data,
an orthogonal distance regression fit can be drawn through all points within
their error bars. This shows that the quality of the data supports a reliable
preliminary analysis of the system using the initial King plot results.

The extracted field shift factor F and mass shift factor kMS from Fig.
5.9 are -0.03 GHz/fm2 and 272.3 GHz u, respectively. The normal mass
shift is approximated by kNMS ≈ meν, where me is the electron mass and ν
is the transition frequency, yielding 107.5 GHz u. Subtracting this from the
total kMS gives a specific mass shift of 164.8 GHz u. A detailed comparison
with theoretical calculations is presented in Paper V.

5.4.2 Lifetimes of the Sn−(2DJ) states
For determining the lifetimes of the 2DJ states, we leveraged the fact that
the longer-lived 2D5/2 state can be selectively isolated by laser-driven re-
population or by waiting 55 seconds for the population in the shorter-lived
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The data exhibit a linear trend with increasing mass number. However,
the 112Sn data point deviates noticeably from this trend. To quantify this,
linear fits were performed with and without mass 112, and the goodness of fit
was assessed using reduced χ2 and R2 statistics. When all isotopes were in-
cluded in the fit, the reduced χ2 and R2 were 21.74 and 0.9453, respectively,
indicating poor agreement with the linear model given the uncertainties.
Excluding mass 112 in the fit yields 0.18 and 0.9993 for the reduced χ2 and
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Figure 5.9: Example King plot comparing the measured anionic transi-
tion with the 3P2 →3 P2 transition in neutral Sn from Ref. [136]

2D3/2 state to be sufficiently small. This approach is advantageous, as fit-
ting a single exponential decay function is significantly more robust than
fitting a two-component combined signal. Once the lifetime of one state
is known, the parameters can be fixed in subsequent fitting procedures to
extract the lifetime of the other state more precisely. Measurements of both
the isolated 2D5/2 state and contributions from both states were performed
with different laser powers, and the resulting lifetimes were linearly extrap-
olated to zero power to account for power-dependent effects and obtain the
true lifetimes of the states.

The lifetimes of the 2D3/2,5/2 states were determined to be 12(4) and
64(4) seconds, respectively. An example measurement and exponential de-
cay fit is given in Fig 5.10, which measures only the lifetime of the longer-
lived 2D5/2 state in Sn−. Analysis of the full dataset is still ongoing, and we
expect the uncertainties on the extracted lifetimes to decrease significantly
upon completion. Calculations of both E2 and M1 transition rates can be
found in Paper V.
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Figure 5.10: Lifetime measurement and exponential decay fit of the
longer-lived D5/2 state in Sn−.
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Chapter 6

Discussion and Outlook

Negative ions offer a unique opportunity to probe sensitive electron-electron
correlation effects, which significantly influence their structure and dynam-
ics. These features arise from the polarization of the atomic core, leading to
both enhanced correlation effects and shallow binding potentials that rarely
support bound excited states. As a result, negative ions are ideal systems
to test theoretical approaches beyond mean-field approximations. Despite
the valuable insights they offer, high-resolution spectroscopic studies of neg-
ative ions remain essentially limited to bound-continuum transition studies.
Thus, it is important to establish robust experimental methods capable of
universally studying these transitions across the periodic table.

The journey of this thesis began with addressing this need, guided by the
hypothesis that significant advancements in negative ion spectroscopy can
be achieved through refined experimental and theoretical methods. This
hypothesis was confirmed through the work presented here, starting with
laser photodetachment threshold spectroscopy (LPTS), a well-established
method for measuring the electron affinity (EA). The experimental reso-
lution of LPTS varies significantly based on the electron configuration of
the system, with electrons detached into an s-wave continuum yielding the
highest precision. Due to the inherently smaller cross sections and more
gradual threshold behavior of p-wave detachment, achieving the same pre-
cision is challenging. To overcome this limitation, significant improvements
can be made by selectively detecting only the s-wave contribution to the
photodetachment cross section. An approach which combines LPTS with
resonance ionization spectroscopy (RIS) was developed to address this issue
by measuring partial cross sections from a single photodetachment chan-
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nel [19, 20]. However, the signal-to-noise ratio in early studies remained
lower compared to photoelectron detection methods. Therefore, the first
goal of this thesis was to refine the LPTS-RIS method to achieve resolu-
tions comparable to, or surpassing, the alternative methods. Additionally,
recent findings highlighted the systematic discrepancies in EA values ob-
tained using photoelectron detection methods such as velocity map imaging
techniques [36]. This further emphasizes the importance of neutral-yield
based measurements, such as LPTS, which are direct by nature and do not
introduce such systematic discrepancies.

A key challenge for improving the LPTS-RIS method was the ability to
effectively differentiate and detect the individual Rydberg atoms produced
by the RIS scheme from the experimental background. Previous implemen-
tations of this method, used to study Na and K anions [26, 137], relied on
velocity tagging to achieve final-state selectivity. However, these studies
lacked optimization flexibility as the same electric field was used for both
ionization and charge-state separation. To overcome this limitation, we in-
corporated a specialized field ionization unit developed by Welander et al.
[66], in which the ionization and separation steps are divided. This enabled
us to selectively excite a single photodetachment channel to a Rydberg state
and subsequently ionize the Rydberg atoms. The resulting kinetic energy
differences between the ionized atoms and collisional background ions en-
abled spatial separation of the two signals with electrostatic beam deflection.
This improvement significantly enhanced the resolution, precision, and ac-
curacy of LPTS EA measurements involving p-wave detachment. This ap-
proach has been successfully demonstrated in cesium (Cs) (Paper I) and
rubidium (Rb) (Paper II), improving the previously measured EA values.
Consequently, the first body of work in this thesis has validated the poten-
tial for extending measurement with the LPTS-RIS method to more complex
systems, including francium and elements from the transition, lanthanide,
and actinide groups, whose valence electrons often occupy s- and d-shells.

With a refined, high-precision method now available for use, this can be
extended to radioactive species, especially those with EAs that remain ex-
perimentally unknown. However, the next critical step for this is to develop
a reliable production method of the radioactive negative ions themselves.
To address this, charge exchange by electron capture reactions was inves-
tigated. In this approach, a positively charged ion beam collides with a
vapor target, typically an alkali metal, under controlled pressure conditions.
Through sequential collisions and electron capture reactions, the positive
ions become neutralized and then negatively charged. This method was
successfully demonstrated with uranium-238 (Paper III), confirming the fea-
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sibility of producing radioactive negative ions via charge exchange reactions.
While this method is particularly beneficial for radioactive ions, it also offers
significant advantages for stable isotopes that present the same challenges in
conventional sputtering and surface ionization sources, such as low EAs or
limited sample sizes. For this reason, the charge exchange method offers a
relatively efficient alternative for negative ion production, greatly expanding
the possibilities for negative ion spectroscopy.

However, theoretical predictions for the formation cross sections of heavy
negative ions remain limited. In particular, we found that in current models,
ion trajectories are not adequately accounted for, leading to uncertainties in
cross sections for electron capture and target energy loss during the charge
exchange process. A clear understanding of these effects is vital for con-
tinuing to develop accurate physical models of collision-based negative ion
formation. In our study (Paper IV), we directly address these issues by
investigating trajectory effects, providing insights that are critical for re-
fining theoretical descriptions of electron capture dynamics in negative ion
production.

Following the bound-continuum measurements characteristic of EA stud-
ies, a natural progression is to investigate bound-bound transitions in neg-
ative ions. In atomic and nuclear spectroscopy, such transitions have long
enabled high-resolution studies (e.g., [138]). In contrast, the resolution of
bound-continuum studies in negative ions still lags behind. From a funda-
mental perspective, the Heisenberg uncertainty principle implies that tran-
sitions between stable states should offer the highest precision due to negli-
gible lifetime broadening. However, in experimental settings, this precision
is often limited by practical factors such as interaction times and velocity
spreads in the ion beam.

Bound-bound transitions in negative ions are typically optically forbid-
den and thus exhibit relatively long lifetimes, making them difficult to detect
in conventional experimental setups due to their weak transition probabil-
ities. Nevertheless, they offer the potential for unprecedented resolution
and precision, especially when using lasers with narrow linewidths and low-
background environments such as cryogenic storage rings. These advantages
make such transitions a promising yet demanding frontier in negative ion
research.

Only five elements are currently known to possess negative ions with op-
tically allowed bound-bound transitions [34, 35, 55–57], making them attrac-
tive for applications such as laser cooling. In contrast, many more negative
ions exhibit bound excited states with the same parity as the ground state,
rendering electric dipole (E1 ) transitions optically forbidden. However, in
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quantum mechanics, forbidden refers to events that are highly improbable
rather than strictly impossible. These can still occur via higher-order elec-
tric quadrupole (E2 ) and magnetic dipole (M1 ) processes.

Within this context, the tin anion (Sn−) offers a particularly compelling
case as it possesses a bound excited state of the same parity as its ground
state. With its isotopes spanning across two neutron shell closures, Sn
has long served as a siren for many in the nuclear physics community. As
the element with the longest chain of stable isotopes, Sn also provides an
exceptional opportunity to probe electron correlation through isotope shift
(IS) measurements in the negative ion. While studies have been conducted
in the IS of EAs [85, 86], the IS of an E1 transition within a negative ion
[62], as well as E2 and M1 transitions in atomic systems [63–65], the IS of
forbidden bound-bound transitions in negative ions remains unexplored.

The long timescale required for forbidden bound-bound transitions makes
them impractical for conventional linear, single-pass experiments. However,
in the final paper (Paper V), it was demonstrated that such transitions
within negative ions can indeed be accessed and investigated using a cryo-
genic storage ring, enabling the first ever IS measurement of a forbidden
bound-bound transition within the Sn− system. This unprecedented exper-
imental access to anionic forbidden transitions opens new opportunities for
the negative ion field, allowing deeper insights into electron correlations as
well as atomic and nuclear structures. Investigating negative ions is inher-
ently connected to probing electron correlation effects. Moreover, isotope
shift measurements, where the specific mass shift component directly de-
pends on electron correlations, offer exceptional sensitivity to these effects.
Therefore, performing IS measurements on forbidden transitions within neg-
ative ions provides a uniquely powerful approach which is doubly sensitive to
electron correlation. This makes these studies a game changer for advancing
our understanding of highly correlated quantum systems.

In summary, this thesis has successfully advanced the field of negative
ion spectroscopy by refining and expanding experimental methodologies,
enabling precise measurements across bound-continuum and previously in-
accessible forbidden bound-bound transitions. By improving the resolution
of LPTS through state-selective resonance ionization detection (Papers I &
II), this work sets a new standard for EA measurements, particularly for
systems involving p-wave detachment channels. The successful demonstra-
tion of charge exchange for producing heavy and radioactive negative ions
(Paper III) and the theoretical investigation of trajectory effects in atomic
collision processes (Paper IV) open pathways toward comprehensive spec-
troscopic studies of low-EA systems. Most significantly, the groundbreaking
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measurement of an IS in a forbidden bound-bound transition in Sn− using
a cryogenic storage ring (Paper V) introduces a powerful new method with
unprecedented sensitivity to electron correlation effects. This study further
enhances the potential of IS studies, opening the door for virtually any neg-
ative ion transition to be studied. Collectively, these advancements position
research in negative ions to explore previously unreachable regimes, making
it possible to rigorously test atomic structure theories and deepen our fun-
damental understanding of electron correlation, atomic physics, and nuclear
structure.

Looking forward, there is always more to accomplish. After all, the more
you learn, the clearer it becomes how much remains unknown. Following the
work of this thesis, a next step should be to extend the LPTS and refined
LPTS-RIS approaches to elements whose EAs remain experimentally un-
known, such as polonium and francium. With scheduled beamtime for Po−

at ISOLDE, based off an accepted experiment proposal I authored, this rep-
resents a promising step toward expanding EA measurements further into
the heavy element region. Charge exchange production should be leveraged
to explore isotopes far from stability, including the near-actinide and actinide
species. In parallel, further progress can be made by developing and refin-
ing theoretical models to better understand these collisional dynamics, such
as incorporating Thomas-Fermi potentials, to accurately predict electron
capture cross sections in complex, many-body systems. Finally, the success-
ful utilization of a cryogenic storage ring to study forbidden bound-bound
transitions opens the door to novel spectroscopic studies, such as investi-
gating electronic state population manipulation for mutual neutralization
studies. Taken together, these experimental and theoretical developments
are promising for the future of negative ion studies, potentially unlocking a
deeper understanding of fundamental atomic interactions.
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You’ll probably find her in the forest
Starting a fire with her degree
At least she’s spellbound and she’s honest
And she is done with her PhD

She is, she is, she is.
I am, I am, I am.8

Miranda Nichols
Gothenburg, 10 April 2025, 23:59.59

8 A reference to Sylvia Plath, who never made it to the end she wrote for herself.
This last year was partly for her. A last thank you to my psychiatrist, Ruth, my
previous therapist, Isabella, and my new therapist Lisabeth. Thank you to
Vyvanse. And thank you to ChatGPT. This writing style is an homage to
Carmen Maria Machado.
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Negative ions are unique quantum systems where electron correlation plays a decisive role in determining their
properties. The lack of optically allowed transitions prevents traditional optical spectroscopy and the electron
affinity is, therefore, for most elements, the only atomic quantity that can be determined with high accuracy. In
this work, we present a high-precision experimental determination of the electron affinity of cesium. A collinear
laser-ion beam apparatus was used to investigate the partial photodetachment cross section for the cesium anion,
leaving the neutral atom in the 6p 2P3/2 excited state. A resonance ionization scheme was used to obtain final-state
selectivity, which enabled the investigation of a sharp onset of the cross section associated with a Wigner s-wave
threshold behavior. The electron affinity was determined to be 0.471 598 3(38) eV.
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I. INTRODUCTION

Negative ions have a unique structure that differs from their
neutral and positive counterparts due to the nature of their
creation. The Coulomb potential experienced by the valence
electron in neutral atoms and positive ions is proportional
to 1/r, a long-range attraction that allows an infinite series
of bound so-called Rydberg states. In negative ions, on the
contrary, the bond is governed by an induced dipole potential
which arises from the polarization of the atomic core by the
additional electron. This potential, scaling as 1/r4, is normally
too shallow to support any electronically excited states. The
lack of a long-range Coulomb interaction between the extra
electron and the neutral atom leads to an enhanced importance
of electron-electron correlation, which hence plays a crucial
role in determining the structure and dynamics of negative
ions. Therefore, studies of negative ions can be used as a
probe to test theories beyond the independent-particle model
which assumes the electrons to move independently in an
average potential. Comprehensive overviews of negative ions
can be found in reviews such as Pegg et al. [1], Andersen
et al. [2], and Fano [3]. As a consequence of the shallow
binding potential and lack of optically allowed transitions, the
electron affinity (EA), which is the energy gained by attaching
an electron to a neutral atom, is the only quantity that can be
experimentally determined with high precision. Typically, this
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is done utilizing the photodetachment process, where a photon
with sufficient energy is used to detach an electron from a
negative ion. By tuning the photon energy in a small range
around the onset of the process, where the cross section of
photodetachment is following the Wigner law [4], the EA can
then be extracted [5] by either detecting the resulting neutral
atom, as in the case of laser photodetachment threshold spec-
troscopy (LPTS) (e.g., [6]), or the detached photoelectron, as
in the case of laser photodetachment electron spectroscopy
(LPES) [7] and laser photodetachment microscopy (LPM)
(e.g., [8,9]). The most precise experimental determination of
any EA value to date is the recent LPTS study of 16O per-
formed at the DESIREE storage ring [10]. If the energy of
the absorbed photon is sufficiently large, the atom produced
in the photodetachment process can be left in an excited
state. The probability for this to occur is given by the par-
tial photodetachment cross section. By measuring the partial
cross section instead of the total cross section, one can obtain
detailed information about doubly excited states [11–13] as
well as threshold behaviors [14]. Such measurements require
a highly sensitive detection method due to the relatively small
branching into a single excited state [15], but have shown to be
feasible by combining laser photodetachment with resonance
ionization spectroscopy (RIS) [16–19]. This method has been
applied in several studies of the alkali metal negative ions,
including many observations of doubly excited states (e.g.,
[18,20]).

Cesium (Cs) is the heaviest naturally occurring alkali metal
and possesses a single stable isotope, 133Cs. Neutral Cs atoms
are among the most studied in atomic physics where they
have been of interest for laser cooling [21], studies of Bose-
Einstein condensation [22] and atomic clocks [23]. Cesium
is also used for the production of negative ion beams by
charge exchange processes [24] and as a mean to enhance
the production of H−/D−, in particular for highly intense
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beams used for heating in fusion reactors [25]. The negative
ion of cesium has been studied far less than the neutral ce-
sium atom. The first theoretical value of the EA of Cs was
published in 1973 by Norcross [26]. They obtained an EA
of 0.470 eV by using coupled equations of scattering theory
based on semi-empirical effective potentials for the neutral
atom. One year later, the first accurate EA measurements of
Cs via LPTS and LPES were made by Patterson et al. [27],
where strong resonances below the 6p 2P1,2 3/2 states were dis-
covered, which strongly affected the photodetachment cross
section. Nevertheless, they obtained an EA of 0.470(3) eV and
0.472(3) eV by LPES and LPTS, respectively [27]. In 1978,
Slater et al. determined the 2P partial photodetachment cross
section of Cs yielding an EA of 0.4715(3) eV [28]. Later on,
Cs− was proposed as a candidate for a stable negative ion
with opposite parity bound states, but this was disproven by
Scheer et al. [29] with the observation of the Cs−(6s6p 3P)
states situated just above the ground state of the atom. This
represented the first study to observe low-lying resonances in
negative ions using photodetachment spectroscopy. Lindahl
et al. then further investigated these resonances by extend-
ing the photodetachment energy range to higher-lying final
states with partial photodetachment cross-section measure-
ments [30]. These experiments also gave rise to a series of
theoretical work investigating resonances in the photodetach-
ment spectrum of cesium [31–39]. To date, the most accurate
value for the EA of Cs was determined to be 0.471630(25) eV
by Hotop and Lineberger using LPTS. However, this value
was only reported in their 1985 review [40] with the de-
tailed article about the experiment remaining unpublished.
Therefore, the most accurate published value for the EA of
Cs is 0.47164(6) eV [29]. Apart from a fundamental interest
to facilitate theoretical studies of electron correlation in the
negative cesium ion, a precise value of the EA is of utmost
importance when studying doubly excited states to distinguish
between Feshbach and shape resonances, which are situated
below and above the parent state, respectively [41,42]. Hence,
it is of great interest to update the current experimental value
using modern techniques.

In this paper, we present a sensitive, high-resolution mea-
surement of the EA of Cs by investigating the s-wave partial
photodetachment cross section using LPTS in combination
with RIS at the Gothenburg University Negative Ion and Laser
Laboratory (GUNILLA) [43]. Here, a new field ionizer for
Rydberg atom detection developed by Welander et al. [44] was
utilized. The collinear geometry, compared to a crossed beam
geometry, allowed an increased sensitivity due to the larger
interaction volume as well as mitigation of the Doppler effect.
At the same time, the final-state detection provided high se-
lectivity, enabling a more accurate determination of the EA for
Cs. Further, by measuring the partial photodetachment thresh-
old, leaving the atom in the excited 6p 2P3/2 state, we com-
pletely circumvented the possible influence of the shape reso-
nance present just above the ground state of the cesium atom.

II. EXPERIMENTAL METHOD

A stable beam of Cs− was produced in a Middleton
type sputter ion source [45] (PS-120 Peabody Scientific) us-
ing an aluminium cathode. The ions were accelerated to a

kinetic energy of 6 keV and selected by a 90◦ mass sepa-
rating magnet with a resolution (M/�M) of approximately
500. The Cs− ions were then deflected with a quadrupole
deflector into the Rydberg Atom Detector for Anion Research
(RADAR) spectrometer [44], as shown in Fig. 1. Here, the
ion beam entered a 70 cm long interaction region where it
was overlapped with two different laser beams at wavelengths
of λ1 and λ2 (as indicated in Fig. 2) which were utilized
for photodetachment and subsequent resonance ionization,
respectively.

To populate the excited state in the neutral cesium atom,
the laser pulse for photodetachment (λ1) was set to arrive a
few ns before the laser pulse for resonance excitation (λ2), as
discussed in detail below. Both photodetached and unaffected
products then continued into the field ionization region where
an electric field gradient was created by 11 parallel circular
electrodes. The electric potentials on the first ten electrodes
were set to form a slowly decreasing potential, whereas the
11th electrode was grounded. While the weak electric field in
the region of the first ten electrodes did not affect Rydberg
atoms, the field between the tenth and 11th electrodes was
sufficiently strong to effectively ionize them. The positive ions
thus created were then decelerated and exited the field ionizer
with a decreased kinetic energy with respect to their initial
energy. The electric potential applied to these electrodes, as
a function of distance along the ion beam axis inside the
field ionizer, is shown in Fig. 1. More detailed information
about the field ionizer can be found in [44]. Positive ions
created in the interaction region by either collisions with the
residual gas or in two-photon ionization processes were, on
the contrary, first accelerated and then decelerated in the field
ionizer, therefore, departing the field ionizer with the same
kinetic energy as they entered with. This energy difference
was then used to spatially separate these background events
from the signal on the position-sensitive detector, consisting
of a stack of two microchannel plates (MCP) and a delay
line detector by employing an electrostatic energy analyzer,
deflecting the positive ions by about 90◦. In addition, the field
of the energy analyzer removed the remaining negative ions
by deflecting them in the opposite direction, while fast neutral
atoms continued on a straight forward trajectory, unaffected
by the electric field.

The laser excitation scheme of this experiment is shown in
Fig. 2. Negative Cs ions were photodetached by absorbing a
photon from a tunable laser operating at λ1. A second laser
was set to a fixed wavelength of λ2 for the resonant excitation
of the neutral atoms from the 6p 2P3/2 excited state to the 25d
2Dj=5/2,3/2 Rydberg state.

For the photodetachment process a Sirah PrecisionScan
dye laser was used with a solution of DCM dye in dimethyl
sulfoxide (DMSO) to generate photons in the 636 nm to
680 nm range, monitored with a HighFinesse WS6-600 wave-
length meter with an accuracy of 600 MHz (2.5 µeV). The
linewidth of the dye laser was specified by the manufacturer to
be 0.075 cm−1 (9.3 µeV) with a pulse energy of about 1.7 mJ.
An optical parametric oscillator (OPO) with a bandwidth
smaller than 0.2 cm−1, with a pulse energy of 100 µJ, provided
photons of 514 nm for the resonant excitation. The dye laser
and the OPO were pumped by two different pulsed Nd:YAG
lasers with a repetition rate of 10 Hz, respectively. The
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FIG. 1. A schematic figure of the RADAR spectrometer. Negative ions were deflected into the interaction region by a quadrupole deflector
where they were overlapped with two laser beams. Downstream of the interaction region is a field ionizer where Rydberg atoms were field
ionized. The ions and atoms were then separated by their charge and energy. Neutral atoms continued in a straight path, whereas charged
particles were deflected by an energy analyzer. While negative ions were deflected into a Faraday cup, positive ions were guided onto a
position-sensitive detector, where the impact position was dependent on their kinetic energy.

duration of the laser pulses was about 8 ns and 5 ns for λ1 and
λ2, respectively.

The time difference between the pulses was set to maxi-
mize the atomic population in the intermediate 6p 2P3/2 state,
which was slightly different depending on the propagation
scheme (co or counterpropagating ion and laser beams). The
data acquisition was triggered 4.3 µs after the OPO pulse (λ2)
to match the ion time of flight from the end of the interaction
region of the RADAR spectrometer to the position-sensitive
detector. The time window for data acquisition was set to

FIG. 2. Partial energy level diagram (not to scale) for Cs− and
Cs. A photon (λ1) from a frequency tunable laser is absorbed by
a Cs− ion (red arrows). Subsequently, the ion can decay into three
different neutral states via electron emission (dashed arrows). The
neutral Cs atom in the 6p 2P3/2 excited state then absorbed another
photon (λ2) at a fixed wavelength for resonant excitation to the
Rydberg state, 25d 2D5/2 (green arrow). Finally, the Rydberg atom
underwent a field ionization (F.I.) process (curved arrow), creating a
positive ion.

correspond to the time of flight within the interaction region.
A schematic of this time delay process is shown in Fig. 3.

Finally, we investigate the calibration of our wavelength
meter by performing saturated absorption spectroscopy of ru-
bidium gas in a low-pressure quartz cell. The light used in the
calibration was of a CW external cavity diode laser centered
at 780.24 nm. The hyperfine transitions in the D1 line of both
85Rb and 87Rb were measured and compared with tabulated
values [46]. The average difference between our measured
and the reported values was of 260 MHz. We could therefore
with confidence use the specified accuracy of the wavemeter
of 600 MHz as the uncertainty in our wavelength reading
(2.5 µeV).

III. RESULTS AND DISCUSSION

As a first step, a two-dimensional (2D) histogram of the
signal’s spatial distribution was recorded on the position-

FIG. 3. Time delay and data acquisition scheme (not to scale).
The signal from the dye laser pulse initialized the cycle. The delay
between the dye laser and the OPO pulses was optimized to be a
few ns with slightly different values for co and counterpropagating
laser and ion beams, respectively. The acquisition time was triggered
4.3 µs after the OPO laser pulse, corresponding to the time of flight
from the interaction region to the detector. The entire measurement
cycle was 100 ms.
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beams used for heating in fusion reactors [25]. The negative
ion of cesium has been studied far less than the neutral ce-
sium atom. The first theoretical value of the EA of Cs was
published in 1973 by Norcross [26]. They obtained an EA
of 0.470 eV by using coupled equations of scattering theory
based on semi-empirical effective potentials for the neutral
atom. One year later, the first accurate EA measurements of
Cs via LPTS and LPES were made by Patterson et al. [27],
where strong resonances below the 6p 2P1,2 3/2 states were dis-
covered, which strongly affected the photodetachment cross
section. Nevertheless, they obtained an EA of 0.470(3) eV and
0.472(3) eV by LPES and LPTS, respectively [27]. In 1978,
Slater et al. determined the 2P partial photodetachment cross
section of Cs yielding an EA of 0.4715(3) eV [28]. Later on,
Cs− was proposed as a candidate for a stable negative ion
with opposite parity bound states, but this was disproven by
Scheer et al. [29] with the observation of the Cs−(6s6p 3P)
states situated just above the ground state of the atom. This
represented the first study to observe low-lying resonances in
negative ions using photodetachment spectroscopy. Lindahl
et al. then further investigated these resonances by extend-
ing the photodetachment energy range to higher-lying final
states with partial photodetachment cross-section measure-
ments [30]. These experiments also gave rise to a series of
theoretical work investigating resonances in the photodetach-
ment spectrum of cesium [31–39]. To date, the most accurate
value for the EA of Cs was determined to be 0.471630(25) eV
by Hotop and Lineberger using LPTS. However, this value
was only reported in their 1985 review [40] with the de-
tailed article about the experiment remaining unpublished.
Therefore, the most accurate published value for the EA of
Cs is 0.47164(6) eV [29]. Apart from a fundamental interest
to facilitate theoretical studies of electron correlation in the
negative cesium ion, a precise value of the EA is of utmost
importance when studying doubly excited states to distinguish
between Feshbach and shape resonances, which are situated
below and above the parent state, respectively [41,42]. Hence,
it is of great interest to update the current experimental value
using modern techniques.

In this paper, we present a sensitive, high-resolution mea-
surement of the EA of Cs by investigating the s-wave partial
photodetachment cross section using LPTS in combination
with RIS at the Gothenburg University Negative Ion and Laser
Laboratory (GUNILLA) [43]. Here, a new field ionizer for
Rydberg atom detection developed by Welander et al. [44] was
utilized. The collinear geometry, compared to a crossed beam
geometry, allowed an increased sensitivity due to the larger
interaction volume as well as mitigation of the Doppler effect.
At the same time, the final-state detection provided high se-
lectivity, enabling a more accurate determination of the EA for
Cs. Further, by measuring the partial photodetachment thresh-
old, leaving the atom in the excited 6p 2P3/2 state, we com-
pletely circumvented the possible influence of the shape reso-
nance present just above the ground state of the cesium atom.

II. EXPERIMENTAL METHOD

A stable beam of Cs− was produced in a Middleton
type sputter ion source [45] (PS-120 Peabody Scientific) us-
ing an aluminium cathode. The ions were accelerated to a

kinetic energy of 6 keV and selected by a 90◦ mass sepa-
rating magnet with a resolution (M/�M) of approximately
500. The Cs− ions were then deflected with a quadrupole
deflector into the Rydberg Atom Detector for Anion Research
(RADAR) spectrometer [44], as shown in Fig. 1. Here, the
ion beam entered a 70 cm long interaction region where it
was overlapped with two different laser beams at wavelengths
of λ1 and λ2 (as indicated in Fig. 2) which were utilized
for photodetachment and subsequent resonance ionization,
respectively.

To populate the excited state in the neutral cesium atom,
the laser pulse for photodetachment (λ1) was set to arrive a
few ns before the laser pulse for resonance excitation (λ2), as
discussed in detail below. Both photodetached and unaffected
products then continued into the field ionization region where
an electric field gradient was created by 11 parallel circular
electrodes. The electric potentials on the first ten electrodes
were set to form a slowly decreasing potential, whereas the
11th electrode was grounded. While the weak electric field in
the region of the first ten electrodes did not affect Rydberg
atoms, the field between the tenth and 11th electrodes was
sufficiently strong to effectively ionize them. The positive ions
thus created were then decelerated and exited the field ionizer
with a decreased kinetic energy with respect to their initial
energy. The electric potential applied to these electrodes, as
a function of distance along the ion beam axis inside the
field ionizer, is shown in Fig. 1. More detailed information
about the field ionizer can be found in [44]. Positive ions
created in the interaction region by either collisions with the
residual gas or in two-photon ionization processes were, on
the contrary, first accelerated and then decelerated in the field
ionizer, therefore, departing the field ionizer with the same
kinetic energy as they entered with. This energy difference
was then used to spatially separate these background events
from the signal on the position-sensitive detector, consisting
of a stack of two microchannel plates (MCP) and a delay
line detector by employing an electrostatic energy analyzer,
deflecting the positive ions by about 90◦. In addition, the field
of the energy analyzer removed the remaining negative ions
by deflecting them in the opposite direction, while fast neutral
atoms continued on a straight forward trajectory, unaffected
by the electric field.

The laser excitation scheme of this experiment is shown in
Fig. 2. Negative Cs ions were photodetached by absorbing a
photon from a tunable laser operating at λ1. A second laser
was set to a fixed wavelength of λ2 for the resonant excitation
of the neutral atoms from the 6p 2P3/2 excited state to the 25d
2Dj=5/2,3/2 Rydberg state.

For the photodetachment process a Sirah PrecisionScan
dye laser was used with a solution of DCM dye in dimethyl
sulfoxide (DMSO) to generate photons in the 636 nm to
680 nm range, monitored with a HighFinesse WS6-600 wave-
length meter with an accuracy of 600 MHz (2.5 µeV). The
linewidth of the dye laser was specified by the manufacturer to
be 0.075 cm−1 (9.3 µeV) with a pulse energy of about 1.7 mJ.
An optical parametric oscillator (OPO) with a bandwidth
smaller than 0.2 cm−1, with a pulse energy of 100 µJ, provided
photons of 514 nm for the resonant excitation. The dye laser
and the OPO were pumped by two different pulsed Nd:YAG
lasers with a repetition rate of 10 Hz, respectively. The
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FIG. 1. A schematic figure of the RADAR spectrometer. Negative ions were deflected into the interaction region by a quadrupole deflector
where they were overlapped with two laser beams. Downstream of the interaction region is a field ionizer where Rydberg atoms were field
ionized. The ions and atoms were then separated by their charge and energy. Neutral atoms continued in a straight path, whereas charged
particles were deflected by an energy analyzer. While negative ions were deflected into a Faraday cup, positive ions were guided onto a
position-sensitive detector, where the impact position was dependent on their kinetic energy.

duration of the laser pulses was about 8 ns and 5 ns for λ1 and
λ2, respectively.

The time difference between the pulses was set to maxi-
mize the atomic population in the intermediate 6p 2P3/2 state,
which was slightly different depending on the propagation
scheme (co or counterpropagating ion and laser beams). The
data acquisition was triggered 4.3 µs after the OPO pulse (λ2)
to match the ion time of flight from the end of the interaction
region of the RADAR spectrometer to the position-sensitive
detector. The time window for data acquisition was set to

FIG. 2. Partial energy level diagram (not to scale) for Cs− and
Cs. A photon (λ1) from a frequency tunable laser is absorbed by
a Cs− ion (red arrows). Subsequently, the ion can decay into three
different neutral states via electron emission (dashed arrows). The
neutral Cs atom in the 6p 2P3/2 excited state then absorbed another
photon (λ2) at a fixed wavelength for resonant excitation to the
Rydberg state, 25d 2D5/2 (green arrow). Finally, the Rydberg atom
underwent a field ionization (F.I.) process (curved arrow), creating a
positive ion.

correspond to the time of flight within the interaction region.
A schematic of this time delay process is shown in Fig. 3.

Finally, we investigate the calibration of our wavelength
meter by performing saturated absorption spectroscopy of ru-
bidium gas in a low-pressure quartz cell. The light used in the
calibration was of a CW external cavity diode laser centered
at 780.24 nm. The hyperfine transitions in the D1 line of both
85Rb and 87Rb were measured and compared with tabulated
values [46]. The average difference between our measured
and the reported values was of 260 MHz. We could therefore
with confidence use the specified accuracy of the wavemeter
of 600 MHz as the uncertainty in our wavelength reading
(2.5 µeV).

III. RESULTS AND DISCUSSION

As a first step, a two-dimensional (2D) histogram of the
signal’s spatial distribution was recorded on the position-

FIG. 3. Time delay and data acquisition scheme (not to scale).
The signal from the dye laser pulse initialized the cycle. The delay
between the dye laser and the OPO pulses was optimized to be a
few ns with slightly different values for co and counterpropagating
laser and ion beams, respectively. The acquisition time was triggered
4.3 µs after the OPO laser pulse, corresponding to the time of flight
from the interaction region to the detector. The entire measurement
cycle was 100 ms.
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FIG. 4. Two-dimensional histogram of the events measured with
the position-sensitive detector. The detector surface is shown from
the perspective of the impinging ions. The signal surrounded by the
solid rectangle corresponds to events associated with positive ions
created by field ionization. The small signal to the left, surrounded by
a dashed rectangle, corresponds to the background which consist of
the positive ions produced by double photoionization and collisions
with the residual gas.

sensitive detector, as shown in Fig. 4. Here, λ1 was set to
a photon energy well above the photodetachment threshold,
while (λ2) was set to be in resonance with the 25d 2Dj=5/2,3/2

Rydberg state. The orientation of the MCP is shown from
the ion’s reference frame. The signal, delimited by the solid
rectangle to the right, corresponds to the positive ions created
inside the field ionizer. The number of signal counts inside
the solid rectangle is proportional to the partial photodetach-
ment cross section, leaving the neutral atom in the 6p 2P3/2

state. Background events such as positive ions created by
two-photon ionization by absorbing two λ2 photons or by
collisions with the residual gas impinged on the left side of the
MCP, within the dashed rectangle. Particles detected outside
these two regions correspond to scattered particles or light or
result from dark counts of the detector.

A representative plot of the measured s-wave Doppler-
shifted photodetachment cross section of the Cs negative ions
is presented in Fig. 5. In this measurements, (λ2) was fixed
to the frequency of the 6p 2P3/2 → 25d 2D5/2 transition and
(λ1) was scanned over the threshold region. In this case, both
laser beams were merged copropagating as shown in Fig. 1.
Each data point corresponds to the integrated number of pos-
itive ions inside the region delimited by the solid rectangle
in Fig. 4. These values were then normalized to both the ion
current and the laser pulse energy. The uncertainty of the
signal was determined as the square root of the total number
of counts, as each detected event is a process that follows a
Poisson distribution. The final uncertainty of each data point
was obtained by Gaussian error propagation.

A deconvolution technique was applied to account for the
influence of the bandwidth of the laser and the velocity spread
of the ions. Furthermore, there are four photodetachment
thresholds with slightly different energies corresponding to
the four hyperfine levels in 6p 2P3/2 state of the neutral Cs

FIG. 5. The number of registered events following the Doppler-
shifted partial photodetachment that leaves the neutral atom in the
excited state 6p 2P3/2, F = 2 state, as a function of the photon
energy. Both the ion beam and the laser (λ1) were merged in a
copropagating scheme. The fit was obtained with Eq. (1) and is
shown as a solid line. The optimized parameters were then used
in Eq. (3) to obtain a deconvoluted s-wave Wigner function that is
shown as a dashed line. The threshold for this measurement is 1.926
842 4(51) eV. The inset shows an expansion around the threshold
where the hyperfine structure of the excited state is resolved.

atom. Therefore, the experimental data was fitted with the
mathematical expression

(σ � g)(En) =
∑
Em

σ (Em)g(En − Em), (1)

which is a discrete convolution between the Gaussian normal-
ized function

g(En − Em) =
(

1

σg

√
2π

)
e−(En−Em )2/(2σ 2

g ) (2)

and the Wigner function

σ (Em) = A + B
5∑

F=2

(2F + 1)

× (Em − EThF )l+1/2�(Em − EThF ). (3)

Here, Em is the photon energy, EThF = ETh + EF is the sum
of the photodetachment threshold energy ETh and the energy
of the hyperfine level F relative to the 6p 2P3/2 (F = 2) state.
This means that ETh is the Doppler-shifted threshold energy
where the atom is left in the lowest hyperfine level (F = 2) of
the excited 6p 2P3/2 state. All four hyperfine levels are shown
schematically in Fig. 2 and the energetic differences were
taken from Tanner and Wieman [47]. The corresponding terms
were added and the multiplicity of every level was taken into
account, following the angular coupling derivation of Peláez
et al. [48], where the amplitude of the different channels are
shown to be proportional to (2F + 1). Here l is the angular
momentum of the detached electron, which in this case is l
= 0. Moreover, the Heaviside function � acounts for the zero
cross section of photodetachment below the threshold. ETh, A,
B, and σg are the parameters that were optimized using a least
square fitting algorithm. The number of terms in the sum of
Eq. (1) was chosen to make the numerical bias negligible. In
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this particular case, as shown in Fig. 5, the fit of the experi-
mental data yields a value of ETh = 1.926 842 4(51) eV, where
the uncertainty is the statistical error of the fit. The parameter
σg describes the contribution of the linewidth of the laser
(λ1) and the energy spread of the ions in the convolution. An
average σg from 15 threshold scans was determined from the
statistical fit to be 6.2(7) µeV, which translates to a FWHM
of 14.6(16) µeV. This sets the limit of the experimental res-
olution determined by a convolution of the effect of the laser
linewidth and the energy spread of the negative ion beam.

To cancel out the Doppler shift effect to all orders, mea-
surements were alternated between co and counterpropagation
schemes and then calculate the geometrical mean

ECorr
Th = (ETh↑↑ETh↑↓)1/2. (4)

The analytical treatment of our data is exemplified as follows:
The data presented in Fig. 5 was measured in a copropagating
scheme. The corresponding counterpropagating threshold was
determined to be 1.925 644 4(44) eV. By applying Eq. (4), a
value corrected for the Doppler shift of 1.926 243 3 (34) eV
was obtained. From a series of 15 measurements, switch-
ing back and forth between the co and counterpropagating
schemes, a weighted average of the geometrical mean yields
a value of 1.926 239 0(10) eV. To extract the EA, the dif-
ference in energy between the ground state 6s 2 S1/2(F =
3) and the excited state 6p 2P3/2 (F = 2) of the neutral Cs
atom was subtracted from the corrected ECorr

Th mean values.
Udem et al. [49] determined this energy difference in an
absolute optical frequency measurement using a frequency
comb. Their experimental value and uncertainty was given as
the transition frequency expressed in Hz. By using the 2018
CODATA [50] this value can be converted to an energy of
1.454 640 672 0(5) eV. A preliminary electron affinity of Cs
of 0.471 598 3(9) eV is obtained, with an error bar which is
only statistical. This statistical uncertainty include the effects
of the energy spread of the ions, the linewidth of the laser and
the divergence of both the laser and ion beams.

Next we consider systematic errors in the experiment. First,
we estimated the size of the Ponderomotive shift caused by a
strong electromagnetic laser field. For this we measured an
average pulse energy of 1.7 mJ and a pulse length of 8 ns for
λ1. The beam waist was estimated to be ∼3 mm at full width at
half maximum (FWHM). This gives a ponderomotive energy
shift of 0.02 µeV in the threshold measurement. Another pos-
sible source of error, is a difference in the interception angle
between the co and counterpropagating geometries (which
was estimated to be 0.01 µeV, as limited by the apertures in
the interaction region, following the procedure of Hanstorp
[51]). Moreover, we also considered a possible drift in the
kinetic energy of the ions due to fluctuations in the power
supplies. According to the specifications, their stability trans-
lates into a 0.1% peak to peak ripple. This means that the
drift accounts to 6 V. This is equivalent to a Doppler shift
variation of 300 neV. We therefore conclude that the greatest
source of uncertainty stems from the accuracy and calibration
of our wavelength meter (2.5 µeV). By adding up this later
error, the shift from the Ponderomotive effect (0.02 µeV),
the uncertainty due to the interceptions of the ion and laser
beams (0.01 µeV), a kinetic ion beam drift (0.3 µeV), and the
statistical error (1 µeV), a final value of 0.471 598 3(38) eV

0.47160 0.47165 0.47170
Energy (eV)

Scheer et.al. [29]

H. & L. [40]

H. & L. [40] (Hfs corrected)

J. Welander et al. [44]

This work

FIG. 6. The experimental value for the EA of this work is shown
with a diamond marker. The error bar of this measurement is, within
the resolution in this figure, almost imperceptible. The values from
Hotop and Lineberger (H. and L.) and its hyperfine splitting correc-
tion of 21 µeV [40], Scheer et al. [29] and J. Welander et al. [44] are
shown for comparison.

was obtained. This reduces the uncertainty of the electron
affinity of Cesium by an order of magnitude in comparison to
the value of 0.471 630(25) eV reported in [40] by Hotop and
Lineberger. This is largely due to the state-selective method
which resulted in a sharp s-wave behavior in combination
with a high signal-to-background ratio. As shown in Fig. 6,
this EA value coincides with our value within their error
bars. When comparing with the value of 0.471 630(25) eV
as presented by Hotop and Lineberger [40], we find that our
value lies slightly outside their uncertainty. However, this can
be explained by the fact that they did not take into account the
hyperfine structure of the ground state of the Cs atom. This
leads to an overestimation in their EA of 21μeV, which is
the difference between the “center of gravity” of the 6s 2S1/2

hyperfine doublet and the lowest hyperfine state (F = 2). With
this difference taken into account, their value agrees with ours
within their error bars (Fig. 6). Finally, the EA of Cesium of
0.471593(36) eV from our previous work [44] is in agreement
with our present value.

IV. CONCLUSION AND OUTLOOK

We determined the electron affinity of cesium to be
0.471 598 3(38) eV, obtaining an improvement of one order
of magnitude in the uncertainty from the value reported in
[40]. This was accomplished by combining laser photode-
tachment threshold spectroscopy with resonance ionization to
investigate the partial photodetachment cross section between
the ground state of Cs− and the 6p 2P3/2 excited state of the
neutral Cs atom. A collinear laser-ion beam geometry allowed
us to achieve high sensitivity due to the large area of interac-
tion as well as high resolution due to Doppler shift mitigation
by making use of both co and counterpropagating laser-ion
beam configurations. Our experimental method made use of a
field ionizer developed by Welander et al. [44], specifically
designed for partial photodetachment cross-section studies.
The apparatus allowed for a highly selective detection method
which facilitated the detection of a single photodetachment
channel. This made it possible for us to detect the 6p 2P3/2

photodetachment channel, which yields a sharp onset of the
cross section associated with a Wigner s-wave threshold
behavior, on the contrary to previous experiments where the
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FIG. 4. Two-dimensional histogram of the events measured with
the position-sensitive detector. The detector surface is shown from
the perspective of the impinging ions. The signal surrounded by the
solid rectangle corresponds to events associated with positive ions
created by field ionization. The small signal to the left, surrounded by
a dashed rectangle, corresponds to the background which consist of
the positive ions produced by double photoionization and collisions
with the residual gas.

sensitive detector, as shown in Fig. 4. Here, λ1 was set to
a photon energy well above the photodetachment threshold,
while (λ2) was set to be in resonance with the 25d 2Dj=5/2,3/2

Rydberg state. The orientation of the MCP is shown from
the ion’s reference frame. The signal, delimited by the solid
rectangle to the right, corresponds to the positive ions created
inside the field ionizer. The number of signal counts inside
the solid rectangle is proportional to the partial photodetach-
ment cross section, leaving the neutral atom in the 6p 2P3/2

state. Background events such as positive ions created by
two-photon ionization by absorbing two λ2 photons or by
collisions with the residual gas impinged on the left side of the
MCP, within the dashed rectangle. Particles detected outside
these two regions correspond to scattered particles or light or
result from dark counts of the detector.

A representative plot of the measured s-wave Doppler-
shifted photodetachment cross section of the Cs negative ions
is presented in Fig. 5. In this measurements, (λ2) was fixed
to the frequency of the 6p 2P3/2 → 25d 2D5/2 transition and
(λ1) was scanned over the threshold region. In this case, both
laser beams were merged copropagating as shown in Fig. 1.
Each data point corresponds to the integrated number of pos-
itive ions inside the region delimited by the solid rectangle
in Fig. 4. These values were then normalized to both the ion
current and the laser pulse energy. The uncertainty of the
signal was determined as the square root of the total number
of counts, as each detected event is a process that follows a
Poisson distribution. The final uncertainty of each data point
was obtained by Gaussian error propagation.

A deconvolution technique was applied to account for the
influence of the bandwidth of the laser and the velocity spread
of the ions. Furthermore, there are four photodetachment
thresholds with slightly different energies corresponding to
the four hyperfine levels in 6p 2P3/2 state of the neutral Cs

FIG. 5. The number of registered events following the Doppler-
shifted partial photodetachment that leaves the neutral atom in the
excited state 6p 2P3/2, F = 2 state, as a function of the photon
energy. Both the ion beam and the laser (λ1) were merged in a
copropagating scheme. The fit was obtained with Eq. (1) and is
shown as a solid line. The optimized parameters were then used
in Eq. (3) to obtain a deconvoluted s-wave Wigner function that is
shown as a dashed line. The threshold for this measurement is 1.926
842 4(51) eV. The inset shows an expansion around the threshold
where the hyperfine structure of the excited state is resolved.

atom. Therefore, the experimental data was fitted with the
mathematical expression

(σ � g)(En) =
∑
Em

σ (Em)g(En − Em), (1)

which is a discrete convolution between the Gaussian normal-
ized function

g(En − Em) =
(

1

σg

√
2π

)
e−(En−Em )2/(2σ 2

g ) (2)

and the Wigner function

σ (Em) = A + B
5∑

F=2

(2F + 1)

× (Em − EThF )l+1/2�(Em − EThF ). (3)

Here, Em is the photon energy, EThF = ETh + EF is the sum
of the photodetachment threshold energy ETh and the energy
of the hyperfine level F relative to the 6p 2P3/2 (F = 2) state.
This means that ETh is the Doppler-shifted threshold energy
where the atom is left in the lowest hyperfine level (F = 2) of
the excited 6p 2P3/2 state. All four hyperfine levels are shown
schematically in Fig. 2 and the energetic differences were
taken from Tanner and Wieman [47]. The corresponding terms
were added and the multiplicity of every level was taken into
account, following the angular coupling derivation of Peláez
et al. [48], where the amplitude of the different channels are
shown to be proportional to (2F + 1). Here l is the angular
momentum of the detached electron, which in this case is l
= 0. Moreover, the Heaviside function � acounts for the zero
cross section of photodetachment below the threshold. ETh, A,
B, and σg are the parameters that were optimized using a least
square fitting algorithm. The number of terms in the sum of
Eq. (1) was chosen to make the numerical bias negligible. In
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this particular case, as shown in Fig. 5, the fit of the experi-
mental data yields a value of ETh = 1.926 842 4(51) eV, where
the uncertainty is the statistical error of the fit. The parameter
σg describes the contribution of the linewidth of the laser
(λ1) and the energy spread of the ions in the convolution. An
average σg from 15 threshold scans was determined from the
statistical fit to be 6.2(7) µeV, which translates to a FWHM
of 14.6(16) µeV. This sets the limit of the experimental res-
olution determined by a convolution of the effect of the laser
linewidth and the energy spread of the negative ion beam.

To cancel out the Doppler shift effect to all orders, mea-
surements were alternated between co and counterpropagation
schemes and then calculate the geometrical mean

ECorr
Th = (ETh↑↑ETh↑↓)1/2. (4)

The analytical treatment of our data is exemplified as follows:
The data presented in Fig. 5 was measured in a copropagating
scheme. The corresponding counterpropagating threshold was
determined to be 1.925 644 4(44) eV. By applying Eq. (4), a
value corrected for the Doppler shift of 1.926 243 3 (34) eV
was obtained. From a series of 15 measurements, switch-
ing back and forth between the co and counterpropagating
schemes, a weighted average of the geometrical mean yields
a value of 1.926 239 0(10) eV. To extract the EA, the dif-
ference in energy between the ground state 6s 2 S1/2(F =
3) and the excited state 6p 2P3/2 (F = 2) of the neutral Cs
atom was subtracted from the corrected ECorr

Th mean values.
Udem et al. [49] determined this energy difference in an
absolute optical frequency measurement using a frequency
comb. Their experimental value and uncertainty was given as
the transition frequency expressed in Hz. By using the 2018
CODATA [50] this value can be converted to an energy of
1.454 640 672 0(5) eV. A preliminary electron affinity of Cs
of 0.471 598 3(9) eV is obtained, with an error bar which is
only statistical. This statistical uncertainty include the effects
of the energy spread of the ions, the linewidth of the laser and
the divergence of both the laser and ion beams.

Next we consider systematic errors in the experiment. First,
we estimated the size of the Ponderomotive shift caused by a
strong electromagnetic laser field. For this we measured an
average pulse energy of 1.7 mJ and a pulse length of 8 ns for
λ1. The beam waist was estimated to be ∼3 mm at full width at
half maximum (FWHM). This gives a ponderomotive energy
shift of 0.02 µeV in the threshold measurement. Another pos-
sible source of error, is a difference in the interception angle
between the co and counterpropagating geometries (which
was estimated to be 0.01 µeV, as limited by the apertures in
the interaction region, following the procedure of Hanstorp
[51]). Moreover, we also considered a possible drift in the
kinetic energy of the ions due to fluctuations in the power
supplies. According to the specifications, their stability trans-
lates into a 0.1% peak to peak ripple. This means that the
drift accounts to 6 V. This is equivalent to a Doppler shift
variation of 300 neV. We therefore conclude that the greatest
source of uncertainty stems from the accuracy and calibration
of our wavelength meter (2.5 µeV). By adding up this later
error, the shift from the Ponderomotive effect (0.02 µeV),
the uncertainty due to the interceptions of the ion and laser
beams (0.01 µeV), a kinetic ion beam drift (0.3 µeV), and the
statistical error (1 µeV), a final value of 0.471 598 3(38) eV
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FIG. 6. The experimental value for the EA of this work is shown
with a diamond marker. The error bar of this measurement is, within
the resolution in this figure, almost imperceptible. The values from
Hotop and Lineberger (H. and L.) and its hyperfine splitting correc-
tion of 21 µeV [40], Scheer et al. [29] and J. Welander et al. [44] are
shown for comparison.

was obtained. This reduces the uncertainty of the electron
affinity of Cesium by an order of magnitude in comparison to
the value of 0.471 630(25) eV reported in [40] by Hotop and
Lineberger. This is largely due to the state-selective method
which resulted in a sharp s-wave behavior in combination
with a high signal-to-background ratio. As shown in Fig. 6,
this EA value coincides with our value within their error
bars. When comparing with the value of 0.471 630(25) eV
as presented by Hotop and Lineberger [40], we find that our
value lies slightly outside their uncertainty. However, this can
be explained by the fact that they did not take into account the
hyperfine structure of the ground state of the Cs atom. This
leads to an overestimation in their EA of 21μeV, which is
the difference between the “center of gravity” of the 6s 2S1/2

hyperfine doublet and the lowest hyperfine state (F = 2). With
this difference taken into account, their value agrees with ours
within their error bars (Fig. 6). Finally, the EA of Cesium of
0.471593(36) eV from our previous work [44] is in agreement
with our present value.

IV. CONCLUSION AND OUTLOOK

We determined the electron affinity of cesium to be
0.471 598 3(38) eV, obtaining an improvement of one order
of magnitude in the uncertainty from the value reported in
[40]. This was accomplished by combining laser photode-
tachment threshold spectroscopy with resonance ionization to
investigate the partial photodetachment cross section between
the ground state of Cs− and the 6p 2P3/2 excited state of the
neutral Cs atom. A collinear laser-ion beam geometry allowed
us to achieve high sensitivity due to the large area of interac-
tion as well as high resolution due to Doppler shift mitigation
by making use of both co and counterpropagating laser-ion
beam configurations. Our experimental method made use of a
field ionizer developed by Welander et al. [44], specifically
designed for partial photodetachment cross-section studies.
The apparatus allowed for a highly selective detection method
which facilitated the detection of a single photodetachment
channel. This made it possible for us to detect the 6p 2P3/2

photodetachment channel, which yields a sharp onset of the
cross section associated with a Wigner s-wave threshold
behavior, on the contrary to previous experiments where the
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slow onset of a p-wave threshold obtained when leaving the
neutral atom in the ground state was investigated. Further,
detection of the 6p 2P3/2 channel circumvented the possible
problem with the resonance situated just above the ground
state of the neutral atom. It is our hope that this precise
measurement will trigger new theoretical calculations of the
EA of Cs. This should be tractable since it has a closed 6s2

valence shell.
The presented experimental method can also be applied

to study other alkali metals, such as rubidium and francium.
Francium, the heaviest homologue to Cs, possesses no stable
isotope and has an EA which is experimentally unknown, but
is predicted to be between 0.475 eV [52] and 0.491(5) eV
[35]. Determining this would complete the EA measurements
for the alkali metal group and could help us understand more
about electron correlations and relativistic effects of heavy
elements. Francium, a near-actinide element, can be studied
in a facility that can produce radioactive ion beams, such as
ISOLDE at CERN [53]. At this facility it has been shown that

it is possible to measure electron affinities of radioactive iso-
topes, where the EA of 128I [54] and 211At [6] were measured.
Combining the abilities of a facility such as ISOLDE with
the method used in this paper will allow a determination of
the EA of francium in the near future. In addition, studies of
near-actinides will pave the way for future studies of negative
ions of actinides, for which very little is known.

The supporting data for this article is openly available from
the Zenodo data repository [55].
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slow onset of a p-wave threshold obtained when leaving the
neutral atom in the ground state was investigated. Further,
detection of the 6p 2P3/2 channel circumvented the possible
problem with the resonance situated just above the ground
state of the neutral atom. It is our hope that this precise
measurement will trigger new theoretical calculations of the
EA of Cs. This should be tractable since it has a closed 6s2

valence shell.
The presented experimental method can also be applied

to study other alkali metals, such as rubidium and francium.
Francium, the heaviest homologue to Cs, possesses no stable
isotope and has an EA which is experimentally unknown, but
is predicted to be between 0.475 eV [52] and 0.491(5) eV
[35]. Determining this would complete the EA measurements
for the alkali metal group and could help us understand more
about electron correlations and relativistic effects of heavy
elements. Francium, a near-actinide element, can be studied
in a facility that can produce radioactive ion beams, such as
ISOLDE at CERN [53]. At this facility it has been shown that

it is possible to measure electron affinities of radioactive iso-
topes, where the EA of 128I [54] and 211At [6] were measured.
Combining the abilities of a facility such as ISOLDE with
the method used in this paper will allow a determination of
the EA of francium in the near future. In addition, studies of
near-actinides will pave the way for future studies of negative
ions of actinides, for which very little is known.

The supporting data for this article is openly available from
the Zenodo data repository [55].
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Abstract
Negative ions, which are formed when an electron is attached to a neutral system, are unique
quantum systems. The lack of a long-range Coulomb force causes the inter-electronic
interactions to become relatively more important. As a consequence, the independent particle
model, which adequately describes atomic structure under normal conditions, breaks down. The
alkali negative ions, with a closed valence s-shell, are among the simplest anionic systems.
Hence, they can favorably be used to benchmark atomic theory. In this work, we have
determined the electron affinity of 85Rb by measuring the relative partial photodetachment cross
section of the negative ion, leaving the residual atom in the 5p 2P3/2 excited state. Resonance
ionization spectroscopy allows for state selectivity and the ability to measure the Wigner s-wave
threshold onset of the photodetachment process. The electron affinity of 85Rb was determined to
be 485.887(6)meV.

Keywords: negative ion, electron affinity, rubidium, laser spectroscopy

1. Introduction

The structure of negative ions is fundamentally different from
any other quantum system due to the nature of the attractive
force that binds the valence electron. In these systems, the
outermost electron does not experience a Coulomb attraction
due to the inner electrons shielding the nucleus. Therefore, the
binding of the additional electron mainly arises from electron-
electron correlation. The valence electron, which polarizes the

∗
Authors to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

atomic core, induces a dipole potential that is proportional to
1/r4. Due to this shallow binding potential, negative ions are
weakly bound systems that can typically support only a single
bound electronic state [1, 2]. What is most interesting about
these systems is the high prevalence of electron correlation,
which allows the validation of theories that address the lim-
itations of the independent particle model. In an independent
particle model, each electron is assumed to move in the aver-
age potential (mean field approach) of all the other electrons.
This is the basis for the Hartree–Fock model, which can be
used to describe the general structure of atomic and molecular
systems [3]. The movement of one electron, when influenced
by the presence of all the other electrons through direct interac-
tion, is called electron correlation, which is very complicated
to model. Its treatment requires either a multi-configuration
approach or a full Configuration Interaction, which is normally

1 © 2024 The Author(s). Published by IOP Publishing Ltd



J. Phys. B: At. Mol. Opt. Phys. 57 (2024) 155002 A Ringvall-Moberg et al

treated as a perturbation [4]. The electron correlation can be
probed by measuring the energy released when an electron is
attached to a neutral atom, referred to as the electron affin-
ity (EA) [5, 6]. One of the most common methods to meas-
ure the EA is laser photodetachment threshold spectroscopy
(LPTS) [7]. The photon energy is scanned through a small
range around the onset of the photodetachment process and
either the residual neutral atoms or the detached electrons are
detected. Near the detachment threshold, the cross section is
described by the Wigner threshold law [8].

To study partial photodetachment cross sections, the photon
requires sufficient energy so that the residual atom can be
left in an excited state. State selectivity can be obtained by
applying a resonance ionization scheme for detection [9, 10].
This means that the partial cross section, fitted to the Wigner
law, can be strategically chosen for precision advantages. The
Wigner law depends on the angular momentum of the outgo-
ing electron. For alkali metal anions, the electron is detached
into a p-wave continuum (l = 1) if the detected residual atom
is left in its ground state. This is not ideal as the onset of photo-
detachment is much less defined and cannot be measured with
the same precision as with the sharp onset of an s-wave. Hence,
partial cross section measurements are a viable way to study
negatively charged alkali metals with higher precision.

Negative alkali metals are of strong interest because they
are among the simplest of anionic systems. Due to their closed
s-shells, they can be described as a two-electron model at low
internal energies. Thismakes them ideal to use as initial bench-
marks for atomic structure computations of open-shell systems
[11, 12]. Partial cross section studies of alkali negative ions
with resonance ionization detection have already been applied
to lithium (Li) [13], sodium (Na) [10], potassium (K) [9], and
cesium (Cs) [14].

An interest in alkali negative ions was ignited when, while
determining the alkali EAs, Patterson et al discovered the pres-
ence of prominent narrow resonances near the first excited
2P states [15]. While measuring the photodetachment cross
section of Rb, they observed that the resonances appeared
just below the 2P1/2 threshold. However, the same behavior
was not seen for the 2P3/2 threshold due to the 2P1/2 open
channel. The discovered resonances are highly sensitive to the
spin–orbit interaction due to the forbidden transition from the
Rb−(1S) state to the Rb−(3P0) state, making input from theory
vital.

In the Rb− photodetachment cross section, Johnson and
Burrow provided an upper bound for a near-threshold reson-
ance with electron scattering but could not resolve it [16]. No
alkali threshold resonance was directly confirmed until Scheer
et al resolved a narrow resonance structure slightly above
the photodetachment threshold in Cs− [17]. These resonance
channels were predicted to be similar but weaker in the Rb
structure partially due to its smaller polarizability compared to
Cs [18]. Bahrim et al [12] later theoretically confirmed that the
Rb−(3P0

1) resonance, situated near the Rb(5 s) threshold, has a
small contribution to the total photodetachment cross section.

Until now, the most accurate experimental value for the
EA of Rb was 485.916(21)meV, measured with total and par-
tial cross sections from the 2P1/2 state [19]. We are interested
to measure an updated EA value that makes use of increased
energy resolution using novel experimental techniques. The
measurement presented in this paper was performed with
a collinear beam apparatus, known as the Gothenburg
University Negative Ion Laser LAboratory (GUNILLA) [20,
21] using a field ionization and position sensitive detection
spectrometer, the Rydberg Atom Detector for Anion Research
(RADAR) [22]. The relative partial photodetachment cross
section was investigated from the excited 5p 2P3/2 state in the
neutral atom by using LPTS and then resonantly exciting the
atom into the 37d 2D5/2 Rydberg state. As the relative partial
cross section is determined from the 2P3/2 state, the 3P0

1 res-
onance does not influence the measurement.

2. Experimental Method

At GUNILLA, ions are created in a cesium sputter ion source
(PS-120 Peabody Scientific) based on the design of Middleton
[23]. A stable beam of Rb− was created using an aluminium
cathode containing a mixture of Rb and Ag powder. Rubidium
has two stable isotopes 85Rb and 87Rb with relative abundan-
cies of 72% and 28%, respectively. The experiment was con-
ducted using 85Rb due to the larger abundance. The extracted
negative ions were accelerated to an energy of 6 keV and mass
separated using a 90◦ separator magnet with a mass resolution
(m/∆m) of approximately 500 [21]. The ion beam was then
guided to the RADAR spectrometer [22], shown in figure 1,
using electrostatic ion beam optics.

Upon entering the interaction region, the ions were collin-
early overlapped with two laser beams. With sufficient energy,
the wavelength of the first laser (λ1) neutralized the Rb anions
by photodetaching the extra electron. This left the atom in
either the ground or an excited state. The wavelength of the
second laser (λ2) resonantly excited the neutral atom from the
5p 2P3/2 excited state to the 37d 2D5/2 Rydberg state. The
experimental excitation scheme is shown in figure 2.

Downstream from the interaction region, the atoms entered
the field ionization region which consists of four circular, par-
allel electrodes, where the middle two plates were biased with
−629V and−1224V, and the two outer plates were at ground
potential, as illustrated in the lower part of figure 1. This cre-
ated an electric field gradient between the third and fourth
electrodes large enough for the Rydberg atoms to be ionized
at the exit of the third electrode. This is explained in fur-
ther detail in an earlier publication [22]. Consequently, pos-
itive ions created in this process were decelerated due to a
loss of kinetic energy corresponding to the potential difference
between the third and fourth electrodes. Positive ions created
via collisional detachment or double photon ionization were
considered to be the background. These positive ions were
first accelerated and then decelerated by the field ionizer and,
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Figure 1. A schematic figure of the RADAR spectrometer. The negative ion beam was deflected by 90 degrees into the interaction region
where it overlapped with the two laser beams. The first laser beam photodetached the negative ions whereas the second laser resonantly
excited the atoms in the 2P3/2 state to a Rydberg state. The excited Rydberg atoms were subsequently ionized by the electric field applied to
the field ionizer plates. After the interaction region, the negative ions were deflected into a Faraday cup, while neutral atoms continued
unaffected in a straight path. The positive ions were bent towards the position-sensitive detector, where the ions created via collisions had a
different energy than the ions created in the field ionizer. The radius of the curvature of the positive ions is energy dependent. Hence, the
impact position of the ions on the detector depended on how the ions were created.

Figure 2. A partial energy level diagram (not to scale) of 85Rb−

and 85Rb. The negative Rb ion absorbed a photon, λ1 (orange
arrow), and was photodetached which left the residual atom in either
the ground or an excited state. Following this, a second photon, λ2

(blue arrow), selectively excited the atom from the 5p 2P3/2 to the
37d 2D5/2 Rydberg state. The Rydberg atom was then field ionized
(FI) (black curved arrow).

therefore, their kinetic energy remained unchanged. All pos-
itive ions, including signal and background, were then deflec-
ted with an electrostatic energy analyzer towards a position-
sensitive detector, consisting of a stack of microchannel plates

and a delay line anode. The energy difference between field
ionized and background ions resulted in different trajectories
when deflected by the energy analyzer, causing a spatial sep-
aration on the detector between the signal and the background.
In addition, this resulted in the separation of residual negative
ions and neutral atoms from the positive ions, where negative
ions were directed into a Faraday cup while the neutral atoms
remained unaffected. The data acquisition window was set to
correspond to the time-of-flight of the ions from the interaction
region to the detector.

The pulses from the two lasers were separated on the order
of nanoseconds, depending on the propagation scheme, to
optimize the atomic population of the 2P3/2 excited state. A
Sirah PrecisionScan dye laser (Model PRSC-D-18) and an
EKSPLA NT342C-10-SH/SF-WW optical parametric oscil-
lator (OPO), both pumped by 10Hz Nd:YAG pulsed lasers,
were used for the experiment. The dye laser, used for the pho-
todetachment process, was circulated with Rhodamine B laser
dye to generate photons in the 588–614 nm wavelength range
and was attenuated to a pulse energy of around 0.5mJ at the
exit of the RADAR spectrometer. The bandwidth of this laser
was specified by themanufacturer to be 0.075 cm−1 (9.3µeV).
The OPO, with a bandwidth of approximately 90GHz, was
then used for the resonant excitation step. To reduce power
broadening effects and two-photon ionization, the correspond-
ing pulse energy of the OPO was reduced to about 50µJ.
The laser frequency corresponding to λ1 was recorded with
a HighFinesse wavelength meter (WS-6) which was calib-
rated daily by performing saturated absorption spectroscopy of
rubidium gas in a low-pressure quartz cell. The frequency cor-
responding to λ2 was set by scanning the Rydberg transitions
of the neutral 85Rb atom. To determine the 2P3/2-channel
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relative partial cross section, the energy of λ1 was scanned
over the photodetachment threshold region. The energy of
λ2 was set to the Doppler corrected literature value for the
Rydberg transition [24]. In addition, the lifetime of the 2P3/2

state was measured by setting the energy of λ1 to be above
the photodetachment threshold and fixing the energy of λ2

while varying the delay in time between the two laser pulses.

3. Results and Discussion

The s-wave photodetachment relative partial cross section of
85Rb− was measured using a co- and counter-propagating
laser-ion geometry. Each data point was normalized to both
laser power and ion current. The threshold was determined by
fitting the data with the Wigner law

σ (Em) = A+B
4∑

F′=1

(2F ′ + 1)(Em − (ETh +Ehfs,F’))
l+ 1

2

Θ(Em − (ETh +Ehfs,F’)) .
(1)

Here, Em is the photon energy and ETh is the photodetach-
ment threshold energy. 85Rb has a nuclear spin of 5/2, which
means that 2P3/2 splits in the four hyperfine components F’
= 1, 2, 3, and 4. Ehfs,F’ is then the energy corresponding to
the hyperfine level, where the energies are taken from Das
and Natarajan [25]. The angular momentum of the outgoing
electron is denoted by l, A corresponds to the background,
and B is the amplitude. The corresponding terms were added
and the multiplicity of every level was taken into account, fol-
lowing the angular coupling derivation of Peláez et al [26],
where the amplitude of the different channels are shown to
be proportional to (2F ′ + 1). Here F′ is the hyperfine level
in the residual atom. A representative graph of the data from
a co-propagation scheme is presented in figure 3. The cross
section below the energy threshold is almost zero. This allows
for a precise Wigner law fit and does not require many points
above the threshold. In cases where the integrated counts were
zero, an iterative approach was used to estimate the uncer-
tainty when fitting the data. In the initial fit to theWigner func-
tion (equation (1)), the uncertainty of data points with a count
rate of zero was approximated to a data point with one count.
Subsequently, the uncertainty for data points below the pho-
todetachment threshold was estimated using the background
parameter of the fitted function. This procedure was iterated
until the threshold value converged.

A series of measurements were performed in co- (ETh↑↑)
and counter-propagating (ETh↑↓) schemes to correct for the
Doppler shift. A Doppler shift can be corrected to all orders by
calculating the geometrical mean value of the two respective
thresholds ν↑↑ and ν↑↓ [27]

√
ν↑↑ν↑↓ =

√√√√ ν0 (1+ v/c)√
1− (v/c)2

ν0 (1− v/c)√
1− (v/c)2

=
√
ν0ν0 = ν0,

(2)

Figure 3. The relative photodetachment partial cross section as a
function of the relative photon energy where the neutral Rb atom is
left in the 5p 2P3/2 state. The data was obtained in a co-propagating
geometry and fitted using equation (1). The fit is represented by a
solid line.

which includes the relativistic Doppler expression

ν↑↑,↑↓ = ν0
1± (v/c)√
1− (v/c)2

. (3)

Here ν0 is the unshifted frequency, v is the velocity of the ions,
and c denotes the speed of light. Hence, the threshold energy
for the photodetachment threshold corrected to all orders can
be determined by the expression

ECorr
Th =

√
(ETh↑↑ ·ETh↑↓). (4)

The resolution is determined by the combined effect of the
linewidth of λ1 and the longitudinal energy spread of the ions,
which is approximated as a Gaussian profile. If the width of
this profile is sufficiently large, the photodetachment threshold
can be rounded off instead of appearing as the sharp threshold
typical for an s-wave threshold. In a previous experiment, this
effect was treated by fitting the data to a convolution of a
Gaussian function and the Wigner function [14].

The convolution function was defined as

(σ⊛ g)(En) =
∑
Em

σ (Em)g(En−Em) , (5)

which is a discrete convolution between the Gaussian
normalized function,

g(En−Em) =

(
1

σg
√
2π

)
e−(En−Em)

2/(2σ2
g), (6)

and the Wigner function shown in equation (1).
In this work, likely caused by a lack of closely spaced data

points around the onset of the threshold, the use of the convo-
lution resulted in a spread of the width of the Gaussian pro-
file mentioned above by over an order of magnitude between
individual threshold scans. Therefore, we fitted the data to
equation (5) using a fixed value of the width of a FWHM
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of 14.6(16)µeV (or σg of 6.2(7)µeV), as determined in the
investigation of the Cs anion [14]. The same laser and ion
source conditions were used in both experiments, where the
laser linewidth is the dominating contributor to the broaden-
ing. The energy spread caused by a 6 keV beam of rubidium
(cesium) is estimated to be 1.76µeV (1.4µeV), the linewidth
of the laser light is specified to be 9.3µeV. It is therefore justi-
fied to use the same value of 14.6(16)µeV as an approximation
for the overall broadening.

The threshold was measured 27 times in both co- and
counter-propagating geometries. By applying equation (4),
we obtained an average value of 2.074 9432(13) eV for
the threshold energy. The EA was then determined by the
equation

EA= ECorr
Th −

[
E
(
2P3/2,F ′=1

)
−E

(
2S1/2,F=2

)]
, (7)

where the energy difference between the 2P3/2 and 2S1/2 states
is 1.589 049 06 eV [24]. The detuning required to reach the
transition between the F’ = 1 and F = 2 was reported as
6.763µeV [28]. These two values were added together for a
final energy difference of 1.589 055 823 eV, which then is sub-
tracted from the threshold value to obtain the EA.

The total uncertainty in the EA was obtained by adding in
quadrature the statistical uncertainty of the threshold meas-
urement (1.3µeV) and the uncertainty of the linewidth of the
broadening caused by the energy spread of the ions and the
laser linewidth (0.7µeV). The uncertainties of the wavelength
calibration (2.5µeV) and the 85Rb D2 line (2µeV) were lin-
early added as this cannot be reduced statistically. All other
systematic effects, such as the ponderomotive shift and the
uncertainty in the angle between the overlap of laser and
ion beams, are negligible. With this, the final EA value was
determined to be 485.887(6)meV.

Previously, the EA of Rb was measured to be
485.916(21)meV [19]. While both values were measured
with partial cross sections, our mean value lies 3µeV outside
of their uncertainty. We note that this discrepancy arises from
how the EA value is defined. Frey et al [19] defined their
EA value as the difference between the ground state of the
neutral and the ground state of the negative ion. If hyperfine
splitting had been considered in their work, their value would
have been reduced by 7.32µeV. This is the energy difference
between the degeneracy-weighted center of the 2S1/2 state and
the 2S1/2,F=2 level. Accounting for this correction, our value
falls within their uncertainty.

We also determined the lifetime of the excited 2P3/2 state
in the neutral 85Rb atom by measuring the yield of posit-
ive ions as a function of the time delay between the pulses
of the detachment and resonant ionization lasers. For time
delays on the order of the lifetime, a considerable number
of atoms decayed to the ground state before they interacted
with λ2. This resulted in a decrease in the positive ion sig-
nal. This is shown in figure 4, where the recorded positive ion
counts are shown as a function of the delay time between the
two laser pulses. An exponential function was used to obtain
the decay constant corresponding to the lifetime of the state.
The weighted average of two scans resulted in a lifetime of

Figure 4. The number of detected positive ions as a function of the
delay between the two laser pulses. The lifetime of the excited 2P3/2
state was determined by fitting a single exponential function
represented by the solid blue line.

24.3(2.4) ns. This is in good agreement with the value of
26.0(1.8) ns, reported by Theodosiou [29].

4. Conclusion and outlook

The EA of 85Rb has been determined to be 485.887(6)meV by
investigating the relative partial photodetachment cross
section from Rb−(1S0) to Rb(2P3/2). This value is in excel-
lent agreement with the previous measurement [19]. For the
present measurement, a two-step laser scheme of LPTS fol-
lowed by resonance ionization spectroscopy was used. The
resonance ionization scheme made it possible to select only
the 2P3/2 detachment channel which results in a Wigner s-
wave threshold behavior, i.e. a sharp onset for the cross section
curve. The experiment was performed in both co- and counter-
propagating laser-ion geometries to account for the Doppler
shift.

In addition, the lifetime of the 2P3/2 excited state wasmeas-
ured to be 24.3(2.4) ns, which is in agreement with the pre-
vious reported value [29]. This served as an additional con-
firmation that the correct state in the Rb atom was selected.
Hence, this technique could also be used to determine lifetimes
of excited states that are relatively short.

In the future, the method presented in this paper can
be applied to study francium (Fr), the heaviest alkali metal
that has no stable isotopes. The EA of Fr has not been
experimentally determined, but it has been predicted to be
0.491(5) eV by Ladau et al [11] and 0.475 eV by Hill and
Peterson [30]. Francium can be studied at radioactive ion beam
facilities such as CERN-ISOLDE [31] by using double elec-
tron capture reactions for anion production due to the pre-
dicted low EA. As it has been recently shown that 238U−

can be produced with this method [32], the Fr− investig-
ation will further aid in developing anion production and
experimental techniques such as a three-step laser scheme for
elements with significantly higher ionization potentials than
the alkali metals.
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A B S T R A C T

The relative cross sections for radioactive negative ion production via double electron capture have been
measured for collisions between a 40 keV projectile beam of uranium-238 and potassium vapor. This was
performed at the collinear resonance ionization spectroscopy (CRIS) experiment at CERN-ISOLDE and is a step
towards measuring the electron affinities (EAs) of elements that cannot be efficiently produced in negative
ion sources at radioactive ion beam (RIB) facilities. This includes short-lived radioactive isotopes that have
low production quantities and heavy and superheavy elements that systematically have smaller EAs than
work functions of available ion source materials. Negative ions are particularly sensitive to electron–electron
correlation effects, which make such studies ideal for benchmarking atomic structure models that go beyond
the independent particle model. While the EAs of most light elements have been measured, experimental
investigations on heavier elements, namely the actinides, remain scarce due to their radioactive nature and
production difficulty. By developing negative ion production by charge exchange, we aim to make these studies
feasible at RIB facilities.

1. Introduction

Negative ions have a valence electron that is bound in a shallow in-
duced dipole potential which arises from pronounced electron–electron
correlation effects and are thus excellent systems to investigate these
correlations [1]. Due to this weak potential, negative ions have binding
energies that are usually an order of magnitude smaller than neutral
atoms. This binding energy is called the electron affinity (EA), which
is the amount of energy released when an electron binds to a neutral
atom to make it negatively charged [2].

Electron affinity measurements are useful for benchmarking cal-
culations of highly-correlated and relativistic systems [3], targeted
alpha therapy using astatine-211 [4], uranium mine management [5],
and future production of antiprotonic ions [6], to name a few. By
measuring the isotopic shift (IS) in EAs of many-electron systems one
can determine the specific mass shift (SMS). This quantity is sensitive
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E-mail address: miranda.nichols@physics.gu.se (M. Nichols).

to electron–electron correlation unlike the normal mass shift (NMS),
which is a purely kinematic effect. The SMS cannot be readily cal-
culated and otherwise prevents the extraction of the field shift (FS)
from IS measurements. Therefore, measuring the SMS is relevant for
nuclear physics where the FS is necessary for determining changes in
mean-square charge radii and, in turn, nuclear charge radii [7,8].

Traditionally, negative ions have been produced in sputter and
plasma ion sources which require large samples, and surface ion sources
which work most effectively for elements with EAs larger than the
work function of the material [9]. The first EA measurements for
radioisotopes were iodine-128 (128I) [10] and astatine-211 (211At) [11]
performed at CERN-ISOLDE. They were accomplished with negative
ions produced from an LaB6 surface ionization source (𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 2.6–
2.9 eV) [12–14]. However, when producing beams of radioactive neg-
ative ions that have relatively low EA values, the aforementioned
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Fig. 1. The cooled and bunched positive ion beam from ISOLDE (red) was guided to the CRIS experimental setup and into the charge exchange cell (CEC) where solid potassium
(K) was inserted from the top and heated until gas phase was reached. With increasing pressure, two separate electron capture reactions between the projectile beam and the
K atoms in gas phase (yellow) occurred to produce negative ions (green). The remaining positive ions that did not capture any electrons and the neutral atoms (blue) that only
underwent one electron capture reaction were dumped while the negative ions were electrostatically bent towards the ion detector, which was connected to the data acquisition
system (DAQ). The CEC was heated by the AC power supply and the temperature was read with thermocouples from the CEC end and center, with the center temperature values
recorded for the measurement. Finally, the transmission efficiency measurements were taken between the Faraday cup (FC) and the ion detector for positive ions.

methods will not suffice. An alternative to producing such beams is
with a projectile beam of positive ions that collides with a target
vapor and captures two electrons, also known as double charge transfer
or exchange. This has been studied with metal vapor targets such
as cesium [14,15], magnesium [16], and sodium [17], but has been
limited to stable projectiles. While neutralization cross sections have
been studied for elements up to Z = 89 [18], further investigations are
required to understand radioactive negative ion production with charge
exchange.

As we improve and develop production and experimental tech-
niques, studying radioactive elements, such as the actinides, can be-
come more attainable. For these negative ion studies, we need to rely on
production via double electron capture reactions. Here, we demonstrate
the feasibility of negative ion production in a charge exchange cell with
uranium-238 (238U) at the collinear resonance ionization spectroscopy
(CRIS) experiment at ISOLDE [19,20].

2. Experimental method

2.1. Negative ion production

Negative ions can be produced via two sequential electron capture
reactions from a projectile beam of positive ions and an electron donor
target, most commonly gas phase alkali metal atoms. This process is
known as double charge exchange and depends on the projectile beam
energy, the EA of the projectile, the ionization potential (IP) of the
charge exchange target vapor, and the vapor density [9,14]. The double
electron capture process can be described by the following reactions:

𝑋𝑋+ + 𝑌𝑌 → 𝑋𝑋 + 𝑌𝑌 + + 𝛥𝛥𝛥𝛥1 (1)

𝑋𝑋 + 𝑌𝑌 → 𝑋𝑋− + 𝑌𝑌 + + 𝛥𝛥𝛥𝛥2 (2)

Here X is the projectile beam, Y is the target vapor, and 𝛥𝛥E is the
energy defect for the reaction. In the first electron capture reaction
(1), 𝛥𝛥𝛥𝛥1 is equal to IP(X) – IP(Y), while in the second electron capture
reaction (2), 𝛥𝛥𝛥𝛥2 is equal to EA(X) – IP(Y). Negative ion yields are
optimal when the energy defects for both reactions are as small as
possible [9,14]. For ion beam neutralization, it is common to choose
elements that have similar IPs to ensure a relatively large atomic
ground state population. This cannot be done for the latter reaction
because EAs are significantly smaller than IPs. Therefore, it is necessary
to minimize the energy defect as it will always be negative.

2.2. Experimental parameters and setup

Radioactive isotopes are produced when protons from the PSBooster
impinge on the ISOLDE target which are subsequently ionized and
extracted as a positively charged ion beam [21]. The beam is then mass
selected by the high-resolution separator and cooled and bunched in a
gas-filled radio frequency quadrupole linear Paul trap (ISCOOL) [22].
For this experiment, a beam of 238U+ with an energy of 40 keV was
produced with a pre-irradiated uranium carbide target and the resonant
ionization laser ion source (RILIS).

After the 238U+ beam reached the CRIS experimental setup, the ions
entered the potassium (K) filled charge exchange cell (CEC) where two
electron capture reactions must occur for negative ion production, as
previously explained. Potassium was chosen for the charge exchange
target vapor due to its lower first IP compared to the other available
option, sodium (Na) (IP(K) = 4.34 eV and IP(Na) = 5.14 eV [23]; EA(U)
= 314.97(9) meV [24]). The CEC was resistively heated with cartridge
heaters and a Variac variable transformer AC power supply (200 V) to a
maximum relative temperature of ∼140 ◦C. The recorded temperature
of the cell was taken from the center with thermocouples. It took about
one hour of consistent heating to collect all data points.

After production, the negative ions were electrostatically separated
from the residual products and detected with a MagneToF single ion
detector. This required the polarity of the electrostatic benders to
be flipped. Lastly, there was a maximum transmission efficiency for
positive ions of ∼5% to the end of the CRIS beamline from ISOLDE.
This was determined by Faraday cup measurements after ISCOOL and
MagneToF detector measurements in single ion counting mode placed
after the bend. The experimental setup is shown in Fig. 1.

3. Results and discussion

We successfully produced 238U− in a CEC from collisions between
a 40 keV projectile beam of 238U+ and gas phase K atoms. The results
are shown in Fig. 2. We recorded negative ion production rates as a
function of increasing temperature to determine optimal production
conditions. The first electron capture reaction dominates the onset of
the curve at lower temperatures. As the pressure in the cell increases,
the cross section for negative ion production also increases. The second
electron capture reaction is prevalent until the saturation point at
around 134 ◦C. We then see a decrease in negative ion production. This
can be explained by a third reaction where the negative ion is destroyed
due to sufficiently high pressure within the cell. A similar temperature
dependence curve was observed by Alton et al. for production of
negative calcium ions with a lithium vapor target [25].
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Fig. 2. Temperature dependence of negative uranium-238 ion production in a charge
exchange cell as measured with a MagneToF detector. A 40 keV projectile beam of
positive uranium-238 ions collides with potassium vapor to undergo a single electron
capture reaction. As the temperature in the cell increases, so does the probability for
a second electron capture reaction until the curve saturation point at ∼134 ◦C. As
temperature continues to increase, the cross section of a third collision also increases
in which the negative ions are subsequently destroyed.

The cross section of negative ion production with charge exchange
heavily depends on the target vapor density. However, we were unable
to determine the K vapor density because the absolute temperature of
the vapor was unknown due to the measurement method. From Heine-
meier et al. we also know that beam energies between 10 and 30 keV
typically result in higher efficiencies of negative ion production [16,
17]. From their results for similar EA elements, we could expect an
efficiency for 238U− production at ∼10%. For technical reasons, we
did not have a choice in beam energy nor were we able to determine
production efficiency because we did not have a way to detect all three
charge states simultaneously.

4. Conclusion

We have shown that 238U negative ions can be produced in a charge
exchange cell. Future studies of interest include varying the projectile
beam energy, projectile element, and charge exchange target. Upgrades
to the pre-existing beamline and detectors are required to facilitate
these studies. The aim is to open up possibilities of studying short-lived
radioactive isotopes that cannot be produced in efficient quantities
from sputter, plasma, or surface ion sources. We are most interested
in studying heavy, radioactive negative ions, such as the actinides,
because little is known about their atomic properties. However, there
are still lighter radioactive elements, such as polonium and francium,
which have EA values that are experimentally unknown and will be
investigated. By measuring these elements first, we will be able to bet-
ter understand the production mechanisms and develop more precise
experimental techniques.
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Trajectory effects on charge exchange and energy loss in collisions of H+, He2+, Li3+,

and Be4+ ions with atomic hydrogen
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The charge exchange and energy loss processes provide insights into fundamental processes across
physical, chemical, and engineered systems. While this field has been thoroughly investigated, a
clear study on trajectory effects is lacking, particularly in the context of inelastic processes at low
energies. In this work, we address this gap by solving the time-dependent Schrödinger equation
for the electron in a numerical lattice with a coupled electron-nuclear dynamics approach as well
as a straight-line trajectory approximation for the nuclei to asses trajectory effects on charge ex-
change and energy loss. The collision dynamics are studied using bare ion projectiles with charge
Z =1-4 incident on atomic hydrogen in an energy range of 0.1 to 900 keV/u. We find that the
charge exchange process is trajectory-independent within the energy range considered, showing ex-
cellent agreement with available experimental and theoretical data. However, projectile energy loss
exhibits strong trajectory dependence, with the straight-line approximation overestimating energy
loss at low collision energies due to the forced linear path. Our results for electronic stopping cross
sections with electron-nuclear coupled trajectories are consistent with the available experimental
data at high collision energies. At low energies, nuclear energy loss becomes prominent, driven by
polarization effects induced by the ion charge on the hydrogen target. Overall, our work highlights
the importance of nuclear trajectory considerations in collision dynamics and offers a foundation for
further investigations of more complex systems.

I. INTRODUCTION

Ion-atom collisions have been researched for over a
century due to their role in understanding fundamental
atomic structure [1, 2]. Bare ions, which are completely
stripped of electrons, are the simplest systems to con-
duct these studies with because they lack the complexity
of multi-electron systems. In a collision, many inelastic
processes can occur such as the transfer of an electron
from the target to the projectile. This is called charge
exchange or electron capture, and it plays a central role
in the neutralization process [3].
The charge exchange process has been studied in many

fields such as plasma and fusion research, astrophysics,
and medicine. The necessity for diagnostics in plasma
confinement devices such as tokamaks propelled the early
interest for electron capture reactions, especially in fully
stripped low-Z ions [4, 5]. Solar wind, rich in protons and
alpha particles, was found to drive charge exchange pro-
cesses responsible for characteristic X-ray emissions from
comets [6], planetary atmospheres [7], and even in re-
gions of the interstellar medium [8]. Additionally, charge
exchange plays an important role in ion beam radiation
therapy for cancer treatment [9], particularly in the con-
text of proton impact on hydrogen for water dissociation,
where understanding radiation damage at the molecular
level is crucial [10].
To maximize the efficacy of these applications, it is

essential to understand the physics that governs the col-
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lision dynamics. For slow and low-Z ion-atom collisions,
the atomic framework breaks down. In the energy re-
gion of less than 1 keV/u, a quasi-molecular representa-
tion becomes relevant, which treats the ion and atom
as a single entity due to the sharing of the electron
[11, 12]. If the ion-atom pair exhibits nuclear symme-
try, the lower-lying stationary states become degenerate.
The H+

2 molecule is the simplest example, where the elec-
tron oscillates between the resonant molecular states [13].
This is known as resonant charge transfer, which was first
observed in the H++H(1s) system by Lockwood and Ev-
erhart [14]. Since then, electron capture cross sections
for low-Z bare ion collisions with atomic hydrogen have
been extensively studied, especially for the H++H(1s)
[15–18], He2++H(1s) [19–23], and Li3++H(1s) [24, 25]
systems. However, the Be4++H(1s) collision remains ex-
perimentally untouched due to the poisonous nature of
beryllium.

In cases where experimental data is difficult or im-
possible to obtain, theoretical models are invaluable.
These models also serve as complements to experimen-
tal results and help to contextualize findings. For in-
stance, the resonant charge transfer process was in-
vestigated using the electron-nuclear dynamics (END)
method for the H++H(1s) system [26] to understand
the importance of non-adiabatic effects for higher col-
lision energies [27] and for the He2++1−3H systems
to study isotopic effects on charge transfer [28]. The
END method has also been used to study charge ex-
change and energy loss of the proton-hydrogen colli-
sion [29]. In fact, the development of computational
approaches to study the inelastic processes of ion-atom
collisions has been significant. The main methods and
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models include solving the time-dependent Schrödinger
equation (TDSE) [30, 31], lattice TDSE (LTDSE)
[32–35], GridTDSE (GTDSE) [36, 37], basis genera-
tor method (BGM) [37, 38], classical trajectory Monte
Carlo (CTMC) [34, 37, 39–46], atomic orbital close-
coupling (AOCC) [34, 37, 47–53], molecular orbital close-
coupling (MOCC) [40, 45, 46, 54, 55], and other close-
coupling treatments such as the Sturmian-pseudostate
[56], hidden crossing (HCCC) [19, 55, 57], hyperspher-
ical (HSCC) [58], common-reaction-coordinates (CRC)
[58], wave-packet convergent (WP-CCC) [37, 59], and
two-center quantum mechanical convergent (QM-CCC)
[60] methods. There are also perturbative methods
which have been shown to be more successful for high
energy collisions than most of the classical and semi-
classical methods mentioned above. These include var-
ious distorted wave approximations such as boundary-
corrected continuum-intermediate-state method (BCIS)
[61], unitarized-distorted-wave-approximation (UDWA)
[62], and continuum-distorted wave (CDW) [21]) mod-
els. Other perturbative approaches include adiabatic
[13], first Born [51], and eikonal impulse approximations
[43], as well as the Bohr-Lindhard model [63].

While there are extensive methods for studying ion-
atom collisions, the primary theoretical works for cal-
culating electron capture cross sections of bare ion pro-
jectiles include the (L)TDSE, AOCC, and CTMC meth-
ods. The first application of the TDSE method used
a two-center-basis representation for fully stripped ions
with charge Z=1-5, done by Lüdde and Dreizler [30, 31].
However, the method required a large number of ba-
sis states, which made initial computations expensive.
Later, the LTDSE solution was developed to bridge gaps
between theoretical results and offered a level of preci-
sion that compared to that of the leading models in-
cluding AOCC and MOCC, despite no use of basis sets
[32]. Among the AOCC approaches, methods used by
Fritsch and Lin (AO expansion) (AO+) [47, 48], Lin et

al. (two-center (2C)-AOCC) [52], and Toshima (AOCC)
[50] have been successfully applied to He2+, Li3+, and
Be4+ projectiles for a wide range of energies. A compar-
ative study by Minami et al. [34] evaluated the LTDSE,
AOCC, and CTMC methods in an energy range of ∼ 1 to
1000 keV/u by comparing with experimental values for
total and state-selective cross sections for electron cap-
ture in the He2++H(1s) collision. They found that while
both LTDSE and AOCC agree well with experiment in
the entire energy range, LTDSE is ideal for low energies
where the atomic orbital framework breaks down. They
also note that CTMC gains reliability for high energies
and capture into higher n levels, which can be classi-
cally described. Previously considered less accurate for
low energy collisions, the CTMC method has seen re-
cent developments. Work by Ziaeian and Tőkési on the
Be4++H(1s) system demonstrated that accounting for
quantum behavior significantly improves the accuracy of
CTMC, rivaling semi-classical models [42].

It is clear that theoretical studies within the field of

atomic collision dynamics are plentiful, yet most rely
on straight-line trajectories and overlook potential tra-
jectory effects. In this work, we address this gap by
investigating energy transfer in collisions by comparing
the straight-line approximation with dynamic trajecto-
ries that account for electron-nuclear coupling. Our ap-
proach utilizes LTDSE solutions to evaluate the efficacy
of the method with fully stripped ions. Motivated by the
recent straight-line trajectory calculations for energy de-
position within a time-dependent density functional the-
ory (TDDFT) framework [64–67], we believe that settling
the question of trajectory effects is necessary.
We focus on charge transfer and energy deposition pro-

cesses in collisions of H+, He2+, Li3+, and Be4+ ions with
the ground state of atomic hydrogen over an energy range
of 0.1 to 900 keV/u. By comparing trajectory calculation
methods, we evaluate the role of nuclear motion and iden-
tify the limitations of the straight-line approximation in
these systems. Our method enables precise convergence
at each time step within the lattice structure, so that our
results can serve as a benchmark not only for the current
studied systems but also for more complex multi-electron
systems.

II. THEORY: LATTICE APPROACH

In this study, we employ a time-dependent electron-
nuclear dynamics (END) approach [26] for coupling
electrons and nuclei dynamics. The time-dependent
Schrödinger equation governing the behavior for an elec-
tron in the presence of N nuclei is expressed as

i
∂

∂t
Ψ(r, t) =

[

−
1

2
∇2 +

N
∑

i=1

Zi

|r−Ri(t)|

]

Ψ(r, t), (1)

where Ψ(r, t) is the time-dependent wave function, Zi is
the charge of the i-th nuclei, and Ri denotes the trajec-
tory of the heavy i-th nuclei coupled to the electron. The
dynamics of the coupling are described by the equations
[68]:

Ṙi =
1

Mi
Pi(t)

Ṗi = Zi�Ψ|
(r−Ri)

|r−Ri|3
|Ψ� − (2)

N
∑

k �=i

ZkZi
(Rk −Ri)

|Rk −Ri|3
,

where i ranges from 1 to N number of heavy nuclei. In
our specific case, we set N = 2. For scenarios involv-
ing straight-line trajectories, we simplify our approach
by fixing the position of the target nucleus at R1 = 0
and defining the position of the projectile as

R2 = b+ vt. (3)
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Here, b = bx̂ represents the impact parameter and
v = v0ẑ is the collision velocity. In this case, the projec-
tile momentum P2 = M2v remains constant throughout
the collision process and the projectile velocity is propor-
tional to the collision energy.
To numerically solve Eq. (1), we utilize a lattice ap-

proach. A three-point finite-differences method within
the Crank-Nicholson approach [69] is applied to a uni-
form grid, as shown in [70]. We address ionization by im-
plementing a masking function that absorbs ionized elec-
trons at each time step on the grid boundary [71]. In Fig.
1, the masking function acts over the box Ω at the edge
of the numerical grid in the space between the blue and
black boxes. It is expressed as M(r) = M(x)M(y)M(z),
where M(z) is given by

M(z) =

{

cos1/8
(

π|z−zb+L|
2L

)

, |zb − z| < L

1, otherwise.
(4)

Here, zb indicates the boundary along the z-axis, either
at zmin or zmax, and L is the absorbing width of the
region Ω. The expressions are similar for the x and y
cases.
The computational grid is defined as [−18, 18]x ×

[−18, 18]y × [−30, 45]z a.u., with a grid step of 0.4 a.u.,
as shown in Fig. 1. Although this results in an approxi-
mate hydrogen ground state energy of EH = −0.490 a.u.,
it is adequate for estimating charge exchange probabili-
ties, excitation levels, and energy loss. Our focus is more
on capturing the shapes and behaviors of the total wave
functions, which is accomplished with this grid step size.
We select a time step of 0.01 a.u. which strikes a bal-

ance between accuracy and computational efficiency. It
is also long enough to achieve a clear separation between
the target and projectile at the end of our simulation,
which is demonstrated in Fig. 2. The collision time is
defined as t0 = 2z0/v0, where v0 is the initial velocity of
the projectile and z0 is the initial projectile distance to
the target. With this, Eq. (2) is solved with the fourth-
order Runge-Kutta method coupled to Eq. (1). For the
straight trajectories, we simply advance R2 according to
Eq. (3).
To prevent numerical instabilities when nuclei Ri pass

near a grid point r, we arrange our impact parameter
grid so that both projectile and target trajectories align
with points at the center of adjacent squares in the xy-
plane [70]. The impact parameter b is varied from 0.0 to
14.0 a.u. in increments of 0.4 a.u.. Initially, we position
the projectile along the z-axis at a distance of z0 = −30
a.u., as illustrated in Fig. 1.
We perform calculations for collision energies in the

laboratory frame of the projectile, Ep, ranging from 0.1
keV/u up to 900 keV/u. To account for polarization
effects on the hydrogen electronic cloud due to initial
placement at z0 = −30 a.u. and x = b, we compute the
initial wave function in Eq. (1) using an imaginary time
technique for each configuration [70], which allows for
ground state convergence. Finally, we set an absorbing
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FIG. 1. Aq+H collision rendering. In A, the sphere repre-
sents the 1s hydrogen electron density, b is the collision im-
pact parameter of an ion Aq with q the initial charge, located
initially at a distance z0, and v0 is the initial collision velocity.
The space between the inner (blue) and outer (black) boxes
represents the ionization absorbing region, Ω. The box for
z > 15 a.u. determines the electron capture by the projectile
and is denoted by Γ. The black and red lines correspond to
the straight-line and the electron-nuclei coupled trajectories,
respectively, for b = 1.2 a.u. impact parameter. In B, an in-
set of the collision region around the target electronic density
(dotted blue cloud) is shown. The purple line is the target
recoiling trajectory in the electron-nuclei coupled scheme.

width L = 4.0 a.u., ensuring effective electron absorption
without interfering with the collision region, Γ [71].

III. RESULTS

A. Electron capture probability

In ion-atom collisions, the probability of electron cap-
ture by the projectile depends on both the impact param-
eter and collision energy. We quantify this probability us-
ing the electronic density distribution, ρ(r, t) = |Ψ(r, t)|2.
Fig. 2 illustrates this projected over the xy-plane, given
as ρ(z) =

∫ ∫

ρ(r, t)dxdy, for various projectile ions
(H+, He2+, Li3+, and Be4+) colliding with atomic hy-
drogen at 5 keV/u and an impact parameter of b = 1.2
a.u.. The plot is divided into two regions: the left
side (−30 ≤ z < 15 a.u.) representing the region for
excitation probability of the target, and the right side
(15 ≤ z ≤ 45 a.u.) showing the electron capture proba-
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FIG. 2. Electronic density as a function of z when projected
over x and y coordinates for H+, He2+, Li3+, and Be4+ col-
liding with atomic hydrogen at 5 keV/u and an impact pa-
rameter of b = 1.2 a.u.. There are two regions delineated
by the vertical dotted line. The region on the left between
−30 ≤ z < 15 a.u. determines the excitation region of the tar-
get. The region between 15 ≤ z ≤ 45 a.u. is a well-separated
region after the collision where the electron capture by the
projectile is determined.

bility by the projectile ions.
Referring to the left side of Fig. 2, it can be seen

that the target electronic density is notably higher for
H+ compared to the other ions. On the right side of
Fig. 2, we observe that the electron capture probability
increases with the ionic charge, with Li3+ exhibiting the
highest peak for the given impact parameter and pro-
jectile energy. Interestingly, Be4+ shows a significantly
wider probability than Li3+ despite its higher charge.
The can be explained by considering the highest prob-
able state populated, which is determined from the en-
ergy conservation within the system. In this case, the
initial hydrogen electronic energy should equal the final
projectile electronic energy once the exchange occurs for
t → ∞, i.e. no projectile-target interaction. This can be
summarized as

−
Z2
t

2n2
i

= −
Z2
p

2n2
f

, (5)

with ni and nf being the initial and final quantum num-
ber, in the target and projectile, respectively. From here,
one finds that nf = Zpni/Zt, where the charge of the tar-
get, Zt, and the initial quantum ni-level are both equal
to 1, therefore nf = Zp. This means that it is most likely
for the projectile ion to capture the electron in the quan-
tum n-level that matches its nuclear charge. In the case

of Be4+, the most probable capture will occur in the level
n=4, which has angular momentum of l = 0, 1, 2, and 3
corresponding to the s, p, d, and f orbitals. The intro-
duction of higher angular momentum orbitals inherently
increases the complexity of the system and can explain
the broader behavior of the capture probability.
The electron capture probability is given as the in-

tegration of the electronic density in the region of the
projectile well after the collision, Γ (Fig. 1), PCX =
�Ψ(r, t)|Ψ(r, t)�Γ. The analysis of weighted probabilities
against impact parameter for energies ranging from 0.1
keV/u to 100 keV/u, as shown in Fig. 3, provides more
insights on n-level capture. As H+ is most likely to cap-
ture in the n=1 level, the H++H(1s) collision in Fig. 3A
demonstrates a strong resonant electron capture effect
for energies below 10 keV/u. This tends to be stronger
at lower energies due to the dominant Coulomb inter-
action and ease of resonant channel coupling. At higher
energies, shorter interaction times result in lower electron
capture probabilities. There is also no resonant charge
exchange for higher energies as interaction time deter-
mines the number of oscillations. In other words, oscilla-
tions dampen with increasing energy due to coupling to
different, non-resonant channels of the system.
The other ion collisions show varying degrees of this

resonant effect. The He2++H(1s) collision in Fig. 3B is
only slightly asymmetric and therefore exhibits resonant
effects which appear the strongest at 1.5 keV/u projectile
energy. As the ionic charge increases, so does the asym-
metry of the collision, which causes the resonant channel
coupling to become weaker. Like He2+, the Li3++H(1s)
collision in Fig. 3C also has the highest probability for
10 keV/u but diminishing resonant effects at 1.5 keV/u.
While there still appears to be a resonant channel for the
Be4++H(1s) collision in Fig. 3D, it deviates from the
trends observed in the other collisions. Here, the maxi-
mum electron capture probability occurs at b=6.4 for a
collision energy of 0.25 keV/u. The preference for Be4+

to capture in higher b values can be traced back to Eq.
(5) where n = 4 is more extended than the other systems.

B. Electron capture cross section

The area under the electron capture probability curves
of Fig. 3 is proportional to the electron capture cross
sections, since

σ = 2π

∫

bPCX db . (6)

In Fig. 4, we show the electron capture cross sections as
a function of the projectile collision energy for H+, He2+,
Li3+, and Be4+ colliding with atomic hydrogen. In Fig.
4A, we compare our H+ results with the experimental
data from McClure [15], Hvelplund and Andersen [16],
and Gealy and Van Zyl [17], as well as the theoretical re-
sults from CTMC [39], LTSDE [35], MOCC [54], UDWA
[62], and QM-CCC [60]. Due to the resonant character of
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FIG. 3. Electron capture probability, weighted by the impact parameter, as a function of the impact parameter for collision
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represent cubic spline fits and serve only as a visual guide.

the electron capture, ni = nf = 1 (s orbital) in Eq. (5),
as the projectile energy is reduced, the electron capture
cross section increases [13]. We observe that our numer-
ical results agree with the experimental data within the
experimental error bars for the low and intermediate en-
ergy ranges. Our results from both the straight-line and
the electron-nuclei coupled trajectories agree well with
each other. This implies that the electron capture pro-
cess is not affected by the trajectory at these collision
energies. This is due to the adiabatic molecular pseudo-
potential formed by the projectile and target in this en-
ergy range, which only depends on the projectile-target
distance. Thus, the formation of the pseudo-potential,
and in turn the electron capture cross sections, are not
significantly influenced by the kinematics of the collision
[13].

In Fig. 4B, we compare our He2+ results with the ex-
perimental data from Shah and Gilbody [20] and Havener
et al. [19], as well as the theoretical results from CTMC-
1 [34], CTMC-2 [39], TDSE [31], LTDSE [34], AOCC-
1 [34], AOCC-2 [50], AOCC-3 [53], MOCC [54], END
[28], and Sturmian-pseudostate [56]. Here, the electron
is most likely captured in nf = 2, which involve the s
and p orbitals. Consequently, the electron capture cross
sections for the He2+ projectile exhibit a different trend
compared to those for the H+ projectile. The trend shows
a peak at 10 keV/u and decreases for lower collision ener-

gies, which slightly overestimates the experimental data
but still reflects the same behavior.

In Fig. 4C, we compare our Li3+ results with the ex-
perimental data from Seim et al. [24] and Shah et al. [25],
as well as theoretical results from CTMC [39], TDSE [31],
2C-BGM [38], AOCC [50], AO+ [47], 2C-AOCC [52],
MOCC [54], and UDWA [62]. In this case, the electron
capture occurs mostly for states with nf ≤ 3 involving
s, p, and d orbitals which result in a peak around 15
keV/u. There is a very good agreement of our numeri-
cal results to the experimental data and other theoretical
approaches except for the UDWA model [62] for energies
of 20 keV/u and less.

There is no experimental data for the Be4+ + H(1s)
collision, so in Fig. 4D, we compare our results to
the theoretical results from CTMC-1 [39], CTMC-2 [42],
QCTMC [42], TDSE [31], LTDSE [33], GTDSE [36],
AOCC [50], AO+ [48], MOCC [54], and WP-CCC [59].
Interestingly, we find that the electron capture cross sec-
tion remains almost constant for collision energies below
25 keV/u. This could be a consequence of the uniform
distribution of angular momentum orbitals in the higher-
n capture levels. Contrary to Eq. (5), some n-partial
cross section studies observed that the electron is pre-
dominantly captured into the n = 3 level for low to in-
termediate collision energies and the n = 2 level for the
high-energy region [36, 48, 59]. Nevertheless, the physi-
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FIG. 4. Electron capture cross sections for (A) H+, (B) He2+, (C) Li3+, and (D) Be4+ colliding with H(1s), as a function
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MOCC [54], UDWA [62], and QM-CCC [60]. In B, we compare with the experimental data from Shah and Gilbody [20] and
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cal behavior in the energy region is consistent with the
compared theoretical models.

C. Projectile energy loss

The energy required to induce the excitation and
charge transfer processes comes from the kinetic energy

loss of the projectile. This is given by ∆ET = Kf −Ki,
where Kf and Ki are the final and initial kinetic energy
of the projectile. The kinetic energy is represented by
K = P

2
2/2Mp, where the final projectile momentum, P2,

is given by Eq. (2). The projectile energy loss is divided
into two components: the energy loss within the relative
system when the target at rest, and the energy loss from
the displacement of the target. Thus, the relative energy
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loss is ∆Ee = Kr
f −Kr

i with Kr = p2r/2µp, where pr is
the relative momentum of a projectile with reduced mass
µ = MpMt/(Mp + Mt). The energy loss in the relative
system results in excitations or ionization of the target,
which is referred to as the electronic energy loss.

In Fig. 5, we show the projectile electronic energy loss,
weighted by the impact parameter, as a function of the
initial projectile energy and impact parameter. By com-
paring with the results of Fig. 3, we observe a correlation
between the charge exchange process and the projectile
electronic energy loss. Specifically, the transfer of kinetic
energy from the projectile to the target results in elec-
tronic loss within the target, which can be absorbed by
the projectile.

However, the energy loss of the projectile also con-
tributes to displacing the hydrogen atom, causing the
nucleus of the target to recoil as a result of the momen-
tum transferred by the projectile. As the hydrogen atom
momentum is initially at rest, given by Eq. (2), the en-
ergy gained by the target as nuclear recoil is ∆En =

Kf
t = P

2
1/2Mt. Therefore, the total energy loss is the

sum of these two contributions, ∆ET = ∆Ee +∆En. At
high collision energies or large impact parameters, the
target recoil is negligible. However, at low collision en-
ergies or small impact parameters, the target kinetic en-
ergy increases due to polarization effects induced by the
projectile on the hydrogen target.

Once the electronic energy loss is determined, the elec-
tronic stopping cross section is given by

Se(Ep) = 2π

∫

b∆Ee db, (7)

where the nuclear stopping cross section, Sn, is given by
replacing ∆Ee with ∆En. For the electronic energy loss
in the straight-line trajectories, the constant projectile
velocity results in ∆ET = 0. However, it is customary to
subtract the electronic energy loss of the projectile from
the electronic energy gain of the target. This approach
is commonly used in TDDFT methods [64–67]. By cal-
culating the final electronic energy of the target from the
final wave function in the interval −30 < z < 15 a.u. and
subtracting the initial ground state energy of the target,
we isolate the straight-line contribution to the electronic
energy loss.
In Fig. 6, we show the total (solid goldenrod line),

electronic (dashed green line), and nuclear (dotted pink
line) stopping cross sections, ST , Sn, and Se, respectively,
for atomic hydrogen targets by incident projectile ions.
Since the target is the same and only the projectile varies,
the stopping cross sections are normalized by the square
of the projectile charge.
We compare our electronic stopping cross sections with

experimental data for H2 targets by incident H [78–80],
He [80–82], and Li [83–85] ions, compiled by Helmut Paul
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at the IAEA [76, 77], and with SRIM [75] calculations
also for H2 targets (dash-dot dark-green line). For further
comparison, we include Bethe’s analytical formula (dash-
dot dark-orange line) from [72–74],

Se =
4πe4

mv2
Z2
pZt ln

(

2mv2

I0

)

, (8)

where I0 is the target mean excitation energy. For atomic

hydrogen, I0 = 14.9 eV is used, as reported by Bethe
[73, 74] and by Mott and Massey [86]. Note that our re-
sults are limited to the bare ion case. Therefore, an accu-
rate comparison with experimental data requires consid-
eration of all other screened ion projectiles, as reported
in Ref. [87], where the beam charge fraction is required.

For the coupled trajectories, the Bethe expression (Eq.
(8)) matches our Se results beyond the maxima. At very
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TABLE I. Electron capture cross section, σ (10−16 cm2), total stopping cross section, ST (10−15 eV cm2), and nuclear stopping
cross section, Sn (10−15 eV cm2), for H+, He2+, Li3+, and Be4+ ions colliding with H(1s) as a function of the projectile energy
(E in keV/u) for the case of electron-nuclei coupled trajectories.

H+ He2+ Li3+ Be4+

E(keV/u) σ ST Sn σ ST Sn σ ST Sn σ ST Sn

0.1 25.814 3.276 7.55739 2.332 0.196 15.6748 1.00315 32.356 34.8949 15.740981 55.2884 45.8768

0.25 22.782 1.866 3.17662 0.405 3.461 12.3975 1.07430 14.775 20.1815 17.860768 66.5140 28.2684

0.5 20.570 1.456 2.95391 1.739 2.558 3.3956 1.81666 12.531 7.5884 20.704486 74.4218 12.4336

0.9 18.251 1.272 1.04834 4.606 2.582 8.0594 3.79431 1.832 18.2927 20.266769 88.6153 19.4791

1.5 16.261 1.768 0.26016 8.226 3.543 1.1667 5.39327 16.631 3.1981 20.390969 90.2421 14.4162

5.0 11.201 3.730 0.05163 15.079 10.790 0.2158 15.28633 30.334 0.5616 19.317279 103.2013 5.0087

10.0 8.882 6.393 0.01998 15.395 17.914 0.1082 19.65515 48.067 0.2699 19.233950 141.9972 1.0964

15.0 6.851 7.978 0.01115 14.300 22.127 0.0694 19.51015 61.494 0.1794 20.261358 191.7968 0.5270

25.0 4.125 10.550 0.00656 10.912 34.174 0.0386 16.31505 89.340 0.1057 21.790332 191.4832 0.3505

36.0 2.381 10.774 0.00456 7.366 38.883 0.0250 11.87955 87.918 0.0705 20.541394 181.0882 0.2076

50.0 1.281 9.727 0.00321 4.514 40.316 0.0167 7.83414 87.351 0.0479 16.434467 152.1292 0.1408

72.2 0.552 8.162 0.00226 2.199 36.219 0.0107 4.15584 71.937 0.0305 11.682945 143.3466 0.0971

100.0 0.214 6.554 0.00164 0.986 27.841 0.0073 2.01806 58.256 0.0203 6.616649 119.5971 0.0632

225.0 0.014 3.325 0.00073 0.074 13.237 0.0030 0.17858 28.884 0.0075 3.227359 97.8711 0.0425

400.0 0.001 1.963 0.00044 0.008 8.031 0.0018 0.02020 17.814 0.0041 0.301962 49.3949 0.0153

900.0 1.1e-6 0.897 0.00018 0.003 3.791 0.0007 0.00001 8.455 0.0016 0.034990 30.5431 0.0078

high collision energies, both the Bethe expression and the
experimental data are in good agreement. However, the
Se results deviate from the Bethe expression for collision
energies below the maxima, where the charge exchange
process becomes significant (see Fig. 4). For all projec-
tiles, the electronic stopping cross section reaches a min-
imum near Ep ≈ 0.1 keV/u and generally peaks around
Ep ≈ 50 keV/u. In the projectile energy range of 0.1 to
∼1 keV/u, nuclear target recoil becomes the dominant
channel contributing to the total stopping cross section.

For the straight-line results (solid purple line), the best
agreement with the coupled trajectories, Bethe, and ex-
perimental data occurs only at very high collision en-
ergies. In the remainder of the energy range, the elec-
tronic stopping cross sections derived from the straight-
line approximations differ significantly from those ob-
tained from the coupled trajectories. For the H+ pro-
jectile, the straight-line results reach a maximum (be-
yond the scale of our figure) at a much lower collision
energy than the coupled results. This would imply that,
at low energies, the target gains more energy than is
physically available from the projectile, which violates
energy conservation. For He2+, Li3+, and Be4+ projec-
tiles, the straight-line electronic stopping cross sections
are smaller due to the more pronounced charge transfer
process, which reduces the probability of finding the elec-
tron in the target (see Fig. 2). This is a consequence of
the higher projectile charge. Additionally, there are still
regions where Se exceeds ST , which is unphysical, partic-
ularly at low collision energies. Therefore, it is clear that
there is a strong dependence on trajectory for energy and

momentum transfer processes in these collisions.
In Table I, we provide the numerical results from the

electron-nuclei coupled trajectories for the electron cap-
ture, total, and nuclear cross sections for reference pur-
poses.

IV. CONCLUSIONS

In this work, our goal was to determine whether tra-
jectory effects influence inelastic processes such as charge
exchange and energy loss in collisions of bare ion projec-
tiles with atomic hydrogen. We used a lattice representa-
tion to numerically solve the time-dependent Schrödinger
equation with a coupled electron-nuclear dynamics ap-
proach as well as a straight-line trajectory approximation
for the study. This method provided excellent results
for electron capture cross sections, which agree well with
experimental and theoretical data. From this, we deter-
mined that the charge exchange process is unaffected by
the trajectory. However, for energy loss, the straight-line
trajectories lead to the projectile inducing a higher en-
ergy gain for the target, which is inconsistent with phys-
ical principles. Thus, this work asserts that a proper de-
scription of the electron-nuclear dynamics is necessary to
account for the energy and momentum transfer processes
in collisions of bare ions with atomic hydrogen when com-
pared with simpler straight-line trajectory calculations.
We hope our results will encourage further interest

from the experimental community to investigate stop-
ping cross sections at low collision energies. Addition-
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ally, we intend for this work to be used as a benchmark
for other theoretical methods, including classical, semi-
classical, and perturbative approaches, particularly in
the low energy range where agreement has been difficult
to establish. Building on these findings, we aim to apply
this method to study collisions involving more complex,
multi-electronic systems. Specifically, this method can be
applied to investigate charge exchange cross sections of
negatively charged ions originating from a positive charge
state. This is particularly relevant for low-yield radioac-
tive species where producing ions in the negative charge
state through electron capture reactions is the most vi-

able approach.
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R. Poulose,5 H. T. Schmidt,5 J. Snikeris,1 C. W. Walter,4 H. T. Zettergren,5 and D. Hanstorp1

1Department of Physics, University of Gothenburg, SE-412 96 Gothenburg, Sweden
2Institute of Atomic Physics and Spectroscopy, University of Latvia, LV-1586 Riga, Latvia

3Helmholtz Institute Jena, 07734 Jena, Germany
4Department of Physics and Astronomy, Denison University, Granville, OH 43023, USA

5Department of Physics, Stockholm University, 10691 Stockholm, Sweden
(Dated: April 15, 2025)

The isotope shift of an electric-dipole forbidden transition in the tin anion (Sn−) has been mea-
sured for the even-mass naturally occurring isotopes. Negative ions are uniquely sensitive to electron
correlation, making the specific mass shift, which directly reflects these effects, a powerful probe for
many-body atomic structure. Negative ions commonly lack bound excited states, and when such
states do exist, they typically share the same parity as the ground state, rendering them optically
forbidden. Using a newly developed laser spectroscopy technique at the cryogenic ion-beam storage
ring DESIREE, we have successfully probed the electric-dipole forbidden transition Sn−(4S3/2) →
Sn−(2D5/2). This method enables high-precision determination of transition frequencies, lifetimes

of the bound excited 2DJ states, and provides sufficient spectral resolution to study isotope shifts.
From these measurements of the even-mass isotopes, we extract mass and field shift factors, which
are compared with calculations using a combined configuration interaction and all-order method.
Our results establish a new frontier for precision studies in anions with optically forbidden transi-
tions and validate state-of-the-art atomic theory, enabling deeper insight into atomic and nuclear
structure.

I. INTRODUCTION

Isotope shifts (IS) in atomic spectra offer valuable in-
sights into the interplay between nuclear and atomic
structure, containing information about the size of the
nuclear charge radius as well as electron-nucleus and
electron-electron interactions [1–3]. Advances in pre-
cision laser spectroscopy on atomic and molecular sys-
tems have enabled detailed studies of nuclear charge radii
[4–7], magnetic moments [8–10], and electron-electron
correlation [11–14]. These studies serve as benchmarks
for many-body theoretical models, which are crucial for
relating IS measurements to fundamental nuclear and
atomic properties [15–18]. With the combined efforts
of precise experiments and accurate theory, a level of
sensitivity has been achieved that facilitates sub-atomic
particle studies, sparking interest in searches for physics
beyond the Standard Model [19–24].
Among the elements suitable for detailed IS measure-

ments, tin (Sn) has been a subject of significant interest
due to the neutron shell closures at N = 50 and N =
82. It is also the heaviest element to have two isotopes
with both neutron and proton shell closures, 100Sn and
132Sn, known as doubly magic nuclei. Notably, 100Sn is
the heaviest known bound nucleus withN = Z, making it
ideal for testing nuclear structure models and performing
precision spectroscopy near the proton drip line [25]. In

∗ miranda.nichols@physics.gu.se

addition, Sn has ten stable isotopes from 112Sn to 124Sn,
which is the most of any element. This provides a unique
platform for systematically studying isotope shifts across
a wide range of proton-to-neutron ratios.

The structure of the Sn anion is particularly interest-
ing as it has a bound excited 2DJ state, which was found
to be the case for all negative ions of the carbon group
[26]. Excited electronic states are uncommon for negative
ions because the valence electron is bound by a shallow
dipole potential and therefore experiences very weak nu-
clear attraction. As a result, the behavior of the valence
electron is strongly influenced by electron-electron cor-
relation, which is enhanced by inner-electron screening
effects [27, 28].

These correlation effects are central to IS studies in
anions, which have most often been measured across
electron affinity (EA) values [12, 29, 30]. While this
remains the dominant approach, one study utilized a
bound-bound transition within the negative ion to mea-
sure the IS in Os− [13]. Although rare, there are five
known negative ions (Os− [31], Ce− [32], La− [33], Th−

[34], and U− [35]) that have bound states of opposite par-
ity, rendering them optically accessible via electric dipole
(E1) transitions. These systems are particularly promis-
ing for laser cooling applications, especially in the context
of sympathetic cooling of antiprotons [36].

However, many atomic negative ions possess ex-
cited states that are E1-forbidden and instead de-
cay via higher-order magnetic dipole (M1) and electric
quadrupole (E2) transitions. While IS measurements us-
ing forbidden transitions have been performed in neutral
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atoms [37, 38] and positive ions [39, 40], such a system-
atic study in an anionic system has yet to be conducted.
However, some M1 and E2 transitions within nega-
tive ions have been observed using multiphoton schemes
[26, 41, 42]. With most negative ion laser spectroscopy
studies limited to bound-continuum excitations, preci-
sion is compromised mainly due to large background con-
tributions from all excited states below the photodetach-
ment continuum. It is clear that it would be beneficial
to develop a method that suppresses this background, al-
lowing for the resolution of effects that are otherwise too
small.
The recent developments of cryogenic electrostatic

storage rings have allowed for significant improvements in
vacuum conditions and ultracold environments [43–45].
These developments have dramatically extended the stor-
age times of atomic and molecular ions, paving the way
for high-precision studies of negative ions [46]. Build-
ing on this progress, we introduce a novel approach for
IS measurements by leveraging an optically E1 forbid-
den bound-bound transition in the Sn anion, conducted
at the Double ElectroStatic Ion-Ring ExpEriment (DE-
SIREE) [43].
In this work, we present IS measurements of the

Sn−(4S3/2) → Sn−(2D5/2) transition for the stable Sn
isotopes. We report the transition frequencies for the
even-mass isotopes, extracting both mass and field shift
factors. These results are compared with theoretical cal-
culations using a combined configuration interaction (CI)
and all-order approach, which treats electron correlation
to all orders [47]. Our findings not only validate this
theoretical approach but also establish methodology and
introduce a new experimental frontier in probing bound
excited states in negative ions that have the same parity
as the ground state. With newfound access to forbidden
anionic transitions, our method allows for deeper insights
into electron correlation and facilitates broader investi-
gations of fundamental atomic and nuclear structure.

II. EXPERIMENTAL METHODS

A. Setup

The present method builds on the high-precision elec-
tron affinity (EA) measurement technique developed in
[46], and was implemented at the DESIREE facility lo-
cated at Stockholm University. The facility consists of
two cryogenic ion-beam storage rings, an asymmetric ring
with two-fold quadrupole doublet symmetry and a sym-
metric ring with four-fold quadrupole doublet symmetry.
The entire apparatus is maintained at a temperature of
13 K. For this experiment, we used only the symmetric
ring, which contains four 10◦ and two 160◦ electrostatic
deflectors and four quadrupole doublets, as seen in Fig.
1.
The negative ions were created using a National Elec-

trostatics Corp. cesium sputter ion source (SNICS II)

Detector

Interaction region

Ions Neutrals

Quadrupole
doublets

160° deflector

10° deflectors

Laser

FIG. 1. Schematic of DESIREE. Only the symmetric ring is
shown, which was exclusively used in the present work. For
the isotope shift measurements, the OPO and diode laser were
aligned collinearly and anti-collinearly, respectively.

from a cathode of SnO2. The extracted ions were accel-
erated to a kinetic energy of 30 keV, mass-selected by a
90° double-focusing bending magnet, and then injected
into the storage ring. To ensure the entire ring fills up
with ions in a single injection, the beam was bunched to
a length of approximately 38 µs.
The injected ion beam, with a current of ∼1 nA, was

then collinearly overlapped with photons at 1200 nm pro-
duced with an optical parametric oscillator (OPO). This
served to deplete the electronic population in the 2DJ ex-
cited states. Simultaneously, a diode laser was aligned in
the anti-collinear geometry and continuously illuminated
the ions, implementing a two-step excitation scheme. It
first drives the resonant transition from the ground state
in the negative ion to the 2D5/2 state, and subsequently
photodetaches the excited electron, serving as a probe
for the resonant transition. This process is shown in Fig.
2.
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FIG. 2. Energy level diagram of Sn− and the applied laser
transitions. The circled numbers represent the excitation
steps: 1 corresponds to the excited state depletion, 2 is the
selective state repopulation, and 3 is the final detachment into
the continuum.
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The depletion process occurred for the first 20 seconds
post-injection. Five seconds after the OPO is blocked
(t=25 s), the diode laser started a scan. Each diode laser
scan was performed once per ion injection cycle, typically
lasting about 90 seconds depending on the isotope. A
stepper motor controlled the diode laser scan speed, set
at 0.002 nm/s. This timing sequence is illustrated in Fig.
3.

Ion beam
injection

90s
End of cycle

25s

Diode
frequency

OPO Depletion

Scan

Off

Detected
neutrals

Resonance

FIG. 3. Timing scheme for the measurement. After ion injec-
tion, the OPO depletes the 2DJ states for the first 20 s. At
25 s, the frequency of the diode is scanned, selectively repop-
ulating and probing the 2D5/2 state, showing a resonance by
detecting the photodetached neutral atoms.

The resulting neutral atoms were then measured with
a resistive anode encoder, which consists of a graphene-
coated quartz plate that produces secondary electrons
upon neutral Sn impact. The electronic signals were am-
plified and detected by a microchannel plate (MCP) stack
[48].

B. Lasers and calibration

The lasers used in this experiment were a Toptica Pho-
tonics CTL 1550 continuous-wave diode laser and an EK-
SPLA NT240 integrated diode-pumped Nd:YAG tunable
laser and OPO with a repetition rate of 1 kHz. To mea-
sure the frequency of the diode laser, an HP/Keysight
86120C wavelength meter was used, with an absolute ac-
curacy of ± 2 ppm and a fixed resolution of 100 MHz.
The calibration of the wavelength meter was done us-

ing absorption spectroscopy of the acetylene (C2H2) spec-
trum in the region around 1535 nm. A reference cell with
a nominal pressure of 50 Torr was used. In this region,
there are three well-known transitions that were used.
The calibration was performed on an average of every
four hours.

C. Measurements and data analysis

The experimental procedure enabled us to measure the
excitation energy of the 2D5/2 bound excited state, life-

times of the 2D3/2,5/2 states, and isotope shift (IS) values
across the chain of stable isotopes.

The excitation energy of the 2D5/2 state in 120Sn−

was determined from 40 independent measurements, each
obtained from a Voigt fit of the resonance profile. A
weighted average was calculated using the inverse square
of the individual fitting uncertainties as weights. The
given uncertainty is purely statistical, obtained by com-
bining the weighted fit error and the standard deviation
of the mean in quadrature.

For determining the lifetimes of the 2DJ states, we
leveraged the fact that the longer-lived 2D5/2 state can
be selectively isolated by laser-driven repopulation or by
waiting 55 seconds for the population in the shorter-lived
2D3/2 state to be sufficiently small. This approach is ad-
vantageous, as fitting a single exponential decay function
is significantly more robust than fitting a two-component
combined signal. Once the lifetime of one state is known,
the parameters can be fixed in subsequent fitting pro-
cedures to extract the lifetime of the other state more
precisely. Measurements of both the isolated 2D5/2 state
and contributions from both states were performed with
different laser powers, and the resulting lifetimes were
linearly extrapolated to zero power to account for power-
dependent effects and obtain the true lifetimes of the
states.

The absolute frequency of the Sn−(4S3/2) →
Sn−(2D5/2) transition was measured for all stable even-

mass isotopes. The most abundant isotope, 120Sn (∼33%
natural abundance), was used as the reference in deter-
mining the IS. The IS frequencies were calculated relative
to 120Sn, following δνA,A′

= νA−νA
′
. A total of ten sets

of data were collected, with each set containing an aver-
age of one resonant transition frequency per isotope for
116−124Sn. The reference isotope, 120Sn, was measured
an average of three times per set to reduce statistical un-
certainty. The shift δνA,120 = νA − ν120 was extracted
individually for each isotope, where ν120 was typically
taken as the average of the two reference frequencies if
measurements were made both before and after. The IS
values were then averaged across all data sets, and the
associated uncertainties were calculated as the standard
error of the mean.

Due to their low natural abundances, 112Sn and 114Sn
(0.97% and 0.66%, respectively) were each measured
twice over many hours, as more time was required to
accumulate sufficient statistics.

After the IS values were obtained, King-plot analysis
was used to extract mass and field shift factors. King-plot
analysis is commonly used to relate isotope shifts between
two electron transitions of the same element. While ab
initio calculations are required to extract MSMS and F
due to their sensitivity to electron correlation, increasing
the number of electrons in a system complicates these
calculations. Some computational approaches have be-
gun to address this [12, 17, 47]. In the case of Sn−, which
has five correlating electrons in its open-shell structure,
King-plot analysis provides a practical alternative for ex-
tracting these parameters. The validity of this approach
extends to complex molecular systems [49] and across dif-
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ferent charge states [50] where the linearity of the King
plot still holds, allowing for mean-square charge radii to
be extracted without the need for detailed calculations.

III. THEORETICAL METHODS

A. Electronic structure calculation

Electronic structure calculations are performed using
an approach that combines the configuration interaction
(CI) method with the linearized coupled cluster single-
double (all-order) method [47]. The neutral atom Sn i
and the anion Sn− are treated as systems with the same
[Kr]4d10 frozen core and four and five outer valence elec-
trons, respectively. CI is used to describe the valence
electrons, while the coupled-cluster method accounts for
the core-valence correlations. This approach has been
successfully applied to studies of transition energies and
rates in negative ions [42, 51, 52] and was recently used to
calculate multipole transition rates in Sn ii [53]. Further
details on the methodology and numerical implementa-
tion can be found in Ref. [54].

To construct the configuration space for the Sn− calcu-
lation, we first use single (S) and double (D) excitations
from the 5s25p3 and 5s25p26p reference configurations
to the 20spdfg basis set (i.e., all orbitals up to n = 20
are included for the spdfg partial waves). Expanding
the basis to 25spdfg leads to negligible changes. How-
ever, we find a substantial contribution of the h partial
waves when extending the basis set to 20spdfgh. Next,
we iteratively incorporate additional configurations that
include the most important triple and quadruple exci-
tations from 5s25p3. At this stage, we observe a con-
siderable impact from configurations where one or two
electrons are excited from the 5s2 shell. This explains
why the initial attempt to treat 5s2 as a core shell re-
sulted in poorer agreement with the experimental results
and justifies the five-valence-electron treatment of Sn−.
The leading quantum electrodynamics (QED) corrections
are taken into account following [55]. The CI+MBPT ap-
proach [56] is used to estimate the contribution of higher-
order (HO) core-valence corrections, defined as the differ-
ence between the CI+all-order and CI+MBPT results.

B. Transition rates and lifetimes

We calculate the magnetic dipole (M1) and electric
quadrupole (E2) reduced matrix elements using the ob-
tained many-electron wave functions and use the exper-
imental values of the transition energies to compute the
transition rates listed in Table II.

C. Isotope shifts

The total change in the atomic frequency of a transi-
tion is parameterized in the standard way as a sum of
the mass- and field-shift contributions,

∆νA,A′
= νA

′
− νA = kMS

mA′ −mA

mA′mA
+ Fδ⟨r2⟩A,A′

(1)

For the calculation of isotope shift factors kMS and F ,
we use the finite-field method. We add a perturbation
HIS to the initial many-electron Hamiltonian H with an
arbitrary coefficient λ: H → Hλ = H+λHIS. According
to the Hellmann-Feynman theorem,

⟨Ψ|HIS|Ψ⟩ = dEλ

dλ

∣∣∣∣
λ=0

. (2)

The derivative is then calculated numerically using the
5-point formula. More details can be found in Ref. [54].
The mass shift is calculated using the relativistic recoil

Hamiltonian [57] as a perturbation.

Hrel
MS =

1

2M

∑
i,j

[
pi · pj −

αZ

ri

(
αi +

(αi · ri)ri
r2i

)
· pj

]
.

(3)
It can be further separated into normal mass shift (NMS)
and specific mass shift (SMS). In the Hamiltonian (3) the
former is given by terms with i = j and the latter by
terms with i ̸= j.

IV. RESULTS

A. Excitation energies

The excitation energy for 4S3/2 →2 D5/2 transition in
120Sn− was measured to be 6512.4183(2) cm−1, where
the uncertainty corresponds only to the statistical com-
ponent. Fig. 4 shows a typical spectrum for 120Sn−.
When comparing with the work of Scheer et al. [26],
we find that our measured resonance is approximately
50 times narrower, achieving an average linewidth of 200
MHz. This improvement in spectral resolution is due to
significantly reduced Doppler and pressure broadening,
enabled by the cryogenic environment of DESIREE, ex-
tended interaction times, and a reduced laser linewidth
by three orders of magnitude.
We present the calculated excitation energies of the

Sn− 5s25p3 2D3/2,5/2 states relative to the 5s25p3 4S3/2

ground state in Table I. The 5s25p3 2P1/2,3/2 states are
found to be unbound, consistent with previous stud-
ies [26, 58, 59]. The theoretical predictions and exper-
imental measurements show excellent agreement, with
less than 2% relative difference.
The HO core-valence and QED corrections for both

states are small compared to the contributions from ad-
ditional configurations beyond the SD excitations, partic-
ularly those that include triple and quadruple excitations



5

TABLE I. Calculated excitation energies (in cm−1) of Sn− bound states relative to the 5s25p3 4S3/2 ground state. The

theoretical results are compared with the measured 2D5/2 value from this work and the values from Ref. [26]. Further, the
relative differences between final and experimental values are presented.

Level 20spdfg +h QED HO Extra conf. Final Exp. Ref. [26] Rel. diff.
5s25p3 2D3/2 6241 −30 2 24 −315 5898 - 5762.50(10) 2.4%
5s25p3 2D5/2 6931 −30 4 4 −278 6626 6512.4183(2) 6512.37(10) 1.7%
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FIG. 4. Example spectral resonance of the bound-bound
4S3/2 → 2D5/2 transition in 120Sn−. The data is fit with
a Voigt profile (solid red line) and centered at 0 MHz. Error
bars, which are barely visible, represent square root of the
signal.

from the ground one. Increasing the parameter lmax,
which defines the maximum orbital angular momentum
of the partial waves included in the all-order part, from
5 to 6, results in a 2-3 cm−1 shift in the energy levels.
This suggests that the observed 2% discrepancy with the
experiment originates from unaccounted valence-valence
correlation in CI, while the core-valence correlations have
converged.
The calculated fine-structure splitting of 2D5/2−2D3/2

is 728 cm−1, showing closer agreement with the experi-
mental value of 749.95(15) cm−1 than the individual en-
ergy levels. This suggests that correlations for the ground
state 4S3/2 are more accurately accounted for than those

for the 2D3/2,5/2 states. The agreement between the cal-

culated fine structure of the 5s25p2 ground configuration
in Sn i and the experimental values is significantly bet-
ter, with discrepancies of only 30 and 10 cm−1 for the 3P1

and 3P2 levels, respectively. This highlights the strong
configuration mixing in the negative ion.

B. Transition rates and lifetimes

Using calculated magnetic dipole (M1) and electric
quadrupole (E2) transition rates, the lifetimes of the

2D3/2 and 2D5/2 states were determined to be 8.6(3) and
67.6(14) s, respectively. The uncertainties are derived
from the differences in the reduced matrix elements be-
tween the CI+all-order and CI+MBPT calculations. The
calculated M1 and E2 transition rates are summarized
in Table II. For most transitions, these values agree well
with the revised relativistic CI results of O’Malley and
Beck [59], as presented in Ref. [26]. The only exception
is the rate for the M1 2D3/2 → 4S3/2 transition, which
is about 40% larger than the result reported in Ref. [26].
The rate for the E2 2D5/2 → 2D3/2 transition is negli-

gible and is therefore omitted. The decay of the 2D3/2

state is dominated by the M1 transition to the 4S3/2

ground state, while for the 2D5/2 state, both M1 and E2
channels to the ground state, as well as the M1 channel
to the low-lying 2D3/2 state, play significant roles.

TABLE II. Rates for transitions between the ground-
configuration 5p3 states in Sn− in comparison with the results
of Ref. [26].

Transition Type Rate (s−1) Ref. [26]
2D3/2 → 4S3/2 M1 0.1127(41) 0.0791
2D5/2 → 4S3/2 M1 0.00462(13) 0.00431
2D5/2 → 2D3/2 M1 0.00407(1)
2D3/2 → 4S3/2 E2 0.00315(17) 0.00349
2D5/2 → 4S3/2 E2 0.00610(28) 0.00591

TABLE III. Total theoretical decay rates and lifetimes of the
Sn− 2DJ states, compared with experimental values.

Transition Γtot (s−1) τ (s) τexp (s)
2D3/2 → 4S3/2 0.1158(44) 8.6(3) 12(4)
2D5/2 → 4S3/2 0.01479(31) 67.6(14) 64(4)

The lifetimes of the 2D3/2,5/2 states were experimen-
tally determined to be 12(4) and 64(4) s, respectively.
An example measurement and exponential decay fit is
given in Fig 5, which measures only the lifetime of the
longer-lived 2D5/2 state in Sn−.
The measured and calculated values are compared in

Table III. The slightly shorter experimental lifetime ob-
served for the 2D5/2 state could potentially indicate ad-
ditional higher-order decay channels or systematic uncer-
tainties not yet fully accounted for in the experimental
data analysis. Overall, the comparison between exper-
iment and theory indicates a strong consistency within
error bars. These results validate the theoretical models
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FIG. 5. Lifetime measurement and exponential decay fit of
the longer-lived 2D5/2 state in Sn−.

employed, with minor discrepancies highlighting areas for
potential improvement and more careful analysis of the
experimental data.

C. Isotope shifts

The average isotope shifts are presented in Fig. 6. The
data exhibit a linear trend with increasing mass number.
However, the 112Sn data point deviates noticeably from
this trend. To quantify this, linear fits were performed
with and without mass 112, and the goodness of fit was
assessed using reduced χ2 and R2 statistics. When all iso-
topes were included in the fit, the reduced χ2 and R2 were
21.74 and 0.9453, respectively, indicating poor agreement
with the linear model given the uncertainties. Excluding
mass 112 in the fit yields 0.18 and 0.9993 for the reduced
χ2 and R2, respectively. This suggests that the results of
112Sn significantly deviate from the linear trend seen in
the rest of the data and motivate its exclusion from fur-
ther analysis to extract the mass and field shift factors.
A summary of the data is presented in Table IV.

Isotope δνA,120 (MHz)
112 -200(4)
114 -105(7)
116 -70(6)
118 -37(5)
120 0
122 34(4)
124 64(6)

TABLE IV. Isotope shifts for the 4S3/2 →2 D5/2 transition

in Sn−.
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FIG. 6. Measured isotope shifts δνA,120 = νA − ν120 for the
4S3/2 → 2D5/2 transition in Sn−. Error bars represent the

standard error of the mean. The reference isotope 120Sn is
shown as a hollow circle for context. Linear fits are shown
including (dashed red line) and excluding (dashed blue line)
112Sn data point, with the goodness of fit evaluated using
reduced χ2 and R2 statistics. Average shift values are sum-
marized in Table IV.

V. DISCUSSION

The experimental data presented here constitutes the
first measurement of isotope shifts across an extensive
chain of stable isotopes in a negative ion. These results
enable a detailed analysis of the sensitivity of anions to
changes in nuclear charge radii and specific mass shifts.
To investigate the feasibility of such a procedure, we per-
form a King-plot analysis based on the linear dependence
of the IS on nuclear mass and charge radius, as described
in Eq. 1. By normalizing both sides of the equation by
the reduced mass coefficient µA,A′

= mA−mA′
mAmA′

, we obtain

δνA,A′
(µA,A′

)−1 = k + Fδ⟨r2⟩A,A′
(µA,A′

)−1. (4)

This transformation removes the dominant mass de-
pendence and allows for a more direct extraction of the
constants. To compare the anionic transition measured
in this work with well-known electronic transitions in
neutral Sn, as reported in Ref. [60], we construct King
plots to relate the isotope shifts of two different transi-
tions across the isotope chain. Since the transitions share
the same nuclear configurations for a given isotope, this
eliminates the dependence on the nuclear charge radii.
The resulting linear relationship between the two transi-
tions can be described as

δνA,A′

i (µA,A′
)−1 = a · δνA,A′

j (µA,A′
)−1 + b, (5)

where

a =
Fi

Fj
, (6)

b = ki − a · kj . (7)
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FIG. 7. Example King plot comparing the measured anionic
transition with the 3P2 →3 P2 transition in neutral Sn.

An example King plot is shown in Fig. 7, where
our transition in the anion is plotted against the
5s2 5p2 3P2 → 5s2 5p 6s3 3P2 transition in neutral Sn.
We are encouraged to find that, despite some scatter in
the data, an orthogonal distance regression fit can be
drawn through all points within their error bars. This
shows that the quality of the data supports a reliable
preliminary analysis of the system using the initial King
plot results.
The calculated isotope shift factors for the 4S3/2 →

2D3/2,5/2 transitions are given in Table V. For transitions

within the same 5p3 ground configuration, the FS factors
are, as expected, small. In particular, they are an order
of magnitude smaller than those for the 5p2 → 5p6s tran-
sitions in neutral Sn [60]. We estimate the uncertainties
of the FS factors as 20%, primarily due to the numerical
uncertainty in the calculation of the derivative in Eq. (2).
The calculated NMS factors for both transitions are

close to the value obtained using the approximation
kNMS ≈ meν, where me is the electron mass and ν is
the transition frequency. This approximation yields val-
ues of 98.3 and 107.5 GHz u for the 4S3/2 → 2D3/2

and 4S3/2 → 2D5/2 transitions, respectively. The ab-

solute value of the SMS factor for the 4S3/2 → 2D3/2

transition is approximately 4 times larger than for the
4S3/2 → 2D5/2 transition, resulting in the total MS fac-
tors having opposite signs for these transitions. Conse-
quently, for the 4S3/2 → 2D3/2 transition, the FS and
MS contributions to the total IS partially cancel out. In
contrast, for the 4S3/2 → 2D5/2 transition, FS and MS
contributions have the same sign. We estimate the un-
certainties of the MS factors to be 10%.
The extracted value of F = -0.03(2) GHz/fm2, ob-

tained from Fig. 7, is an order of magnitude smaller
than the theoretical value of 0.24 GHz/fm2. This could
suggest that electron correlation effects in Sn− reduce
the sensitivity to changes in the nuclear charge radius.

However, further analysis is required to confirm this in-
terpretation. Here, the mass shift is the dominant con-
tribution to the field shift, which is to be expected, es-
pecially in negative ions. Sign differences between the
theoretical and experimental values are a result of differ-
ent conventions. Uncertainties have yet to be assigned to
the extracted IS parameters.

VI. CONCLUSION AND OUTLOOK

We have presented the first experimental measure-
ment of isotope shifts in an electric dipole forbidden
transition in an atomic negative ion. Utilizing the DE-
SIREE cryogenic storage ring, we developed a novel laser
spectroscopy method based on laser-driven population
manipulation of electronic states. This enabled high-
resolution spectroscopy of the 4S3/2 → 2D5/2 transition

in Sn− across the chain of stable isotopes.
In this work, we reported results from the even-mass

isotopes, while data for the odd-mass isotopes 117,119Sn−,
where the hyperfine structure was resolved, will be pre-
sented in a forthcoming publication. The measured tran-
sition frequencies and lifetimes show good agreement
with both earlier experiments and theoretical predictions
using the CI+all-order approach, also detailed here.
The observed isotope shifts confirm the capability of

our technique to resolve subtle atomic-scale effects with
high precision. A preliminary King-plot analysis demon-
strates that the data quality is sufficient for extracting
initial mass and field shift factors. These results estab-
lish our method as an ultra-sensitive probe for electron-
electron correlation and nuclear charge distribution in
anionic systems.
Looking ahead, this method opens the door to future

precision studies of bound-bound transitions in negative
ions, offering new opportunities to explore electron corre-
lation with unprecedented detail. Beyond expanding the
experimental frontier of negative ion spectroscopy, this
work lays the foundation for accessing forbidden transi-
tions in high-precision measurements. Such approaches
hold promise for improving the determination of changes
in nuclear charge radii and providing valuable bench-
marks for many-body atomic theory.
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K. M. Lynch, T. Miyagi, W. Nazarewicz, G. Neyens,
P.-G. Reinhard, S. Rothe, H. H. Stroke, A. R. Vernon,
K. D. A. Wendt, S. G. Wilkins, Z. Y. Xu, and X. F.
Yang, Nat. Phys. 16, 620 (2020).
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Lynch, G. Neyens, S. R. Stroberg, S. G. Wilkins, X. F.
Yang, and D. T. Yordanov, Nature 607, 260 (2022).

[10] S. W. Bai, Á. Koszorús, B. S. Hu, X. F. Yang, J. Billowes,
C. L. Binnersley, M. L. Bissell, K. Blaum, P. Camp-
bell, B. Cheal, T. E. Cocolios, R. P. de Groote, C. S.
Devlin, K. T. Flanagan, R. F. Garcia Ruiz, H. Heylen,
J. D. Holt, A. Kanellakopoulos, J. Krämer, V. Lagaki,
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Pendrill, Phys. Rev. A 51, 231 (1995).

[30] D. Bresteau, C. Drag, and C. Blondel, Phys. Rev. A 93,
013414 (2016).

[31] R. C. Bilodeau and H. K. Haugen, Phys. Rev. Lett. 85,
534 (2000).

[32] C. W. Walter, N. D. Gibson, C. M. Janczak, K. A. Starr,
A. P. Snedden, R. L. Field III, and P. Andersson, Phys.
Rev. A 76, 052702 (2007).

[33] C. Walter, N. Gibson, D. Matyas, C. Crocker, K. Dun-
gan, B. Matola, and J. Rohlén, Phys. Rev. Lett. 113,
063001 (2014).

[34] R. Tang, R. Si, Z. Fei, X. Fu, Y. Lu, T. Brage, H. Liu,
C. Chen, and C. Ning, Phys. Rev. Lett. 123, 203002
(2019).

[35] R. Tang, Y. Lu, H. Liu, and C. Ning, Phys. Rev. A 103,
l050801 (2021).

[36] T. Aumann, W. Bartmann, O. Boine-Frankenheim,
A. Bouvard, A. Broche, F. Butin, D. Calvet, J. Carbonell,
P. Chiggiato, H. De Gersem, R. De Oliveira, T. Dobers,
F. Ehm, J. F. Somoza, J. Fischer, M. Fraser, E. Friedrich,
A. Frotscher, M. Gomez-Ramos, J.-L. Grenard, A. Hobl,
G. Hupin, A. Husson, P. Indelicato, K. Johnston,
C. Klink, Y. Kubota, R. Lazauskas, S. Malbrunot-
Ettenauer, N. Marsic, W. F. O Müller, S. Naimi,
N. Nakatsuka, R. Necca, D. Neidherr, G. Neyens,
A. Obertelli, Y. Ono, S. Pasinelli, N. Paul, E. C. Pol-
lacco, D. Rossi, H. Scheit, M. Schlaich, A. Schmidt,
L. Schweikhard, R. Seki, S. Sels, E. Siesling, T. Ue-
saka, M. Vilén, M. Wada, F. Wienholtz, S. Wycech, and
S. Zacarias, Eur. Phys. J. A 58, 88 (2022).

[37] M. R. Kalita, J. A. Behr, A. Gorelov, M. R. Pearson,
A. C. DeHart, G. Gwinner, M. J. Kossin, L. A. Orozco,
S. Aubin, E. Gomez, M. S. Safronova, V. A. Dzuba, and
V. V. Flambaum, Phys. Rev. A 97, 042507 (2018).

[38] L. M. Hoyos-Campo, F. S. Ponciano-Ojeda, F. Ramı́rez-
Mart́ınez, J. Flores-Mijangos, D. S. Sánchez, R. Jáuregui,
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